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ABSTRACT 

The purpose of this study \\ as to determine if a method of non-invasi, ·e bone mineral analys is  

cou ld be  adapted to quantitatively assess photodensity in the th ird carpal bone of the horse. The 

technique chosen \\ aS radiographic absorptiometry_ ,, ·h ich determines bone mineral dens ity 

from a radiograph that includes a control (usual ly a ,,·edge ) of knom1 photodcns ity. When taken 

correctly the tangential vie'' of the distal rO\\ of carpal bones allo\\ s Yisualisation of the dorsal 

aspect of the third carpal bone. \ Y ithout superimpos ition of overlying structures. The method is  

technical ly demanding. because the angle at  \\ h ich the x-ray beam penetrates the third carpal 

bone can not be exactly repl icated in a cl in ical situation_ as it is affected by the x-ray beam 

angle and the l imb flexion angle. To uti l ise radioabsorptiomctry in the tangent ial , · ic'"­

asscssment of the effect of Yariation in x-ray beam angle \\ ·as required. 

Four1ccn iso lated distal ro\\ s of carpal bones were radiographcd vary ing the x-ray beam angle  

in .5° increments over ! 5° from the base angles of 60° and 90° The radiographs '"ere digitised 

and processed to determine the photodensity of spec ific regions of interest in terms of 

m i l l imetres of aluminium_ using the \\ edge as reference.  The results indicated that smal l 

Yariations in x-ray beam angle sign ificantly affect photodensity 

Quantitative assessment of the photodcnsity of the fourth carpal bone sho\\ cd changes 

associated "· ith exerc ise. s imi lar to those in the third carpal·bone Changing the s ize of the 

region of interest when :x-ray beam angle \\ aS , ·aried by 30° did not affect photodens ity of the 

region of interest . Although conversion from photodcnsity to bone mineral dens ity \Yas not 

possib le  \\ ithin this proj ect. the findings supported other authors \Yho have studied bone mineral 

density of the third carpal bone. 

There are two tangent ial v iews of the distal ro\\ of carpal bones. The t\\·o methods affect the 

radiographic image differently because the magnification and distortion changes are different i n  

each. and this precluded accurate comparison . Therefore .  i t  \Yas impossible to determine \Yhich 

method \\ Ou ld more accurately assess the photodensity of the thi rd carpal bone . 
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Th e study concluded that q uantitative ass essment o fphotod ensity o fthe thi rd carpal bon e using 

either tangential v ie" \Yas clinical ly inapplicable at this time. because o f  the signi ficant effect o f  

very smal l changes in angle on photodensity. This is un fortunate. because th e current practic e 

o f  visual s ubjective ass essment o f  photodensity o f  the third carpal bone remains unsatis factory. 

in par ticular the di ffer entiation bet\\ een grades o f  scleros is .  

VIII 



INTRODUCTION 

Scient i fic know ledge rcgJrding the diagnosis. treatments and prognosis of osseous disease has 

greatly  increased over the !Jst 30 years . In contrast research aimed at pro\· id ing infom1Jtion to 

prevent osseous disease has lagged behind . An exception has been the development of a \'ariety 

of non-invasi\·c bone mineral analysis methods used in the prc\·ention of osteoporosis  in  

humans . One technique. radioabsorptiomctry ( RA ). has been found to be a relatively simple and 

accurate technique for assessment of bone mineral density. and is used by human physicians for 

the detect ion and monitoring of osteoporos is .  

There arc fc\Y studies in \·esttgating the use of non-invasi\c bone mineral analysis i n  horses. 

Such methods \\ ould be usefu l for the detect ion of ph�·siological and pathological alterations i n  

the ske leton of horses trained for athletic pursu its . The purpose o f  this investigation i s  to 

cYaluate one method of non-uwasive bone mineral analysis ( RA ). using the th ird carpal bone 

(C3 ). in order to try and prO\ idc a technique to aid the early detection of pathological alterations 

in C3. C3 discJsc and non-in\ aSi\c bone mineral anal,sis is re\·iewed bc lO\\ . 

l . l  Prevalence of cm·pal bone fractures 
Retrospect ive studies performed in a number of countries have shom1 that lameness appears to 

be the most common cause of interference \\·ith a horse's training schedu le. result i ng in lost days 

in \\·ork. a prolonged spel l .  or retirement from racing. 1 ·' The carpus is a rclatiYely common site 

of lameness \\·ith fractures of the carpal bones duri ng training or racing accounting for 1 -8% of 

al l  i njuries in some populations. -l-<> 



( 
Table 1.1: Preva lence of carpal fractures in  T horoughbreds and Quarterhorses. 

Retrospective Distal radius Radial carpal Third carpal I ntermediate 

study bone bone carpal bone 

M izuno6 35  3% 29.5% 35.2% Not recorded 

Park 7 1 4 . 8% 46.4% 1 9 .4% 1 5 .4% 

Mcllwraith � 19.5% 35% 4 .4% 27 . 7% 

Table 1.2:  Prevalence of carpal fractures in Standardbreds. 

Retrospect ive Distal radius Radial carpal Third carpal l n tem1ediate 

study bone bone carpal bone 

Lucas () 0% 49.6% 49 .2% 1 . 2% 

Palmer 1" 2% 35 . 3% 6 1 .6% 1 %  

The distribution of fractures \Yithin the carpus of Standardbrcds ( SB's) and Thoroughbreds 

(TB's) varies (Tables 1 . 1  and I 2) In one study of 1 85 2  carpal fractures. 48% involved fractures 

of the third carpal bone (C3  ). but the distribution of breeds was not documented 11 C3  fractures 

''ere c lassified as osteochondral ( "chip") or slab fractures and \\ ere not different iated by s ize or 

location. Schneider et of 11 dc\ 'elopcd a classification system of C3 fractures based on the ir  size 

and location.  

, Type I :  i ncomplete fractures of the radial facet . These arc often difficu lt to diagnose as the 

fracture l ine is often present in only one projection.  

r Type 2 :  large pro:\ima l chip fractures of thc radial facet . Almost all haYC a s imi lar 

appearance and arc on the medial aspect of the ridge that separates the radial and 

intermediate facet 

r Type 3 :  small  chip fractures in various sites of the radial facet: there is often another 

fracture in the same joint or in the other carpus.  

r Type 4 :  medial comcr fractures. these arc large and the fracture l ine ah,·ays propagates 

medial ly into the second carpal bone (C2-C 3 )  articu lation. Often other fractures. associated 

"·ith C3 or the radiocarpal bone (Cr) are present . 

r Type 5 frontal plane slab fractures of the radial  facet These arc reasonablY un iform in  

location and appearance. A smal l  number of these fractures arc comminuted and 33% are 

displaced. 

r Type 6 :  frontal slab fractures involv ing both the intermediate and radial facet . Configuration 

is to e i ther fracture in the m iddle of the radial facet (propagating lateral ly i nto the C3- fourth 

carpal bone (C4)  articulation ) or to break medial ly  from C2 and advance lateral ly to C4.  
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S light ly less than 50% of these fractures \\ ere comminuted and greater than 65% \\ ere 

displaced. often leading to an unstable carpus. 

,. Type 7: slab and osteochondral fractures of the i ntermediate facet 

,. Type 8 sagittal s lab fractures on the medial side of the radial facet. Nearly 50% are 

associated \Yith an osteochondral fracture \Yithi n  the same carpus. 

Us ing the above classification scheme the term slab fracture inc ludes Types 5 .6. and 8. The total 

frequency of slab fractures. " hen taken as a rat io of C3 fractures. is 4 1 %. 11 Type 4 fractures are 

also considered to be pa1tial sagittal slab fractures � Palmer1" investigated the frequency of s lab 

fractures and found the prevalence to be 22% of carpal fractures . When classified by breed. 29% 

of S B's sustained slab fractures of C3 and these \\ ere distributed equal ly  bet\\ een both legs: 

1 9% of TB's sustained slab fractures of the C3 .  most commonly in the right foreleg. Variation 

bet\\ Cen breed and l imb d istribution is supported by other studies.12 1 -' 

Table 1 .3:  Racing performance following surgical treatment of osteochondral (chip)  and 
slab fractures. 

Fracture Type At least J •·ace Returning to previous level of 

Osteochondr�d 

(chip) 

S lab 

85-90% I� I:' 

function 

The diagnos is. treatment and prognosis of horses that hm·e sustained slab fractures of C3 is " el l  

reported in the l iterature .  1 2 1 ' The o\ ·em·helming finding i s  that the prognosis for retum to 

funct ion is dramat ical ly reduced ,,·hen compared to osteochondral fractures \\ ithin the carpus 

(Table I 3 )  Slab fractures arc l ikely to be the end result of C3 disease. Another c l inical entity 

that has recent ly been described may i m·olve the same pathophysiological process. and perhaps 

precede slab fractures Lesions included i ncomplete fronta l  fractures of C3 .  cmsh fractures of 

the subchondral trabecular bone. and fu l l  thickness or partial thickness cartilage damage of the 

radial facet. Ho\Yevcr. c l inical signs occur  at an earlier stage. before radiographic changes can 

be detected subj ecti ,·e ly . 1 7 The majority of these fractures "·ere in SB's. and the lesion 

distribution \\aS equal between both forel imbs .  The cmsh fractures \Yere s imi lar to those 

reported by Ross 1 8• ho\\ ever \Yithi n  that case series radiographic lucency \\·as detected in the 

tangential projection. perhaps due to increased severity of lesions. Surgical treatment is 
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recommended and the prognosis for retum to athletic function is s imi lar to that of osteochondral 

fractures \Yithin  the carpus.17 18 

1 .2 Normal structure and function of synovial joints 
Synovial jo ints consist of 2 or more art iculating bones. joint capsule. synovium. extra and intra-

articular l igaments. synovial flu id. joi nt cavity and art icular cart ilage. 

The joint capsule cons ists of a thick fibrous portion that inserts a variable d istance from the 

art icular surface and is l ined bY thin subsYnovium and S\'novium .  The fibrous sect ion is . . . 

composed of connective t issue that has a lO\\ cel lularity: the extracel lular matrix is made up of 

fascic les of col lagen bundles ( t�-pe I l l  and 1 ) . protcoglycan. noncol lagenous proteins and 

\\'ater. 1 0 The fascic les are separated by loose connect ive tissue and have a random organisation 

al lo\\ ing them to move independent ly:  this reduces joint frict ion. resists multidirectional forces. 

protects the synovial membrane from trauma. and al lO\\'S maximal range ofjoint motion.  el l The 

proteoglycan- glycosaminoglycan component gives the matrix a gel - l ike quality that supports 

the col lagen. and alterations of these proteins can change the mechanical capabi l ity of the 

capsule. 

Col lateral l igaments arc intracapsular l igaments that aid in stabi l isation of the joint B iochemical  

composition and biomechanical nature arc s imi lar to the joint capsule and they appear to act  in 

accordance \Yith Wolff's la\\ I ll  Extra-articular l igaments originate outside the insertion of the 

fibrous jo int capsule. and are subjected to lo\\ cr loads than those \\ hich cause abrupt fai lure 

Injury usually results in a cumubtiYc failure of indiv idual col lagen fibers cl I ntra-articular 

l igaments are those '"ithin the joint. the most fami l iar being the intercarpal l igaments and the 

cruciatc l igaments of the sti fle joint. Their properties arc s im i lar to those of extra- articular 

l igaments .  

Synovium is composed of modified mesenchyme: approxi mate ly l -4 synovioc�tcs th ick and 

cel l s  have both secretory and phagocytic functions. 10 The synovial membrane serves no 

biomechanical purpose but l ike all soft t issues can respond to stress by an increase in col lagen 

production. alterations in  trans-synovial diffusion. or changes in synovioc�te metabol ism.  The 

lack of basement membrane and gaps between the synovioc� tes al lO\\' the movement of 

capil lary fil trate through the interstitial flu id into the s�11ovial space. thus forming synovial 

flu id Thi s  is governed by Starl i ng's forces ( hydrostatic and colloid pressure difference bet\\ een 

plasma and synovial fluid)  and excessive fluid is drained from the joint by lymphatic vessels . c" 

N ormal synovial flu id pressure is subatmospheric \Yhich may assist in stabi l iz ing the joint 19 
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S�11ovial ce l ls  produce prote ins (hyaluron) that contribute to the unique nature of synovial flu id  

and have the  potential for direct release of lysosomal enzymes ( particularly neutral 

metalloproteinase). prostaglandins. free radicals and c�tokines. cc Synovial flu id  is the medium 

through \Yhich nutrients reach articular carti lage. The endothel ium prevents large molecules 

from leavi ng the joint \\·hi i e  small molecules depart via diffusion.  This is control led by the 

presence of large proteins (e .g .  hyaluronan) which funct ion as a barrier to smal l  molecule 

exchange. c.> There arc a number of proposed mechanisms of joint lubrication that function under 

different loads and stresses. and all are rel iant on synovial fluid and its viscous nature . c l 

Viscosity is associated '' ith hyaluron amount and characteristics. and al lO\YS the synovial fluid 

to tolerate transient shear stresses and absorb some of the energy generated by movement .  19 

Articular (hyal ine )  carti lage derives its translucent appearance from a high water content and 

collagen structure .  Microscopical ly it is divided into 3 unmincral ised zones that are del ineated 

from the calc ified zone by the t idemark . 

, Zone I •  the most superficial \\ ith the h ighest number of cel ls .  \\ hich arc smal l .  flat and 

paral le l  to the surface . Col lagen fibri l s  arc tangential to the articular surface. 

, Zone 2 •  the cel ls are larger and more rounded than those in zone I and the col lagen fibri ls 

are arranged in a comp lex three-dimensional pattem . 

, Zone 3 •  the cel ls are as large as zone 2. organised \Yith their  long axis perpendicu lar to the 

surface . The col lagen fibri ls are larger ,,· ith a perpendicular orientation. forming a relat ively 

inflexible mesh . 

l t  has been suggested that the \'ariation of zones represents a functional adaptation to differing 

mechanical requ irements •  Zone I has an abundance of col lagen and forms a \Year resistant 

protect ive layer. whereas the deeper zones contain large amounts of protcoglycans and arc 

organised to withstand comprcssivc loading 1" 

The extracellu lar matrix of equine articular carti lage is predominantly composed of type 1 1  

col lagen \Yhich provides tens i le strength.  proteoglycans and noncol lagcnous C'-.1racel lu lar matrix 

molecu les. and inc ludes fibroncct in  and gro\\th factors. Chondroc�tes arc the cel lu lar 

component of articular cartilage. Although they make up a small percentage of the cartilage they 

arc respons ible for the production and tu  mover of extracel lu lar matrix .  They receive nutrients 

and excrete \Yastes via the synovial fluid and are sensit ive to changes in the matrix caused by 

physical stimul i  and catabolism. It is not knom1 ho\Y the chondroc:tcs co-ordinate matrix 

tumover. but. dynamic loading and cytokines are thought to p lay a substantial role .  High and 

continual ly compressive loads are pathological to the articular cartilage "·hereas moderate 

cyc l ic  compress ive loads are beneficial to the matrix . c 1 These factors influence the production 
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and activation of the chondroc� t ic enzymes that can degrade the extracellu Jar matrix, this 

degradative process is balanced by enzyme inhib itors and grO\\th factor synthesis .19 

Articu lar cartilage and subchondral bone are 2 dissimi lar t issues . Calcified cart i lage. \Yith its 

i ntermediate prope11ies acts as an interface between these t issues to reduce shear stresses . 21 

Calc ified cartilage undergoes remodel l ing throughout l ife. as numerous segments contain 

osteoclastic fibrovascular tissue and new bone . The cause of this may be due to micro-injur y  as 

a result of loading a relatively britt le structure \Yhen compared to articular cart i lage. 2� The 

tidemark ( the junction bct\\ een calcified and non-calcified cartilage) also redupl icates in 

response to micro- injury and phys iological ageing at the expense of articular carti lage. resul ting 

in carti lage thinning.2 '  26 

Subchondral bone prO\'ides stmctural support to overlying articular cartilage al lo\\·ing high 

loads to be sustained '' ithout significant deformation. The stiffness of subchondral bone is due 

to its high mineral content (hydroxyapatite ) .  This inorganic matrix accounts for 65% of total 

bone matrix. The organic matrix (osteoid )  is made up of \Yatcr. col lagen and other prote ins and 

is  responsible for the e lasticity and pl iab i l ity of subchondral bone. Heterogeneity of trabccular 

bone in the area of the subchondral bone p late makes it histologically difficult  to distinguish 

bet\\ ccn trabecu lar bone and cort ical bone. J<l  

Trabecular bone has a distinct architecture: the basic ccl l ubr structure consists of individual 

trabecu lae of ,-a�·ing thickness that arc interconnected \Yith spaces bet\Yeen them .  Wolffs la\\ 

controls trabecu lar orientation. \Yhich is parallel to the deeper zones of cartilage and 

perpendicular to the articu lar surfacc . 1 " 27 Trabecular bone is heterogeneous and thus its material 

properties \'a�· " ith age and anatomic location The bone is able to regu late strength and 

stiffness by changing apparent density. this is gO\'Cmcd by a squared po\\ er la\\ relationship. 

meaning smal l  changes in apparent density relate to large changes in strength 2 7  I ncreases in 

apparent dens ity arc due to increasing thickness of the indiv idual trabeculae and decreasing the 

size of the intra-trabecu lar spaces. \\·ith the reverse being true for decreasing apparent density .  

Remodel ing of trabecu lar bone occurs on the endosteal surface ( the interface bct\Yecn the 

trabecu lae and the marrO\Y ) and involves the fi l l ing in of a defect created by ostcoclasts "·ith 

bone produced by osteoblasts. 28 The resistance for fatigue fai lure appears to be greater for 

trabecu lar bone than it is for cortical bone as the mechanism for fai lure is fracture and buckl ing 

of individual trabeculae rather that an accumulation of cracks in the bone matrix as in cort ical 

bone. 29 
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Osteonic  or cortical bone d iffers from trabecular bone in its porosity (thus apparent dens ity ) and 

architecture. 3" Cortical bone is a sol id material that contains a series of voids ( Haversian 

canals ) .  and its porosity. usual ly around 1 0%. is related to the number of these voids . Cortical 

bone is a poorly compl iant but relatively tough tissue that becomes stiffer and stronger. 

absorbing more energy as the loadi ng rate increases . Once a threshold is reached these 

properties reduce. Remode l ing of this t issue invoh·es the formation of a bone-remodel ing unit 

consisting of a cutting cone that resorbs bone. When resorption is complete osteoblasts fi l l  the 

canal \\ ith concentric lamel lar bone and the canal becomes progressively smal ler unt i l  it is on ly  
. 'S large enough to contam blood vessels . _, 

Rclati\c density and architecture determine the properties of subchondral bone. and as bone is 

an adapti\ e t issue these p roperties are not constant . 3 1 Thi s  is  reflected by the changes that occur 

,,·ith i ncreasing age. Young31 found a significant increase i n  subchondral bone st i ffness and 

density bet\vecn yearlings and untrained 2 year olds . 

1 .3 Funct ional anatomy of the carpus 
I n  most horses the carpus cons ists of 7 carpal bones arranged in  2 rows bct\vecn the radius and 

the metacarpal bones. In a m id-frontal section. the bones of the carpus. except the accessory 

carpal bone. arc approxi mately rectangular. leadi ng to the term cuboidal bones The dorsal and 

palmar surfaces arc convex . The palmar surface is ver y irregu lar and \Yith the accessory carpal 

bone forms part of the carpal cana l .  F igures 1 . 1  i l lustrates the proximal aspects of the proximal  

rO\\ and F igure 1 . 2 i l lustrates the articu lation of the proxi mal  rO\\ ,,-ith the radius .  Cr articu lates 

,,·ith the medial sty loid p rocess of the radius and C2 and C 3 .  The i ntermediate carpal bone ( C i ) 

articulates with the intcrproccss area of the radius and (3  and C4 .  The ulnar carpal bone (Cu )  is 

the smal lest of the proxi mal  rO\\ and articu lates \\ ith the lateral styloid process of the radius and 

'' ith C4 .  The accessory carpal bone's dorsal border articu lates \\ i th the caudal aspect of the 

lateral radius and the C u .  F igure 1 . 3 i l lustrates the proximal aspect of the distal rO\\ _ The second 

carpal bone is the smal lest constant bone. the proximal surface of which articulates ,,· ith the Cr. 

d istal ly \\ ith the second metacarpus ( MCl l )  and palmar aspect of the th ird metacarpus ( MC! I I )  

The proxi mal surface of  C 4  articu lates '' ith the i ntermediate and the Cu. the distal surface '' ith 

the M C I I I  and the fourth metacarpal ( MC I V )  32 
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Figure 1 . 1 :  Diagt·ammatic representat ion of the isolated proximal •·ow of carpal bones. 
M = med ial, L = lateral. (mod�fiedfrom Get�l';2) 

medial styloid 
process --+--

I 
I 

interprocess 
area 

laterd styloid 
-'----process 

--+-- epiphysis 

�-+-- lateral 
styloid process 

R 

Figm·e l .2 :  D iagrammatic representation of the art iculation of the proximal row with the 
radius. (modified from E. C Firth and W.Hartman33) 
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Figure 1 .3:  Diagrammatic •·epresentat ion of the isolated distal row of carpal bones. 
M = medial, L = latera l. (modifiedfrom Gett/1) 
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The third carpal bone i s  the largest bone of the d istal ro\Y. contributing to 2/3rds of the medial to 

lateral d imens ion. and i s  twice as \\' ide dorsal l y  as palmarly. The 2 facets of the proximal 

surface are separated by a dorsopal mar ridge. The medial facet (concave) is known as the radial 

facet and articulates \\ ith the distal surface of the Cr. The lateral facet (concave dorsal ly and 

convex palmarly )  is knmm as the intermediate facet and articulates \Yith the distal surface of C i .  

The distal surface of C3 articulates almost ent i re lY  \\ ith M C I I L  and the lateral and medial  

aspects of the bone articulate \\ ith M C I V  and M C I I  respecti vely .  32 

The radial carpal bone. Ci and C3 recei'  e the majority of the load accepted by the carpus and 

arc most often injured at fast gaits 3� The other 3 cuboidal bones are smal ler. thereby carrying 

less load and arc not as prone to inj ury  The proximal joints of the carpus arc h igh mot ion joints 

of different types . The radiocarpal joint is  a rotating joint with the normal range of flex ion being 

l imited by the palmar joint capsule and flexor muscles 3' The intercarpal joint is a hinged joint 

and capable of only I 0°-20° hyperextension due to the palmar location of the col lateral 

l igaments and the shape of the joint surfacc 3t' The carpometacarpal joint has very l ittle mot ion 

and no capacity for flexion or extens ion 36 37 The joint capsu le is thought to be common to al l  3 

joints. attaching proximal ly to the radius and distal ly to the proximal metacarpus. The synovial 

membrane forms three pouches corresponding to the 3 joints: the radiocarpal and the intercarpal 

pouches arc ,·o luminous. \Yhcrcas the carpometacarpal pouch is l imited . The distal 2 pouches 

communicate . ;s 

A stud,· b' F irth el a/ 3'' described the relat ionship of mo,·cmcnt bet\\ ecn the joints of the carpus 

and associated cuboidal bones during passive mo,·emcnt . The radiocarpal joint contributes most 

of its flcxion ot the beginning of passi,·c flex ion. The differing rotational axes of the radius 

result in the Cr ond C i  sl iding post each other in a proximal-distol direct ion during mo,·cmcnt. 

so that at fu l l  flex ion the distal border of Cr is sc,·cral mi l l imctcrs distal to that of the d istal 

border of C i .  The Cu.  Ci and accessory carpal bone move as a single unit and t i l t  a total of 25°  

in fu l l  flex ion. \Yhi lc the Cr  achieves a t i lt of 5°  The intcrcorpal joint p lays a role i n  the  later 

stages of carpal tlcxion. As the degree of flex ion i ncreases the distal rO\Y of carpal bones p ivots 

about an axis contributing to the later stages of carpal flex ion . 

The carpus has a number of extra-articu lar and intra-articular l igaments .  The lateral col lateral 

carpal l igament attaches proximal ly  to the lateral styloid process of the radius and d istal ly to the 

proximal M C I V. \Yith some fibers ending on M C I Il .  The medial collateral carpal l igament is 

stronger and \Yider d istal ly than the lateral \Yith the prox imal  attaclm1ent on the medial styloid 

process of the distal radius and the distal attachment on the second and th ird metacarpus .  
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Numerous l igaments arc present dorsa l ly that are essential i n  the normal functioning of the 

carpus_ I ntra-articular l igaments of the carpus occur in  the i ntercarpal and carpometacarpal 

joints. intercarpal intra-articular l igaments are more prone to i nj ury_ There are 3 l igaments. the 

dorsomedial intercarpal l igament. the medial palmar and the lateral palmar intercarpal 

l igaments_ The dorsomedial intercarpal l igament arises from the lateral border of the Cr and 

attaches distal ly to the dorsomedial aspect of C2 and in some cases C 3 _  The lateral palmar 

intercarpal l igament has a proximal attaclunent on the distal palmar medial surface of the Cu 

and p::tlmar lateral surface of the Ci and travels d istomcdial ly to predominantly insert on the 

proximal palmar lateral su rface of C3 _ The medial palmar intcrcarpal l ig:1mcnt exhib its 

variation in  anatomy bet\YCen horses_ The proxim:1 l  attachment is usually to the distolateral 

surface of thc Cr and inserts dista l ly  on the proximal  palmar medial surface of C3 and the 

proximal palmar lateral surface of C2 This  l igament is usual ly divided into 4 bundles 39 

1 .4  Phvsiology 
When undergoing maximal exerc ise the carpus acts as a stress absorber_ When axia l lY  loaded 

most of the carpal articulat ions a l lo"- an interlocking \\ edge arrangement to be formed_ Some of 

the load is transferred to the intercarpal l igaments. as i l lustrated in Figure 1 4 37 It is thought that 

by this mechanism sudden stress is com·crted into :1 longer e lastic lo:1ding stress and thus the 

strain rate is decrc:1scd --1" I t  appears that the carpus requires this mech:1n ism for energy 

absorption as its elastic abi l ity to o\·crextend is l imited ( due  to the palmar soft tissues ) \\ hen 

supraphysiologic loads arc appl ied _  Thus it is postulated that the stresses i mposed on the c:1rpus 

during maximal exerc ise \YOu Id lead to degencrati ,-e changes if there \Ye re a reduct ion in the 

number of bones in the carpus _--ll ' This may occur on the medial aspect of the intercarpal joint. as 

loads from the radius may pass on to the Cr and directly on to the radial facet of the C3 \Yithout 

being dissipated to the intercarpal l igaments_ This predisposes the 3 major ,,-eight bearing bones 

to injury. in part icular the radial facet of C3 37 
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Figure 1 .4: Diagram matic representation of the intercarpal l igaments of t he carpus. 
(mod�fied from E. C. Firth, N. Deane, K. Gibson et a/ 36) 
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When the major ,,·e ight bearing carpal bones are loaded. the majority of the l oad is accepted by 

the fluid component of articular cart i lage causing instant deformation As the load is shifted to 

the solid component there is slO\\ Cr creep deformation. this cont inues unt i l  equi l ibrium is 

reached bet\Yecn the cartilage and the extemal force applied. This property is tme of all 

viscoe lastic materials .  c l  l t  appears that moderate loading enhances carti lage metabolism. 

ho\\ Cver. high continuous loads and complete immobilisation appears to damage carti lage . c l  As 

mentioned previously there is an abundance of collagen in the superficial zones. \Yhich resist 

tensi le  forces. consequently small pathologic alterations '' ithin this area may \\ eaken the 

articular surface and its biomechan ical resistance to shear. tensi le and comprcssivc forces . 4 1 

Compl iant subchondral bone acts as a shock absorber bet\\ ccn articu lar cart i lage and epiphyseal 

bone. thereby helping to minimise pathology at the articular surface. The shock absorptive 

capacity appears to reduce as apparent dens ity increases and thus compliance decreases. 

Bone is a constantly adaptiYc tissue and it is  widely accepted that rclati,·e dens ity increases \\ ith 

cxerc isc 3 1 4c -l.> l t  is  thought that during exercise the trabecular bone deforms \Yhen placed u nder 

a mechanical load. RcpetitiYc loading stimu lates the ostcoblasts l in ing the spongiosa to 

upregulatc. leading to thickening of the trabeculae at the expense of the intra-trabecular spaces: 

this is termed modcl ling.2" In order to explain the distribution of changes that occur  \Yith in  C3  

as  a result of  exercise. i t  important to  study loading pattcms a t  rest and a t  \ 'arying gaits. At  rest 

the palmar aspect of both the radial and intermediate facets bear the most \\·eight . Appl ication of 

high loads in this posit ion result in interm ittent \\ eight bearing on the dorsal aspect of both 

facets .  When moving at 10\Y gaits such as \Yalking and trotting the load is d istributed evenly 

over the radial and intermediate facets exc luding the most dorsal aspect .  U nder load conditions 

that mimic those of gal loping. the load is transferred to include the dorsal rim of the 

i ntermediate and radial facets \\ ith a shift tO\Yards the dorsomcdial aspect of the radial facet. 33 43 
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Table 1 .4 :  M icroradiog1·aphy studies of excised C3's  from horses in d ifferent stages of 
train ing. 

Horses 

Untrained 

Trained but 

unraced 

Act ively racing 

M ic 1·oradiography 

The trabeculae \\ ere al igned in a proximodistal direction in an open pattem 

and the subchondral bone formed a constant ,,· idth across each section . 

Inc l ination to trabecu lar thickening and decreased intra-trabecular spaces. 

A unique pattem of appositional grO\\th. this occurred at the expense of 

marrO\\ spaces. thus fom1ing a bony bridge bet\\ een the proximal and distal 

surfaces of C 3 .  Sclerosis of subchondral bone \Yas greatest at the 

dorsomedial aspect of the radial facet of the C3 in a band 3 m m  palmar to the 

dorsal margin. 

Microradiographic examination of C 3 's from horses that ha Ye undergone different leYels of 

exercise sho,,· ev idence of model l ing. This is particularly eYident in actively racing horses . In a 

band 3 m m  from the dorsal margin an i ncrease i n  photodensity and change in architecture 

demonstrate this model l i ng (Table 1 .4 )  -1: 31 I ncreasing radiographic photodensity correlates 

'' ith increasing bone m ineral density ( B M D )  Firth et ai .J.J took sagittal sect ions in a 

dorsopalmar di rection of the intermediate and radi:1l facets of C3 . Radiographs \Yere taken of the 

sagittal sect ions and comp:1rcd \\ ith B M D  measurements performed by du:1l x-ray 

absorptiometry ( DX A )  Uhlhom et a/45 radiographed isolated C3 's in a proximal distal \ ' ie,,· and 

compared them \\ith bone Yolume measurements using morphometry .  Both studies found that 

bone volume density in the dorsal proximal .  dorsal central and dorsal distal regions of C3 \\ as 

sign ificantly greater in trained compared to untrained horses. Both studies demonst rated that the 

dorsal central regions of interest had the greatest increase in density. S imi lar fi ndings ha\'e been 

observed in TB's trained on a treadmi l l .  Bone mineral densit,· increases in the d istal dorsal 

region of C3 .  then the proximal dorsal region and final ly the central dorsal region .  ( Unpublished 

data Firth 99) 
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1 .5 Changing micromorpholgy of C3 
The adaptive response to exercise is a physiological process . Ho\Yever. continued mode l l ing i n  

response to high loads leads to  pathological changes demonstrated by  m icroradiography (Table 

4 )  42 Continued mode l l ing causes sharp gradients in  stiffness 5- l Omm from the dorsal edge of 

C3 which may resu lt in i ncomplete dissipation of forces '' i thin articular cartilage during 

loading_ predispos ing it to in_1 ury 3 1  Repetitive m icro-trauma to the articular cartilage leads to 

chondroc�te injury_ '' hich in turn responds by producing enzymes that destroy the extracel lu lar 

matrix .  The gross changes that may be seen include ycl lO\\ ish discoloration_ dul lness_ 

fibril lation and eburnation. M icroscopic changes i nclude loss of protcoglycan_ disruption of the 

\'arious zones of articubr cartilage_ changed chondroc�tc morphology_ exposure of the calcified 

carti lage and pol ishing of the exposed subchondral bone :o Uh lhorn et a/ 4' found that bones 

,,·ith carti lage l esions of the radial facet of C3 had a significantly higher bone volume density 

than those that did not .  Pool :" found that although there does not appear to be a good 

corre lation bet\\ CCn the degree of deterioration of the articular cartilage and subchondral bone 

scleros is both appear in varying degrees in affected bones. 

Remodel l ing occurs concurrent ly  ,,· ith model l ing.  True remodel l ing occurs \\·hen there is no net 

increase in bone mineral density: repair and damage occur at the same rate. When damage 

(presumably from the sharp change in stiffness gradient '' ithin the subchondral bone_ as a result 

of model l ing )  exceeds repair it is presumed that the high rate of microfracturcs disrupts the 

canalicular system and possibly the capi l lary bed. The result is a wedge shaped area of 

ischemic_ sclerot ic subchondral bone ,,·ith in C 3 .  This secondary lesion usual ly  measures 8-

! 0mm in length_ 3 -5mm in ,,· idth and l -2mm in depth . lt is located 2-4mm from the dorsal 

proximal margin of the radial facet and is composed of acel lu lar fragments of sclerotic bone 

\Yith the deep surface bei ng separated from viable compacted bone by a l ine of rcsorption . A 

,·ascu lar response arises from ,- iab lc bone to fi l l  the trough \Yith osteogenic granulation tissue 

that invades and repairs the necrotic subchondral bone . :" 

It is suggested these lesions arc associated with dc,·c lopment of corner or comp lete s lab 

fractures . Small areas appear to undergo repair \Yithout destabi l isation of overly ing cartilage. 

Unsupported articular carti lage either col lapses i nto the cavity or becomes detached. Studies of 

slab fractures by Pool 2' ' suggest these fractures occur in pathological bone. A l l  lesions begin at 

the dorsoproximal surface of C3 in an area of chronic inj ury and repair .  The fracture l ine 

extends distally '' here it e ither turns obliquely to create a partial slab fracture or continues to 
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create a compete s lab fracture . Usually the proximal � of the fracture line appears i rregular and 

contains fibrous tissue. the distal % appears as an acute fracture. �" 

In vivo and in vitro studies demonstrate that traumatic loading induces damage to the 

subchondral bone and calcified cartilage before inducing damage to  articu lar cartilage.-+6 -+J 

Therefore it has been proposed that early detection of sclerosis may be helpful in preventing 

degenerative joint disease and fractures .-+� 

1.6 Diagnosis of thi t·d carpal bone d isease 
Radiography is the main diagnostic tool used in the assessment of carpal injuries As \Yith a l l  

radiographic evaluations a number of v iC\\·s arc taken to ensure adequate assessment. since 

superimposition IS a problem in the radiographic evaluation ofjoints .  Lesions may be m issed 

due to x-ray beam obl iquity in relation to the lesion or by maski ng of overly ing structures. 

Carpal v ie\\ S taken are the lateromedial .  flexed lateromcdial. dorsolatcral-palmaromedial at 3 0" 

and 60". dorsomedial-palmarolatcral at 45'' and the flexed dorsopro:ximal-dorsodistal ob l ique. 

the latter is commonly knO\m as the tangential v ie\\ of the distal carpal rO\Y . Most lesions can 

be detected in some but not all radiographic v ic\\s. and a proportion of lesions arc detected only 

I · I · 1 1  -+� on t 1c tangcnt1a VIC\\ . 

There are 2 tangent ial Y ie\\ S used to assess the distal carpal rO\\. ViC\\ A ( Figure I 5 )  involves 

flexing the leg at 60" \Yith MCI I I  paral lel  to the floor. the x-ray beam is angled 3 0° from 

horizontal. the plate placed distal to the carpus and angled tO\\ ards the beam as close to 90" as 

possible This vie\\ resu lts in little distmtion of C3 .  hO\\ C\'Cr. some magnification does occur 

Vie\\. 8 ( F igure I .  7) involves flex ing the carpus and placing the p late on the dorsal aspect of 

M C l l l .  \\ ith the centre of the plate at the lc\ el  of C 3  and the x-ray beam angled at 30'' from 

horizontal .  This \ ie\\ causes l ittle magnification but a significant amount of distort ion. as the 

beam angle is not perpendicu lar to the plate. The :x-ray beam angle. leg angle and C3 beam 

angle arc simi lar bct\\ een both v iC\\ S. hO\\ ever. the plate angle s ignificantly differs . 
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x-ray mach ine 

3 0  

Figure 1 . 5 :  Line drawing of v iew A 

Figm·e 1 .6:  Radiograph of the distal row of carpal bones using View A. A f1·actu re is  
present with in the radial facet of C3. 
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Figure 1 .  7 :  Line drawing of View B 

C4 

Figm·e 1 .8:  Radiograph of the  same d istal row of carpal bones a s  i n  Figure 1 .6 using View 
B. A fractm·e is present within the radial facet of C3. 
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Subtle l esions are l ikely to be detected \Yith advanced radiographic equipment and fi lm/cassette 

combinations. predominantly due to i mprovement in i ntensi fying screens and radiographic fi lm .  

I ntensifying screens contain a range of  materials \Yhich convert a fe\Y photons of h igh energy 

(:x-rays) into many photons of lo\\ energy (blue l ight ) .  In the product ion of these screens 2 

qual ities are important. namely speed (the smal l est possible exposure to produce an i mage) and 

optimum defin ition of the i mage. Those factors that contribute to one qual ity are detrimental to 

the other. and a compromise must be reached. I n  most circumstances the advantage of reducing 

the exposure time is of more importance than optimum detail  In  equ ine radiography speed of 

exposure may contribute to greater detai l as movement blur is reduced. -l" 

X-ray fi lm is an emu lsion. \Yh ich is a coating containing finely dispersed grains of s i lver halide. 

When exposed to lo\\ energy photons. the halidc is  converted to metal lic si lver. "·hich on 

de' eloping and fixing resu lts in the b lackening of the exposed area Most fi lms arc double 

emu lsion. \Yith emulsion on both sides of the fil m .  Various emu ls ions enable fine or standard 

detail Single emu lsion fi lms are coated on one side only. and arc designed for use with 

cassettes '' ith single intensifying screens and produce very fine detail. at the expense of 

increased exposure time .-1° 

The majority of carpal radiographs t:'lken in the fie ld  use medium or standard double emuls ion 

fi lm and cassettes '' ith double standard intensify ing screens . This allow s minimum exposure 

time and adequate detai l  for the subjective :malysis of the tangential v ic\Y of C 3 .  Exposure t imes 

,·ary \Yith fi l m  focal distance and equ ipment used. and each machine shou ld have an exposure 

chart de, e loped for each fi lm type. Recent improvement in screen and fi lm  detai l  has l ead to the 

use of single emu lsion fi lm  and screens. and may i mprove trabecu lar deta i l  of C3 ,,·ithout much 

increase in exposure t ime.  

The occurrence of C3 sclerosis " ithout the presence of other radiographic changes has led to the 

development of a grading scale (Table 1 . 5 ) . �" The radiographic \ ie\\ s used to assess this arc 

Views A and B .  The radiographic qual ity must be such that the trabecular pattcm can be 

recognised. not only in C3  but also in C4 as the latter is used as a "contro l " .  G rade l and 2 arc 

bel ieved to represent physiological adaptation '" 
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Table 1 . 5 :  Scoring of the trabecular pattern of C3 seen on the s kyline project ion. 5° 
Grade I - trabeculation clearly evident, no areas of focal th ickening. 

Grade I I  - trabecu lae c learly evident. with evidence of thicken ing i n  focal areas .  

Grade I I I  - trabeculation lost in focal areas 

Grade I V  - almost complete loss of trabecu lation in the radial and/or the i ntermediate facet of 

C3 

C4 sclerosis is rarely seen and if present is more l ikely to be due to a radiographic  artefact '" 

Investigation of subchondral bone changes of C4 do not appear in the literature .  There arc a 

smal l  number of reports on slab fractures of C4. these are usually sagittal fractures and are often 

accompanied by a slab fracture of the intermediate bone . It is  specu lated that the cause of these 

fractures is abnormal force acting on normal bones. although this has not been proven .  '1 <: 

The \'al idity of subj ectively grading scleros is of the third carpal bone has recent ly  been 

examined.�' In this study Vie\\ 8 \\ as used and only radiographs that showed C4 and C2 \\ ere 

included. The radiographs \Yere graded using a grading system simi lar to that of O'Brien . '" Once 

the horses \\ ere euthanased the distal rO\\- of carpal bones \Yas disarticualted and radiographed in 

a proximodistal direct ion _ C3 \\ aS then assessed for bone volume density using bone 

morphometry .  The authors found that subj ccti\ 'c assessment of the tangential radiographic \ ie\Y 

ai iO\\ cd differentiation between sclerotic and non-sclerot ic C3  · s. hO\\ ever. the grade of sc leros is 

cou ld not be determined. A lthough this is a significant finding some degree of sc lerosis is 

bel ie\ cd to be a phys iological response to exercise.� thus it appears that subjective analysis of 

radiographs may not differentiate bet\\ CCn physiological and pathological sclerosis .  

SubjcctiYc analysis of changes in BMD is not \\ ithout problems_ I t  has been genera l ly  bcl ic\ cd 

that that changes i n  bone minera l  density of less than 30% can not be detected subject ively .  

A lthough this \\ :lS based on experiments performed 40 years ago.'' a more recent study by 

F inscn q agrees \\ ith this hypothesis \\ hen dea l ing \\ ith the peripheral skeleton. Other studies 

have shO\\ n that a lthough this \Yas tme for cortical bone s ites. a change of only 8- 1 4% is  

required for bones \\·ith a high trabecu lar content ."  I t  must be stated that al l  of the work in 

regard to subjectively assessing BMD has been conducted in  humans. in situat ions \Yhere B M D  

i s  decreas ing rather than increasing as i s  the usual case in  the young \\·ork ing horse . 

1 .  7 Methods of analvsing bone mineral dens ity 
The prevalence of osteoporos is in humans has resulted in  the development of many methods of 

non-invasi e bone mineral analysis i n  order to detect early d isease and monitor its progression 

and response to therapy. Despite the number of methods. agreement has not been reached over 
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the most effective for the d iagnosis and serial assessment of osteoporosis_ e ither for the single 

patient or when large populations are examined. 

The pattern and rate of bone loss varies between the appendicu Jar and axial skeleton_ cortical 

and trabecular bone_ and various d isease states and therapeutic interventions . Thus variation i n  

measurements using different techniques i s  not only a function of  accuracy_ precision and 

sensit iv ity. but also phys iologic variation. Therefore_ many methods of non-invasive bone 

mineral analysis are complementary rather than exclusive56_ and the foi Jo,,· ing "·i l l  be discussed. 

• Subjective evaluation of radiographs and radiogrammetry 

• Objective evaluation of radiographs - radioabsorptiometry 

• Photon absorptiometry - single and dual 

• Computed tomography 

• Ultrasonography 

• eutron activation analYsis 

• Compton scattering technique 

1 960 
(A) 

1 98 0  
(B) 

PO 

1 985 

1 9 80 

Figure 1 .9 :  The relative use of methods of non-invasive bone m ineral density methods 
from 1 960- 1 990. Abbrevi at ions :  RG = t·adiogt·ammetry ; PO = photodensitometry ( RA) ;  
NAA/CS = neutron activation analysis and Compton scattering; SPA = s ingle-photon 
absortiometry; D PA = dual-photon absortiometry; QCT = quantitative computed 
tomography; pQCT = peripheral quant itat ive computed tomography; DXA = dual x-ray 
absortiometry ;  SXA = single x-ray absorpt iometry; US = ultrasound. (reprintedfrom 
Sartoriusn. P 234 by courtesy of Marce/ Dekker.Jnc) 
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Most of the above methods measure oniy bone mineral content ( B M C )  or B M D .  The 

measurement should  be interpreted i n  l ight of cl in ical symptoms. because although B M C  and 

B M D  are closely l inked with bone strength. it is not the only factor associated \Yith a high 

fracture risk. Others include bone geometry. architecture. point defects. neuromuscular 

coordination and frequency of fal l s .  Thus these methods only  partial l y  detect an i ncreased risk 
' 7  for fracture: 

1 .7 . 1 Subject ive evaluation of radiographs 
Subjective evaluation of radiographs is the simp lest non-invasive method of BMD assessment . 

Parameters used to indirectly  assess change in bone mass inc lude reduced or increased 

photodcnsity. or changes in bone morphology. Based on experiments conducted in the 1 940's. it 

"as believed that changes in B M D  of less than 30% cou ld not be detected subjcct ively 5� A 

more recent study54 agrees \Yith this hypothesis \\ hen assessing the peripheral skeleton . Other 

studies have shom1 that although this is t rue for cortical bone sites. change ofjust 8- 1 4% is  

required for detection of subjectiYe BMD differences in  trabecular boncs 5' Although subjective 

assessment is a relatively insensit ive method for B M D  analysis it is an imperatiYe part of the 

standard routine of reading radiographs. and is currently the most common ly employed method 

of estimation of B M D  in the horse. 

1 .  7.2 Radiogram metry 
Radiogrammctry a more objcctiYc method. is incxpens i ,·c and s imple to pcrfon11 . It involves 

morphomctric measurements of cortical bone from radiogrJphs. primari ly  using the ratio of 

cortical thickness to the oYeral l  thickness of tubular bones . This requ ires direct cal iper 

measurements of the inner and outer diameters of the cortices from \Yhich bone mass indices arc 

then calcu lated. lt is best performed ''ith cortical bone from the appendicular skeleton. most 

commonly the metacarpal thickness due to their access ib i l ity by x-ray i maging and the lm' 

radiation exposure to the patient . '� 

Originally it was thought that radiogrammetry al lmYed accurate measurement of corticJI bone 

volume and thickness. and as bone remodel ing ,\·as lo,\· in the appendicular skeleton. this 

reflected changes in total bone mass 5q Further studies have revealed that the test resu lts of this 

procedure are relatively inaccurate because of the i rregu larit i es in the shape of the metacarpal 

cortical regions and intracortical resorption 6" This teclmique ''"as extens ively used in the 1 960's 

and 1 970's to assess B M D. but is now thought to be i nadequate for the diagnos is of osteoporosis 

and its progression. HO\\ ever. i t  appears sufficient for epidemiological studies of large 

populations . 58 
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1 .7.3 Objective evaluat ion of radiographs -radioabsorptiometry 
Radioabsorptiometry ( RA )  measures B M D  obj ectively by measuring radiographic photodensity 

achieved by comparing a material of knov-m photodensity \Yith bone The technique has been 

available for over 50 years, but prior to the development and application of computers and 

image analysis it was inaccurate. imprecise and time consuming 6 1 62 

The technique involves taking a convent ional radiographic image. of either the right or left 

hand. The hand is placed on a template and a reference standard is placed in  a predetermined 

place. T\YO radiographs are taken at different exposures us ing single x-ray fi lm .  The radiograph 

is captured_ converted into a digital image and an image analysis program is used manage the 

data . Data arc col lected on phalanges 2.3 and 4 and the computer calculates the average values 

for B M D  and bone area . The data is col l ected in arbitrary un its rather than g/cm2 or g/cnY'_ 

ho\\·cver these un its do have dimens ions of mass and volumc 6 1  t>-' 

The material of kno\\·n photodensity to '' h ich bone is compared to is often in the form of a 

\Yedgc. ho\\·cvcr there are other reference standards The reference standard is i nc luded in the 

radiographic image to correct bet\\ ccn fi l m  differences. due to film qual ity. exposure and 

process ing Nearly all " edges arc in ramp form and the ideal reference " edge has the same 

absorption coeffic ient as the material being measured as sh0\\11 by Figure 1 . 1 0 . The most 

common metal l ic  wedge to be used is a luminium or an aluminium alloy. The \\ edge dimensions 

arc comparable to the th ickness of the phalangeal bonc -"3 
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Figure 1 . 1 0: Linear absorption coeffic ient as a function of photon energy. 
(modified from Colbert6·1) 
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T\YO radiographs arc taken in order to verify the results .  Bet,veen fi lm disparities are usually 

l ess than 2%. l f thc discrepancy is more than 3% from the mean then the radiographs arc 

checked for defects. which can be produced by processing or exposure faults .  I f  there is a 

discrepancy the procedure is repeated 63 Accuracy error is very lo"· as RA is high ly  correlated 

'' ith ash weight of measured bones. This may be because the trabecular and cortical bone of the 

phalanx is roughly equivalent to the central skeleton 6.J Precision error is also very 10\v as 

reproducibil ity of this technique is 99% or greatcr"2 

The consistenc:·' \Yith " hich RA studies measure bone mass is high. e\·en \Yhen skeletal sites 

measured and populations studied vary .  RA is thought to be as good as. or in some cases better 

than. other bone mass measurement techniques and its predict iYc association of fracture risk is 

high -'' 1 The main application for this technique is to detect and monitor osteoporos is .  lt a lso has 

been used to assess osseous changes associated ,,·ith l ead poisoning and renal disease. and in the 

treatment of osteogenes is  imperfecta 63 

The technique has se' era! advantages. it is readi ly a,·ai lable to the non-special ist physician and 

no large capital expenditure is requ ired. The radiographs arc taken and then submitted to an 

image analysis laboratory for interpretation. so the technique is of significant use in remote 

areas \\ here access to other bone mass analys is methods is l imited. The use of this technique to 

assess the effic iency of therapy in i nd iY idual patients has not been studied in a controlled 

cl inical trail"1 Recent improvements of RA reduce the d isadvantages associated '' ith this 

technique. A ,·a l id concern. as ,,·ith other techniques uti l i s ing the appendicu lar skeleton. is that 

the BMD values of the phalanges may not predict B M D  of the :1xial skeleton . .J<> 

RA has been used in the dog and the horse -''' "(' Both of these studies ,,·ere performed on isolated 

bones that had al l  soft tissue removed. as its presence resu lts in a high accuracy error. The 

calcaneus \vas used in the horse because there is a high amount of trabecular bone '' hich is 

more sensitive to changes in bone mass. ho"·evcr it appeared that the optical density ,,·as 

influenced b,· the mass of the bone rather than the actual mineral densitY . The studY concluded . . 

that RA using the calcaneus 'vas not a rel iable ind icator of BMC.  

1 .  7.4 Single photon absorptiometry 
Single photon absorptiometry ( SPA) assesses B M C  by a s ingle source of 10\v energy photons 

(from a highly col l imated source) that penetrates the bone of interest. and \vas one of the most 
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"·idely accepted and c l in ical l y  applied devices in the 1 970's and 1 980's. The degree of 

attenuation of the beam b Y  the bone is  measured bY a scint i l lation detector SYStem. and there is  a - - -
direct relationship bet\veen the number of photons absorbed and BMC 67 

The main components required for an absorptiometry unit are a s ingle  energy source photon 

unit. most commonly iodine and americuium i sotopes. and a detector. As SPA uses only one 

energy source. the bone site must be encased in a constant thickness of soft tissue or equivalent 

( c g.  \Vater) .  as soft tissue critically contributes to the attenuation profi le .  The photons travel 

from the source (usual ly under the patient ) .  pass through the patient and continue up\\-ard to 

enter a detector ''"here the intensitY of the beam is determined. The source and the detector are 

al igned and connected so they move in unison "� The foream1 is placed in a \Vater bath and a 

ba c l ine measurement obtained in the region of the interosseous membrane. The average 

attenuation of the beam by the bone is calcu lated and compared \Vith data in a standard cur\ e 

derived from a reference. from this infom1at ion BMC can be calcu lated . 'o �,1 

Precis ion error associated " ith SPA is as lo\\ as 0 .3%. ho\\ ever there can be considerable inter-

unit ,-ariabi l it,· and m i scalibration . Other sources of variation are interosseous and subcutaneous 

fat''<) SPA measurements do not reflect axial bone density accurately and there appears to be an 

accuracy error of up to 1 2- 1 5% in estimating spine or femoral density 6q This method does not 

take into account bone volume and thus onlY B M C  can be measured. In order to assess BMD. 

cross sectional area (CSA)  is  requi red. this can be achieved by using combined ultrasound 

' c loc ity to detect cortical CSA and thus bone mineral content d ivided by CSA is equal to bone 

mineral dcnsit' 7" 

S PA at peripheral sites has been less successful for the diagnosis and monitoring of osteoporosis 

than bcl ie,·cd possible \vhcn the method \\ aS fi rst developed. and the deve lopment of DPA and 

DXA have led to d\vindl ing usage of this modal ity . ''<) 

S PA has been used in horses in combination "·ith ultrasonic transmission veloc itY to determine 

the B M D  of M C l l l  and changes that occur to B M D  in response to immobi l izat ion . 7 1 7::Although 

this is a relat ively prec ise method. the d isadvantages include expense. lack of portabil ity of 

equipment. and the requirement of bandages to provide a constant soft tissue covering . The 

patient is requi red to stand completely sti l l  for at least 90 seconds 73 A disadvantage of this 

process in the horse is  that it provides the mineral content per unit length of bone and takes no 

account of differences in bone size. thus it is only useful in comparing changes in the 

individuals \vith negl igib le C SA alterations. 7:: 
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S PA has been modified to  x-ray absorptiometry. This uses a radiographic source as opposed to a 

radionucl ide. The advantages of this are that the radioactive source does not need to be replaced 

and the waste el iminated. Additional ly. extensive control measures required to compensate for 

isotope decay are not requ ired. The l imitations associated \\·ith SPA are also apparent \Yhen 

using single energy x-ray absorptiometry 6s SPA has provided the experience necessary to adapt 

the DPA and DXA to non-invasive bone mineral analYsis .  

I .  7 .5 Dual photon absorptiometry 
Dual photon absorptiometr y  ( DPA) involves using 2 photon sources that emit at 2 discrete 

energies and can more accurately assess BMC " hen there is variable  soft tissue covering 57 The 

principle of DPA is that 2 different sources of radiation arc attenuated by t issues in differing 

amounts . Entering the resu lts of the attenuation through soft tissue and bone into a mathematical 

equation al lmYs an attenuation profi le of bone to be determined and eliminates the need for a 

constant soft tissue CO\ cring. '" This technique is usefu l in the axial skeleton. as it is not 

surrounded by a constant soft t issue covering 6s The most commonly used isotope is  

gadolinium. as  it is a dual energy source. 

DPA is superior for measurement of cortical BMC than for trabecular BMC'7 Sources of 

precision and accuracy error arc greater in DPA than SPA. and thus exactness is compromised. 

as demonstrated in both human and equ ine studies 7-l 

Although DPA has bought about improvement in measurement of axial BMC disad,·antagcs 

include an increased scanning t ime to 20-40 minutes. patient movement causing inaccuracy and 

decreased resolution. The patient is exposed to a greater amount of radiation . Source energy 

strength decreases as it passes through the patient. requiring complicated corrections to be 

made. making the procedure less accurate . The isotope is costly. difficult to obtain and restricted 

in its usc .-1° Additional l imitations arc most evident in e lderly and severely osteoporotic pat ients . 

Extraosseous calcification in  arteries and dcgcnerati,-e deformit ies or fractures of the vertebrae 

can reduce the reproducibi l ity and the accuracY of DPA-Ill 

Dual x-ray absorptiometry ( DXA) .  based on SXA \\as introduced commercial ly in the late 

1 980 's .  The source is an x-ray tube and 2 distinct energy levels are generated. The system is 

more versat i le  than S PA and superior to DPA. as it can carry out the funct ions of DPA at a 

IO\Yer operating cost. sca1ming t ime and total radiation dose.-19 6s Lack of radionucl ide decay and 

a large difference bet\Yeen the energy levels emitted result  in improved image resolution 

meaning that the accuracy and precision error are improved 75 -19 These addit ional advantages 
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have made DXA the most \\ idely used method to assess B M D  in c l in ical and population 

medicine as \Yel l  as the primary research tool for B M D  assessment . Sources of error apparent to 

DXA are s imi lar to those of DPA. and are related to calcification seen in the elderly patient .49 

DPA or DXA have onh been used in excised bones in the horse. as the time taken to scan is 

prohibitively long.-�-� 76 

L 7.6 Computed tomography 
Computed tomography (CT) involves obtain ing cross sect ional images using narro'' beam :-.:-

rays and computer processing of the images. i ntegration and analysis .  There is advanced soft 

tissue differentiation and no superimposition of overlying structures. as the third dimension is 

knom1 " hich gives CT major benefits over conventional radiography and al lows the 

quant ification of tissue densit ies . 77 

There arc a number of components that are involved in the development of an image: these are 

col l ection of data from the patient. computer processing of data. image disp lay. and storage of 

data. The information is collected from the patient in the form of :x-ray photons: the patient l i es 

on a table and moYcs into a gantry . The gantry contains a :-.:-ray tube. col l imators and detectors . 

The :x-ray tube emits a beam of photons. and may be stationary or rotating depending on the 

type of CT scan11cr. The operator determines the thickness of the s l ice by altering the 

col l imators . The :x-ray detectors convert the photons into an electronic s ignal of \\ hich the 

relative intensity reflects a number of photons emitted from the patient . Using a number of 

comp lex mathematical equations the computer converts the electrical s ignal into a gray scale. 

this can be achie,·cd because the number of photons lca,· ing the :x-ray tube is knom1. and the 

number emerging from the patient is detected 77 

The image is made up of many ro\\·s and columns of pixcls: and each pi:xel represents a smal l  

piece of t issue .  Each pixel is assigned a number that reflects the intens ity of photons that 

emerged from the patient. knmm as Hounsficld units Looking at a matrix of numbers is 

difficult to i nterpret thus the numbers are assigned to a gray scale and an Image formed 77 

I mage storage is achieved us ing magnetic tape. or hard copies can be formed \\ ith radiographic 

fi lm .  

There are numerous appl ications of CT in the l iv ing animaL including a myriad of uses in the 

musculoskeletal system. Some of the more important appl ications i n  the muscu loskeletal system 

are the assessment of trauma. infect ion, neoplasia. articular disease. vascular disease and 
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metabol ic bone d isease. It has recently become a popular method of assessing B M D  due to 

some advantages over other methods of assessment .  F irstly. it can directly measure trabecular 

bone. \Yh ich has a h igh turnover rate \\"hen compared to cortical bone and reflects rapid. subtle 

changes in BMD .  Secondly. osseous architecture as \Yel l  as B M D  can be studied giving a better 

indication of bone strength . Finally. CT can exclude heterotrophic calcification such as vascular 

calcification or heterotrophic ossification e .g .  degenerative joint disease. �9 

The disadvantages of this method arc exposure of the patient to the h ighest radiation dose. 

cons iderably longer scan time and although this technique is prec ise and accurate. 

reproducibi l ity is a problem due to inaccuracies in pos itioning patients. leading to high accuracy 
�9 7� errors . 

Given its apparent advantages over other methods of non-im·as iYc B M D  analysis. CT has been 

used in the assessment and prevention of osteoporosis .  S ite selection is not uniformly agreed on. 

hO\\ ever. the 2 most common areas are the spine and the appendicular skeleton. n Although 

information derived from one site does not necessari ly  relate to other sites. peripheral CT 

analysis appears to be becoming more popular as it offers short examination t imes. small 

prec ision error and a smal l radiation dose . ''' I t  appears that l ike other forms of analysis of B M D. 

analysis by CT can dist inguish patients \\ ith osteoporosis but can not predict those pat ients \\ ho 

are l ikely to develop fractures. as B M D  is only one qual ity associated \\· ith fracture risk 7x 

CT has been used in both small and large animals for a ,·aricty of disorders. ho\\ ever there is 

l itt le \\ Ork relati ng to the assessment of B M D .  Markcl 7<) performed a study assessing the B M D  

of osteotomies o f  the t ibia of the dog. \\· ith the vie" that CT may b e  usefu l  for prediction of 

delaYed and non-un ion of fractures . 

1 .  7.8 Quant itative ultrasound 
Quantitative ultrasound ( Q U ) is used to assess the B M D  ,· ia the measurement of the speed of 

sound through a bone of knom1 diameter. The speed of sound may be i nfluenced by bone mass. 

distribution of cortical and trabecular bone and architecture of the bonc 5� Absorption and 

reflection of the u ltrasound beam arc the factors that are important in attenuation. ho\\·cver. 

frequency is also important . QU uses 10\Y frequencies (200-600 k.Hz) to measure B M D. as the 

attenuation of the sound waves is  almost l inear. Numerous in vitro studies substantiate a high 

correlation bct\\·een trabecu lar bone volume and u ltrasound attenuation . ss Other measurements 

that are performed are velocity. speed of sound and stiffness 8" 
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QU provides information on bone quantity and quality. 8" Ultrasound beam attenuation is 

thought to depend on bone stmcture and relates to trabecular orientation and size .  The more 

complex the stmcture. the more the ultrasound beam is attenuated or b locked. As beam 

attenuation is c losely correlated \\'ith bone volume. osteoporotic bone has a lo,,·er attenuation 

than normal bone 8" Veloc ity assesses the speed of sound from one surface to the other and the 

greater the complexity of the stmcture the greater the velocity. thus osteoporotic bone has a 

lo,,·cr velocit\ ' .  

There arc relatively few studies assessing bone mass in \\ Omen using QU. ho\\·ever they have 

been shO\\'n to predict fracture risk in both retrospecti ve and prospect ive studies .  �� � Advantages 

oYer other methods arc no radiation and 10\Ycr cost of equ ipment . As the relationship bet\\ een 

bone mass. elastic properties of bone and ultrasound has been established but is uncertain. the 

influence of surrounding soft tissue. the path of the u ltrasound waves and the effect of physical 

activity have not been adequately determined. QU is primari ly a research tool .  Ho\\ ever it is 

expected to be used cl imcal ly in areas \\ here more expens ive forms of B M D  analysis arc not 
. • .:;� � ( I  avai lable and for pregnant \\ omen 111 the near future . · ' ' 

ltrasound velocit\ '  measurements ha\ c been used in  combination \Yith SPA in  the horse in 

order to monitor the effects of treadmi l l  exercise on the M Ci l l .  This stud,· found that ultrasound 

velocity a ltered \\· ith training. howe\'er there '' as no change in B M C  or B M D  ,,·hen assessed by 

SPA.  �1 This may be due to a change in the apparent architecture of the bone \\ ithout a change in 

BMD.  

1 . 7 . 9  Neutr·on act ivat ion analysis 
Both neutron acti \'ation analysis and Compton scattering techniques arc among the earl ier 

methods of noninvasivc B M D . They no\\ ha\'C negligible c l in ical influence and their inclusion 

in this rc,· ic\\' is for completeness . 

The basis of neutron activation analysis is to use neutrons to assail a smal l fraction of the total 

calc ium contained in the body. producing a radioactive form of calcium \\·h ich results in gamma 

photon emiss ion that can be quantified \Yith cxtemal detectors 58 This technique estimates BMC 

as  i n  the skeleton the calcium makes up  a constant fraction of  the mineral ized tissue. 

Measurement sites can either be total body or selected areas. The total calcium measured 

primaril y  reflects cortical bone. Precis ion and accuracy error are higher than other methods of 

B M D  analys is and errors can be caused by heterotrophic calcification such as vascular 

calcification or heterotrophic ossification e.g. degenerative joint disease. 58 
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This technique could be applied to horse. but there is a requirement for immobi l ization for 

several minutes. \Yhich may be difficult to achieve. and as high doses of radiation are required 

human safetY issues are raised 76 

l .  7 . l  0 Compton scattering technique 
The Compton scattering technique uses an x-ray source to irradiate a smal l  amount of bone and 

interprets information from the scattered beam rather than the transmitted beam.  This method 

measures the B M D  in cortical or trabecular bone. Prec ision error is higher than other forms of 

analysis due to photon attenuation outside the region of interest and using high photon energies 

and an increased radiation dose counteracts this. '� 

The relative accuracy and inc:xpcns iYe nature of the method may mean that it cou ld be 

appl icable to horses. ho\\·cver. immobi l ization is required for around I 0 minutes and thus its use 

is l ikch to be l im ited. 76 

1 .8  Sum mary 
As B M  D is a major determinant of fracture risk associated \Yith osteoporosis there arc numerous 

techniques that measure this parameter .  L imitations of older techniques ha,·c been oYcrcome 

ho\\ cvcr even the most recent methods have advantages and disadvantages and appl ications in 

::�nimals arc l imited. 

1 .9 Research hypothesis and objectives 
Sbb fractures of C3 contribute to \\·astagc \\·ithin the equine industr y .  As scleros is of this bone 

occur prior to fracture and possibly prior to cart i lage changes. an objcct i,·c method of detection 

of sc leros is \\ Ould be usefu l .  RA is a form of quantitative non-invasive bone mineral analysis 

that may be cl inical ly appl icable to C3 in the horse.  As RA requires C3 to be isobted from other 

superimposing structures the tangential ,· ic\\· is the only radiographic \ ' ie\\ that may be used. A 

standardised procedure is fol lo\\·ed \Yhen using RA in humans to ensure that changes in 

photodcnsity can be attributed to changes in B M D .  There is no variation in :x-ray beam angle. 

positioning of the bone or the angle at which the x-ray beam hits the :x-ray p late . The procedure 

involved \Yith achieving a tangential vie\\ of C3 is variable .  I t  is difficult to accurately 

reproduce :x-ray beam angle. pos ition of C3 and the angle at \\·hich the x-ray hits the p late \Yhen 

taking this vie\\ . In order to determine if RA could  used to assess BMD of C3 it must be 

established if variation in the angle that the x-ray beam penetrates C3 (C3-bcam angle )  
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significantly affects measured photodensity. On this p remise the fol lo\Ying nul l  hypothes is \\ as 

proposed : 

Photodensity is not affected by small variations in C3-beam angle .  

The objectives of this part of the study are to : 

• Radiograph isolated C3 's  at an x-ray beam angle of 90° as is done in human RA studies and 

vary the angle in a proximopalmar- d istodorsal direct ion in 5° i ncrements and determine the 

photodens ity of spec ific regions of interest ( RO I " s )  in m i l l imetres of alumin ium.  

• Radiograph isolated C3 's  at the x-ray beam angle  suggested in the literature (60°)  and vary 

the angle in proximodorsal- distopalmar direction in 5°increments and determine the 

photodensity of spec ific regions of interest ( ROrs)  in m i l l imetres of aluminium 

During the above experiments the C3  beam angle is to vary over 30°. and the effect of  ROI  s ize 

on the mean photodensity is unknO\\ n .  This led to the nul l  hypothesis 

ROI size does not significantly  affect mean photodensity over a 3 0° \'ariation In  x-ray beam 

angle ( from 90° to 60°) 

The objective for this part of the study is  to increase and decrease the radius of the ROI by 

0 .5mm and determine the mean photodensity for each size of ROI at 5 different sites at an x-ray 

beam angle of 90° and 60° 

As discussed the tangential , · ie\\ c�m be achic,·ed using I of 2 methods. which in this proj ect 

hm·e been label led Vie''" A and Vie" B .  The final part of the project is to determine the inherent 

d i fferences bet\\ ecn Vie" A and Vie\\ 8 This \\ i l l  be achieved by understanding the 

l .  D ifferences in radiographic technique bet\\ een the 2 Yie\\·s and therefore the d ifferences in  

image formation. 

2 . Area of C3 examined by these vie\\ S and the effect this has on the objective assessment of 

photodensity of C 3 .  
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MATERIALS AND M ETHODS 

2. 1 Definit ions 
• Radiograph - the C:\poscd radiographic fi lm .  

• I mage - the digit ised radiograph .  

• X-ray beam angle - the angle bet\\ ecn the tube head and the horizontal axis .  Horizontal is 

termed 0°. vertical is 90° Vertical x-ray beam angle is the angle the tube head deviates in a 

vertical plane . Horizontal x-ray beam angle is the angle the tube head deviates in a 

horizontal p lane . 

• Plate-beam angle - the angle at \Yhich the x-ray beam strikes the "plate". i . e .  the surface of 

the cassette containing radiograph ic fi lm.  Horizontal is termed 0°. vert ical is 90° Vertical 

plate-beam angle IS the angle at \Yhich the x-ray beam strikes the plate in a vertical p lane. 

Horizontal plate-beam angle is the angle the x-ray beam strikes the p late in a horizontal 

p lane . 

• C3-bcam angle - the angle bct\\ een the x-ray beam and a transYcrsc plane through C3 .  

paral lel to the  distal articular surface of C3 .  

• Leg angle - the angle bct\\·ccn the dorsal surface of the radius and M C I I I . fu l l  extens ion of 

the l imb is 1 80° 

• Plate angle - the angle bct\\ een the cassette surface and the dorsal surface of M C I I I .  

• Vie\\ A - the tangent ial vie\\ of C3  \\ ith the cassette at 90° to the x-ray beam. The leg angle 

is 60°. the :\-ray beam angle 3 0° and the plate angle is 60° (so the plate-beam angle is as 

c lose to 90 degrees as possible) ( Figure 2 . 1 ) .  

• View B - the tangential vie"· of C3 \Yith the cassette paral lel  to. and p laced against the 

dorsal surface of MCI I I  The leg angle is 60°. the x-ray beam angle 3 0°. and the p late angle 

is 0° (F igure 2 2 ) .  
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Figure 2 . 1 :  L ine drawing  of View A 



Figure 2 . 2 :  L ine d •·awing of View B 

2 .2  Animals 
Bones from fourteen 2-year-old female Thoroughbreds \\ ere used.  The treatment group 

consisted of se\'en fi l l ies broken in over a 6 \\ eek period_ the control group (the other 7) \\ ere 

confined to pasture pens ( 25m :-.: 8 m) .  The horses \\ ere fed luceme chaff oats. commercial ly 

formu lated pel lcted ration ( S\\ eet feed) _  and clover hay: the control (non-exercised ) animals 

\\ ere fed 75% of the ration of the e:-.:ercised horses .  All horses \\ ere \\ eighed \\ eek ly_ and 

obser\ 'ed dai ly  for any c l in ical abnormal ity . The 7 exercised horses \Yere boxed overnight and in 

small pens during the day . They fol lowed a standard commercial training regimen under the 

direct ion of a l icensed professional trainer. The exercise regimen consisted of 4 \\ eeks slo\\ 

cantering_ 4 \\ eeks fast cantering_ foi iO\\·ed by 4 \Yceks fast cantering with fast gallops 

superimposed t \\ ice \\ eekly .  Horses in the exerc ised group were ready to trial or race at the 

conclusion of the training period. These horses \\ere euthanased for other purposes. and the left 

carpal bones \\·ere avai lable. 

34 



2.3 Disat·t iculation of the distal row of carpal bones 
The left d istal carpal ro\Y \Yas isolated by sectioning the col lateral l igaments. intercarpal 

ligaments. palmar carpal fascia and carpometacarpal ligaments . Once disarticulated as much 

soft tissue as possible \\ as removed. and the distal ro\\ \\ as immersed in 98% alcoho l .  

2 .4  Determination of  the  extent of variation in x-ray beam angle required before C3 
becomes obscured in the tangential  views. 
Cl inical ly. \Yith in both Vie\\" A and B small changes in x-ray beam angle appeared to result in  

, ·ariation of  the amount of dorsal C3  \ isual ised. I n  both tangent ial v ie\\ s  the x-ray beam angle  

travels in a palmaroproxi mal  to  dorsodistal direction as  shom1 in figure 2 1 . To determine ho\\ 

much to vary the x-ray beam angle in the main study a pi lot study \\ as performed. The goal \Yas 

to ascertain the variation in angle required before C3 ''"as completely obscured. This ,,·as 

determ ined by radiographing 2 legs disarticu lated at the radiohumeral joint and frozen at a leg 

angle of 60°: the x-ray beam angle \\as ,·aried in 5° increments from the x-ray beam angle 

suggested in the l iterature . �2 In either tangential vie''"· the x-ray beam angle can be varied by up 

to 1 5 ° before the dorsal aspect of C3 becomes completely concealed by either d istal radius or 

proximal M C I I L  

2 .5 Film type 
The fi lm type used \\ as medical grade H R  G-30 fi lm ( Fugi Photo Film Company L imited . 26-30 

ishiazabu 2-chome. M i nato-ku. Tokyo I 06. Japan ) 

2.6 Digitising the radiographs 
The radiographs \\ ere scanned using an AGFA D UOSCAN ( Agfa-Gc, aert N V. Scptestraat 27 .  

B-2640 Mortsel )  des!..1op. flatbed scanner that has a built i n  scanning bed for transparenc ies. 

Transparencies \Yere scanned directly. there \\ as no intervening glass plate bet\Yeen the lens and 

the fi lm. prevent ing diffraction and distortion. AGFA FOTOLOOK (Agfa-Ge, aert N .V .  

Scptestraat 27 .  B-2640 Mortsel ) \\as the software scanning interface The glass s l ide that holds 

the radiograph \Yas cleaned prior to each set of 1 4  radiographs being scanned. The radiographs 

\\ ere scanned using the transmiss ion option. grey scale. at 2 5 0  l ines per inch and 20%. \\ hieh 

reduced the image to 20% of the original radiograph size .  The i mages \\ ere then label led and 

saved in a b itmap format to a hard drive. F igure 2 3 sho\\ s an example image of one bone taken 

at an x-ray beam angle of 90° 
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Figure 2 .3 :  I mage of isolated distal row taken at 90 degrees. 

2. 7 Detem1in ing photodensitv of the d istal row when the x-ray beam angle i s  varied from 
90° 

2. 7 . I  Radiographing the distal row 
A Picker-Explorer mob i le machine '' as used to expose film in cassettes with medium 

intens ifying screens. \\ hich \\ Crc cleaned prior to taking radiographs. A template "·as designed 

so that the mctGl cube. " edge. circle ( used for cal ibration- sec below ) and distal ro\\· of carpal 

bones \You ld be in a simi lar posit ion for eYcry radiograph. The thickest part of the " edge \\ as 

placed closest to the dorsal edge of C 3 .  The template \Yas the same s ize as the plate used ( 1 8cm 

x 24cm)  and the  beam was col i imatcd to  the edge of the template and centred bet" ccn the 

"·edge and the dorsal aspect of the distal ro" . ( Figure 2 4 )  
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Figure 2.4:  The distal row of carpal  bones, together with circle, cube and wedge on a 
radiog.-aphic cassette, ready for exposure. 

The distal row of carpal bones was removed from alcohol, washed ·with tap water for 2-3 

minutes, towel dried and then p laced on the template On the basis of the findings in section 2 .4, 

the iso lated carpal bones were placed on a cassette and radiographed at 90°(contro l )  Further 

radiographs were taken at 5° increments to a total of 1 5 ° from 90°, thus with the x-ray beam 

travel l ing in a palmaroproximal to dorsodistal direction the x-ray beam angles v:ere 85° ,  80° and 

75° The x-ray head was set for the angle required and a radiograph taken us ing 45kV and 

6 . 3 MAS .  The radiograph was processed using an automatic processor ( Kodak RP X-Omat 

Processor, Model M68) .  The first radiograph taken was immediately digital ly captured and 

calibrated to determine the exact plate beam angle, which is the same as the x-ray beam angle 

because the distal row was lying horizontal ly on the cassette (Figure 2 . 5 ) .  This process was 

repeated unti l  the x-ray beam angle was as c lose to the predetermined angles as possible. Once 

the x-ray head was set to the correct angle, a l l  14 C3's were radiographed and immediately 

scanned and digitised to prevent accumulation of particles on the film that may resu lt in  

subsequent artefactual problems. 
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Figm·e 2 .5 :  Line drawing demonstrating that if the distal row of cat·pal bones is ly ing 
horizontal on the cassette the x- ray beam angle is equal to both the C3-beam angle and the 
plate-beam angle. 

2 .7.2 Image analysis 
All image analyses \\ Crc performed using the Vis ion Image Process ing System ( Vl PS ) . s' T\YO 

mJcro programs \\ Crc specifical ly  \\Tittcn for this project to define the anal�t ical steps 

performed ms idc the V l PS program the cal ibration progrJm and the region of interest program 

2. 7 .2 . 1 Calibration program 

The ro le of this progr:1m \\ as to calibrate the image. to determine the p late-beam angle and 

ai iO\\" the photodens ity of C3 to be measured in units of m i l l imetres of aluminium. There arc 

three essential components in each image for the program to function: namely the c i rc le. the 

cube and the \\"edge. 

A stainless steel c ircle ,,· ith a 1 30mm external diameter \\"aS made. The outer edge \Yas beve l l ed 

in order to provide a sharp edge on the radiograph and digit ised image. regardless of beam 

angle.  The aim of the circle was to calibrate the s ize ( i n  mm) of each p ixel  and determine the 

aspect ratio. ,,·h ich gives a ratio bet\\ een the height and the ' '  idth of each pixel.  thereby 

al lowing accurate reproduction of the radiograph in the form of a digitised i mage The 

calibration \Yas completed us ing a c ircle-based measurement identify i ng the horizontal and 

vertical diameter of the c i rcle.  and using the knO\m diameter of the circle to calculate the aspect 

3 8  



ratio. The circle \\·as as large as possible, to a l lo\Y more accurate calibration. by reducing the 

relative error inherent in the measuring process 84 

A 1 .5  mm x 1 .:5  mm stainless steel cube \Yas used to determine the angle at " hich the radiograph 

\\as taken .  This  \Yas achieved by kno\Ying the dimensions of the cube in an image '' here the 

plate-beam angle \Yas 90° ( perpendicu lar to the p late ) .  The cube· s image on the radiograph 

when the p late-beam angle varies al lowed subsequent determination of 90°- x0. Both the 

\ ertical and horizontal beam plate angles '' ere determined from the cube using the foi iO\Ying 

equation ( Figure 2 .6)  

8 = tan 1 x (-C-) L - C 

C = actual cube length. \\·idth and height 

L = i mage cube length .  

8 = x-ray beam angle. vertical or horizontal 

Figure 2.6: L ine drawing of determination of 8. 

L 

The x-ray beam angle and C3  beam angle could be determi ned once the beam plate angle \Yas 

determined. as the d istal carpal row was laying horizontal on the plate (F igure 2 .:5 )  The 

dimensions of the cube ai iO\\ ed a change in angle of 2° to be detected. 
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The smooth surface ( i  e. non-graduated) \Yedge \\as alumin ium. and measured 2 3 . 7  mm x 4 8 . 5  

m m  x 2 0  m m  ( he ight x l ength x \Yidth) .  Its purpose was t o  provide a scale o f  densities for 

comparison \Yith the photodens ity of each region of i nterest ( R O I )  '' ithin C3 and C4. 

A luminium \Yas chosen because its atomic number. spec ific gravity and attenuation coefficient 

is s imi lar to that of bone minera l .  Within an excised bone radiographed in  air the spec ific 

mixture of mineral .  bone matrix and fat is un.kno\\ n. thus the bone mass determinations made 

\Yith the ,,·edge arc only approximate. The required height of the \\ edge \\ as determined by 

radiographing several different aluminium \\ edges \Yith C 3 · s  and subject i ,·e ly deciding the 

height that encompassed the range of photodensit ies l ikely  to be encountered As aluminium has 

a similar specific gra\'ity and atomic number to bone. the maximum height of the '' edge \\aS 

verY s imi lar to the thickness of C3  

By kno,, ing the  p late angle and the  distance from one end of the '' edge (detectable by the 

presence of a p iece of stain less steel a long the length of the \\ edge ) to the density of interest. the 

average photodensity of each ROI could be calibrated to m i l l i metres of alumimum This \\ as 

achie,·ed by determin ing the thickest part of the \Yedge at the p late-beam angle  according to the 

fol l o\\ i ng equation 

T = (H X L )-;- sin eh 
(L x sin 8 , ) - (H x cos8 , ) 

T = maximum thickness of \\ edge at the specified x-ray beam angle .  

H = actual he ight of the ,,·edge . 

L = actual length of the wedge. 

eh = horizontal angle. 

8, = vert ical angle. 
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Once the thickness was determined the relative photodensity in  terms of mi l l imetres of 

aluminium of the \vedge could be determined. The height of each p ixel is ascertained by the 

fol lowing equation : 

P. 1 h . h aspect ratio x pixel width txe etg t = ---''------____o_ ___ _ 
Cos 8w 

ew = angle of the wedge in the image from vertical .  

The photodensity of each p ixel is determined by the following equation : 

P. 1 h. k (PT) pixel height x T 
txe t tc ness = ..::...._ __ .....:;__ __ 

L 

Thus at the thin end of the wedge the first p ixel is Xmm of alumin ium, the second pixel from 

the thin  end is (X x 2 )mm, the third is (X x 3)mm and so on unti l the thickest part of the wedge 

is reached . An intens ity curve is then matched to the thickness curve and the photodensity for a 

particular point on the wedge can be establ ished. This process allows the wedge to be corrected 

for changes in plate-beam angle. thereby acting as a standard regardless of angle changes. The 

wedge l inearly increased in photodensity u ntil a certain height. where a plateau was reached. In  

order to accurately assess photodens ity i n  terms of mm of aluminium the photodens ity of the 

ROI must be with in  the l inear range of the wedge (Figure 2 . 7 ) .  

F igure 2.7:  A calibrated image taken a t  90°. 
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2 .  7 . 2 .2  Region of i nterest program 

The ROI  program \\·as u sed to determine the s ite of 5 ROI "s _  4 ,,·ith in C3 and I within C4.  The 

ROI's \\ ere c irc les (so orientation is not important). \Yith a radius of 3mm and thus an area of 

28mm:: . Radiographs \\ ere taken of 5 bones \Yhere a 6mm x 6mm marker ,,·as p laced 2mm from 

the dorsoproximal edge of the C3 . The most dorsal aspect of C3 is at the dorsocentral aspect of 

the bone_ not the dorsoproxi mal aspect Therefore in  the 90° image the marker appears to be 

6mm from the most dorsal edge of the C3 _  at 85° it is 5 . 3mm from the dorsal edge_ at 80° it is 

4 . 7mm from the dorsal edge and at 75° it appears to be 4mm from the most dorsal edge of the 

C 3 .  The ROI 's move dorsal ly  as the angle reduces. the degree of displacement is  dependant on 

vertical p late-beam angle_ and devel opment of the required equation \Yas based on the findings 

from marker p lacement as described above 

A cons istent \Yidth of C3 \\as difficult to determine as comers are smooth rather than sharp_ thus 

9mm \\ as removed from a l l  borders of the digit ised Image of the distal ro\\ of carpal bones_ 

resu lting in s harp points at \\hich to del ineate the l i ne across the \\ idest aspect of the C 3 .  ROI 's 

I and 4 '' ere determined from these points. the distance from each point depended on the x-ray­

beam angle  (at 90° the centre of the RO !'s  \Yas at 6mm from the dorsal edge) .  Once ROI 's  I and 

4 \\ ere determined a l ine was dram1 bet\\ een them and ROI  2 and 3 \\ ere even ly  spaced 

bet\\ een l and 4. The exact position of ROI 's  2 and 3 \\as determi ned based on the same 

relationship as ROI I and 4_ and \\ as also dependent on x-ray beam angle ROI's 2 and 3 \\ ere 

adjusted s l ight ly to place them at the required distance from the dorsal aspect of the bone_ as the 

dorsal aspect of C 3  IS not a straight l ine ROI I \\as placed on the abaxial aspect of the radial 

facet_ ROI 2 \Yas p laced on the axial aspect of the radial facet .  ROI 3 \Yas placed on the axial 

aspect of the i ntermediate facet and ROI 4 on the abaxial aspect . ROI 5 \\ as p laced in the C4 . 

The centre of ROI 5 \\as determined by extending the l ine drmm bet\Yeen ROI ' s  I and 4 and 

\\aS dependent on the \Yi dth of C4 ( Figure 2 . 8 ) . 
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Figure 2.8:  I mage of iso lated distal row of carpal bones with l ines determining the position 
of the ROI 's .  The inner l ine is achieved by removing 9mm from outer edge of the distal 
row. The outer line is  dependent of the vertical x-ray beam angle the radiograph  was 
taken at, in  this c ase 60°. The squares within the image are the points that are used to 
determine the position of the ROI ' s  as described  in 2. 7.2.2. 

Once the ROI program was developed a l l  images were processed with ROI  placement i n  a 

dorsal position .  The dorsal position meant that at a 90° x-ray beam angle the centre of each ROI 

·was 6mm from the dorsal edge. The i mages were also processed i n  a more pal mar posit ion. 

,.vhich involved the ROI 's  at 90° being p laced 9mm from the dorsal edge. At both dorsal and 

palmar ROI  placements, when the x-ray beam angle was reduced the R O I 's moved dorsally as 

described above ( F igure 2 .9  and 2 . 1 0 ) .  

Figure 2.9: ROI 's  placed in  a dorsal position. Figure 2 . 1 0:  ROI ' s  placed in  a palmar 
postion. 
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2.8 Determining photodensity of the distal row of carpal bones when x-ray beam angle i s  
varied from 60°. 

2.8.1 Radiographing the d istal row 
The distal row of carpal bones "vas radiographed i n  the same manner as per 3 . 1 with the 

exception being the x-ray tube was set for the angles 70°, 65° or 60° and radiographs were taken 

at 44kV and 6 .3MAS. Radiographs taken at 75° in section 7 were also inc luded. 

2.8.2 Image analysis 
2 . 8 .2 .  I .  Cal ibration program 

The cal ibration program was the same as used in 3 .2 . 1 .  with the exception that for the 

radiographs at 60°, 65° and 70° the cal ibration c ircle was modified to 1 60mm in d iameter which 

prevented superimposition of the distal row of carpal bones on the circle when the angle was 

reduced. 

2 . 8 . 2 . 2  Region of interest program 

The region of interest program from 7 .2 . 2  was used. The ROI pos itions were located in both 

dorsal and palmar positions as in 7 . 2 . 2 .  

2.9 Changing ROI size 

2.9.1 ROJ program 
The region of interest program from 7 .2 . 2 was used and the cal ibrated d igitised images of 90° 

and 60° were processed . The program was then manual ly modified to alter the radii sizes to 

2 . 5mm and 3 5mm. The ROI's were placed in the palmar position as for 7 .2 .2 .  ( F igure's 2 .  I 1 

and 2 . 1 2 ) 

Figure 2 . 1 1 :  ROJ 's  with a radius of 2.5mm. Figure 2 . 1 2 : ROJ 's  with a radius of 3.5mm. 
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2. 1 0  Determination of the inherent differences between View A and B 

2. 1 0. 1  Leg angle 
Leg angle  \Yas difficult to establ ish as a result of cranial soft tissue coverage of the radius .  To 

determine if leg angle could be accurately estimated by a goniometer. 3 legs \Yere d isarticulated 

at the radiohumeral joint and frozen at angles. 55° .  45°. 3 7 . 5 °  and leg 4 \\ as chi l l ed so the angl e  

could b e  varied . The frozen legs \Yere radiographed i n  a lateral t o  medial d irection \Yith a focal 

d istance of 1 40cm and exposure of 68kV and 5 M A S .  Cassettes (24cm x 3 0cm) with medium 

i ntensifying screens ''"ere used. and M C I I I  \\as p laced para llel to the edge of the cassette. The x­

ray beam \Yas col l imated and centred on the palmar aspect of the flexed carpus. and the 

radiograph checked to ensure the cranial surface of the radius formed a straight l i ne. i f  not the 

radiograph \\ as taken again  Measurements determined from the image were. bone-MC i l l  angle 

(the angl e  bet\\ een the cranial aspect of the radius and M CI I I ) . skin-MC I I I  angle ( the angle  

bet\Yeen t he cranial surface of the forearm ! above the carpus I and M C l l l )  and C3  beam angle 

(the angl e  al lowing maximum v isualisation of C 3 )  (F igure 2 . 1 3 )  

Figure 2 . 1 3 :  L ine d•·awing i l lustrating bone-MCI I I  angle(a ) ,  skin-MCI I I  angle( b )  and C3 
beam angle( c )  

From the measu rements taken it \Yas determined that l imb flexion angl e  measurement with the 

goniometer. \\ as the same as the skin-MC I II angl e  estimated from the radiographs. but less than 

the bone-M C I I I  angle. Therefore i t  appears that flex ing the l im b  \Yith the aid of a goniometer i s  

a relatively acc urate method of determi ning leg angle.  
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2. 1 0.2  Plate angle 
Plate angle i s  significantl y  different bet\Yeen View A and B. The cassette is p laced paralle l  (0°)  

to MCill  \\ i th the centre at  the level of C3 i n  Vie\\ B and as a result plate-beam angle is  30° 

from horizontal (F igure 2 .2 ) .  I n View A, the cassette is p laced in  the m iddle thi rd of M C I I I  at an 

angle  of 60°_ the p late-beam angle is approximately 90° ( Figure 2 . 1 )  The p late angle difference 

bet\\ een Vie\\ A and B results in radiographic image disparities .  

2. 1 0.3 X-ray beam angle 
X-ray beam angle  shoul d  be about 30° to maximise the amount of C3  seen in  both tangential 

vie\\ S_ the exact angle i s  dependent on leg angle .  When the forel imb is  flexed the distal rO\\ of 

carpal bones is a lmost perpendicular to honzontal Thus the C3-beam angle in both tangential 

vie\\ S is 60° \Yhen the x-ray beam angle is  30° ( Figure 2 . 1 and 2 . 2 )  

2 . 1  0.4 Modifying images A and B to  form hypothetical image C 
Images of Vie" A and B appear different but to identify the same ROI the images must appear 

s imi lar. Images of Vie\\" A and B \\He manipulated using VIPS to form hypothetical Vie" C 

( Figure 2 1 4 ) .  Leg angle_ x-ray beam angle and C3  beam angle remain unchanged in  Vie\\ C.  

hO\\ ever the plate angle  \Yas 60° and the p late posit ion \Yas at the l evel of the distal fO\\" of 

carpal bones To accompl ish this_ magni fication of Vie\\ A. distortion of Vie\\ B and difference 

1 11 x-ra\· beam intensity \Yere accounted for. 

The image of Vie\\ A \\ aS  modified to form Vie\\ C by mu ltip ly ing the length-based 

dimensions_ by the fol lo\Y ing equation 

X= the distance from the point source to C3 

X+ A = the total focal distance 

X 

The inherent behaviour of the x-ray beam meant a different intensity of x-rays reached the plate 

in V ie\Y A compared to Vie,,· C.  \Yhich alters photodensity of the image. In Vie'' C the 

photodensity of each pixel \Yi l l  be greater than in Vie\\" A. Therefore_ pixel thickness 

(photodensity) in View A, \Yas divided by the fol lo\Y ing equation to form p ixel thickness in 

Vie'' C :  
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V i ew B \\as modified to V ie\\ C by correcti ng for the distortion  that occurs in V ie\Y B by a 

mult iplying the vertical dimens ion by 

In  Vie\Y B the area over which the :x-ray beam '' as distributed \\ as i ncreased. thus decreasing 

x-ray beam i ntens ity and pi:xel thickness (photodensity) '' hen compared to Vie\Y C Therefore. 

p i:xel thickness (photodensity) in Vic'' B. \\ as divided by the fol l o,Ying equation to form p i:xel 

thickness in  Vie\\ C :  

x-ray m ach ine  

Figure 2 . 1 4 : L ine d t·awing i l lustrat ing hypothetical View C. 

2 . 1 0.5 Image analysis 

) I 0 5. 1 Calibration 

The images were then cal ibrated using the program as in 3 .2 1 .  The circle  \\ aS of the same 

des ign. hO\Yever the external diameter \\·as 1 60mm. The cube \Yas unchanged and the " edge 

increased i n  height to cover the range of photodensities required. In View A the cube. \vedge 
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and circle were placed as in 3 . 1 .  In V ie\\ 8 the '"'edge was p laced in  the opposite  direction. 

because although C3 is  radiographed in a palmaroproximal to dorsodistal direction, the x-ray 

beam strikes the rest of the p late from a dorsoproximal to palmarodistal direction .  

2 . 1 0 . 5 . 2  Determining the region of interest in  i mage C 

The R O I  program \Yas used to determine 4 ROI 's  \\ ithin C3  and 1 \\ ithin C4.  The ROT's \\ ere 

circles \Yith a radius of I mm. and thus an area of 3 . 1 4mm2 . The most lateral and medial point of 

C3 \\ aS located by the program. and a l ine dra\\11 bet\\ een them. The l ine \\ aS divided by 5 and 

the outer margins of the divisions became the centre of each R O I  The RO I in C4 \Yas p laced 

2/5 of the distance from the most axial edge. Once the position \\ as determmed the actual ROr s 

\\ ere placed 4mm from the dorsal edge of C3 

2. 1 1  Statistical analvsis 

A l l  analyses ''ere performed on  the i mages obtained for each distal rO\\ of excised carpal bones 

( 1 4 )  The effect of variation of angle and exerc ise on photodens ity as \\ el l as ROI  size and 

placement \\ Cre analysed using analysis of variance ( AN OVA) using type I l l  sums of squares . 

A l l  analyses \\ere performed \\ ith SPSS ( \'ers ion 9 0 for Windo\\·s ) 

Three separate analyses \\ ere conducted 

I . A nalysis of the data generated from the dorsal placement of the ROt 's at 60°. 65°.  70°. 75°. 

80° and 90° 

2 .  Analysis of the data generated from the palmar p lacement of the ROI's at 60°. 65°. 70°. 75° .  

80° and 90° 

3 . A nalysis of the data generated from the palmar p lacement of ROI's of radius size 2 . 5mm. 

3mm and 3 .5mm at 90° and 60° 

Variables in the data sets included horse. ROI ( 1 .2 .3 .4. 5 ). angle. group ( exerc ised and contro l )  

and ROI diameter Horse \\ as coded a s  a random effect and nested \\ ithin group for the purpose 

of analysis .  A l l  other variables \\ ere coded as fixed effects .  Bonferoni ad_1 usted t-tests \\ ere used 

to fol i O\\ up sign ificant effects from the AN OVA and a \\as set at 0.05 . 

2 . 1 1 . 1  Dorsal analysis 

The main effect of ROL angle and group was determined and paim ise comparisons were 

performed on both ROI  and angle  to establ ish d ifference bet\\ een individual means .  As there 
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\Yere only 2 treatment groups no foi iO\Y up analysi s  \Yas performed on group .  Pairwise 

comparisons \Yere also perfom1ed between :  

• Angle at each ROl 

• Angle at each group 

• R O I  at each angle 

• R O I  at each group 

• G roup at each angle 

• G roup at each R O I  

2 . 1 1 .2  Palma1· analysis 

The main effect of ROI. angle and group '' as determined and paif\\ ise comparisons \YCrc 

performed on both ROI and angle to establish difference bet\\ cen individual means .  As there 

were only 2 treatment groups no fol low up an�Jiysis "·as performed on group.  Paim·ise 

comparisons ,,·ere performed bct,,·cen 

• Angle at each ROI 

• Angle at each group 

• R O I  at each angle 

• R O I  at each group 

• G roup at each angle 

• G roup at each ROJ 

2 . 1 1 .3 Region of interest size analysis 

The main effect of diameter "·as determined. and paim isc comparisons bct\\ CCn angle at a 

constant diameter size as \\ CI I  as bct\Yeen different d iameter sizes at either 60° or 90° \\ ere 

performed. 
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THE RELIABILITY O F  THE QUANTITATIVE 

M EASURE M ENT O F  PH OTO DENSITY IN ISO LATED 

DISTAL ROWS O F  CARPA L BONES 

3. 1 Introduction 
Radioabsorptiometry ( RA )  i s  a sensitive non-invasive quantitat ive method to assess bone 

mineral dens ity .  63 This teclmique has had a resurgence in recent years and been extens i ve ly 

used in  humans. resulting in a number of prec is ion and accuracy studies 62 63 

Radioabsorptiometry in its more primitive form has been appl ied to the horse and the dog " ith 

l itt le  success -"' t'6 There are no kno\\·n studies of the radioabsorptiometry technique in  h orses 

assessing rel iab i l ity. that is  the repeatabi l ity or reproducib i l ity of the technique .  The purpose of 

this chapter is to assess the rel iab i l ity of RA "·hen appl ied to C 3 .  

3.2 Mate1· ials and Methods 
To test rel iabi l ity of this technique 2 investigati ons \\·ere perfom1ed. Three statistical methods 

\\ ere used to determine rel iabil ity: these ,,·ere coeffic ient of variation. coefficient of variation 

(\\ ithin )  and intra-c lass correlation coefficient .  

3.2 . 1 Study I 

A single radiograph \\as taken of an isolated d i stal ro\\ of carpal bones. c i rc le. cube and \\ edge 

as described 1 11 2 .  7 1  and the radiograph \\ aS scanned I 0 times using the AG F A DUO Scanner 

as described in 2 . 6 .  This resu lted in 1 0  images of the same radiograph that \\ ere cal ibrated as 

per 2 . 7 . 2 . 1 and had regions of interest ( RO I )  identified as in 2 . 7 . 2 .2 .  The data obtained \\ ere the 

horizontal and vertical plate-beam angle ( defined in materials and methods ) and 5 ROI 's  

measured in mm of aluminium.  

The data ,,·ere entered into S PS S  (version 9 .0 for WindO\YS) and separate analyses \\ ere 

performed on the ROI  data. Mean estimates of photodensity ( expressed as mi l l imetres of 

aluminium).  standard deviation and coefficient of variation \Yere estimated on the ROI  data. A 

one \\·ay analysis of variance ( A  OVA) \\as performed us ing ROI as the bet\\·een subjects 

factor. The pooled standard deviation \\ as calcu lated from the A OVA table  and the \\ ith i n  

subject coefficient o f  variation \\·as determined for each R O I  The intra-class correlation 

coefficient ( I  CC). an altemative method of measuring re l iabi l ity. was estimated. A one \Ya\. 
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random effects ANOVA \Yas used to estimate between and within ROT mean square terms and 

ICC calculated for absolute agreement 85 

The horizontal and vertical x-ray beam angle ( see definit ions in  chapter 2) data \\ ere entered 

into SPSS (version 9 0 for Windo\\ s )  and simi lar rel iab i l ity analyses \\ere performed 

3.2 .2 Study 2 

I n  order to determine the rcpeatability O\'er different radiographs using the same bone at the 

same angle (bone/angle). 6 bones \\ ere radiographed 4 t imes at exactly the same bone/angle 

combination_ using 4 different exposures as described in 2. 7 . 1 .  The radiographs \\ ere digitised_ 

and specific ROI's identified as in study I .  

The data \\ ere organised by R O I  for analys is .  Mean estimates of photodensity (expressed as 

mi l l imetres of aluminium)_  standard deviation and coefficient of variation \\ ere calcu lated for 

each bone/angle combination with in  each ROI A 2-\\ ay random effects AN OVA \\aS 

performed on each level of ROL and \\ as used to generate '' i thin bone/angle coefficients of 

,·ariation . 

A 2-\\ ay random effects ANOVA was performed \\ ith random factors bcmg bone/angle 

combination and radiograph . This \Yas used to produce an estimate of the intra-class correlation 

coeffic ient for model !CC ( 2 . 1 )  as defined by Shrout and Fleiss s6 

Estimates of the vertical angle  of the x-ray beG m were made at different bone/angle 

combinations in 24 radiographs . In a s imi lar manner estimates of the horizontal angle \\ Crc 

made in 1 2  radiographs . The data \\Crc used to assess re l iabi l ity of angle determination by the 

VI PS macro. Estimations of the mean angle_ standard deviation and coefficient of variation 

\\ ere made for each bone/angle combinat ion . A 2-\Yay random effects ANOVA \Yas used to 

generate a single estimate of pooled standard deviation for the vertical and horizontal data 

respectively .  These \\ ere u sed to est imate " ithin bone/angle coefficient of variation . A 2-\\ ay 

random effects ANOVA \\as also used to generate intra-class correlation coefficient estimates 

for the data using the model ICC (2 . 1 )  fol iO\Y ing the notation of Shrout and Fleiss .  g(, 
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3.3 Results 

3.3. 1 Study 1 

A total of 50 measurements from 1 0  images of the same radiographs \\ ere used in  the ROI  data 

anal,s is .  The mean. standard error and the coefficient of variation is presented in table 3 .  l .  

Table 3. 1 :  Results of raw data and descriptive stat istics for RO I aft et· digitisation of a 
radiograph I 0 times. 

Replicate ROl l ROI 2 R01 3 ROI 4 ROI  5 

l 1 65 . 28  1 3 5 . 34 1 29 .54 1 28 . 62 1 24 . 1 0  

2 1 62 . 72 1 34 .49 1 28 . 2 7  1 2 7 . 53  1 24 . 93 

3 J 62.49 1 34 08 1 2 7 . 78 1 26 60 1 23 . 74 

4 1 60 64 1 34 . 1 4  1 26 . 3 0  1 26 . 1 5  1 24 . 29  

5 1 62 . 87  1 34 49 1 29 . 7 7  1 2 8 04 1 24 . 86 

6 1 6 1 04 1 34 1 0  1 2 7 . 80 1 26 . 80 1 23 .62 

7 1 62 . 3 5  1 36 .40 1 2 8 . 5 6  1 28 .60 1 25 03 
8 1 63 . 6 1  1 34 . 78 1 2 8 22 1 2 8 . 50 1 24 70 

9 1 62 . 3 3  1 3 5 .68 1 2 7 65 1 28 . 29 1 24 .44 

1 0  1 63 . 73 1 3 5 .48 1 29 . 05 1 2 8 . 3 1 1 25 . 74 

Mean 1 62 l l  1 34 .90 1 28 .26 1 2 7 . 75 1 24 . 5 5  

Standard 1 . 3 3  0 . 79 1 04 0 .9 1 0 64 

Deviation 
Coefficient 0 . 82% 0 . 58% 0 8 1 %  0 . 72% 0 . 5 1 %  

of variation 

T bl  3 2 R a e esu ts o f one-way A NOVA f ROI f d . . . or a ter tgthsatwn o f a ra wgrap h 1 0  . ttmes 
Sum of Degrees of Mean square F value Significance 
Squares freedom 

Bet\Yeen ROt's 9729 .39 4 243L348 2 5 84 . 76 0 000 

Within ROI's 42 . 35 45 094 1 

Total 977 1 74 49 

The standard deviation of the overal l  population is calculated to be 0 .97 .  The coefficient of 

variation ( \Yith in)  is presented in table 3 . 3 .  
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Table 3.3: The coefficient of variation (with in )  for each ROI after digitisat ion of  a 
radiograph 1 0  times. 

ROI  Mean Standard deviation Coeffic ient of 
(population )  variation (within ) 

1 1 62 . 7072 0 .97  0 . 60% 
2 1 34 . 8995 0 .97  0 . 72% 

3 1 28 .2635  0 .97  0 . 76% 

4 1 2 7 . 745 7 0 .97  0 . 76% 

5 1 24 . 547 1 0 .97  0 . 78% 

The CV is cons istently less than 1 %. indicat ing that the 3mount of Yariation is very smal l  

relative to the value of the mean .  

The 1CC ''as 0 . 996 1 (95% C l  0 . 9882.  0 .9995 ). indicating that 99 6 1 %  of  ,·ariation in mean 

photodensity ''as due to \'ariation between ROI 's  and not from differences bct\\ een the 

repl ications .  

The statistical processes described abO\'e ''ere performed on  the angle data of  the I 0 images and 

are presented in tables 3 4. 3 . 5  and 3 . 6 .  

Table 3.4: Results of raw data and  descriptive statistics for variation of horizontal and 
vertical angle after digitisation of a radiograph 10 times. 

Repl icate H orizontal Vertical 
angle angle 

I 90.30 89. 7 7  

2 90 . 3 0  89.9 1 

3 90 .26 89 .54 

4 90 . 76 90.47 

5 90 . 78 89 .50 

6 90. 3 0  89 . 75 

7 90 . 3 5  89 .70 

8 90 . 3 3  89 72 
9 90 . 3 1 89 .56 

1 0  90 . 2 7  89 .78  

Mean 90.40 89 .77  

Standard 0 .20  0 2 8  

Deviation 
Coefficient of 0 .22% 0 . 3 1 %  

vm·iation 
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T bl 3 5 R It f a e esu s o  one-way ANOVA f o r  ang1e a ft d' t t '  er  1g1 ISa IOn 0 f d '  h 1 0  f ra 10grap1 1mes. 
Sum of Degrees of Mean square F value Significance 

Squares freedom 
Bet\Yeen 1 . 97 I 1 . 967 34 .22 1 0 . 00 

angles 
Within angles 1 .03 1 8  5 . 74x l o--

total 3 .00 1 9  

From this analysis the standard deviation of the overal l  population is calculated to be 0 . 24 .  The 

coefficient of variation ( \\ ith in )  is presented in table  6 .  

Table 3.6: The coefficient of variation (with in)  for both ho1·izontal and ve1·t ical angle after 
digit isation of a radiograph I 0 t imes. 

Angle Mean Standard deviation Coeffic ient of 
(popu lation )  variation within 

Horizontal 90 .40 0 . 24 0 .26% 

vertical 89 . 7 7  0 .24  0 . 2 7% 

These resu lts indicate that for the vertical and horizontal angle as the CV is l ess than 0 . 3%. the 

amount of ,·ariation is very smal l  re lative to the mean.  The ICC \\ as 0 7686 ( 95% C l  0 . 32 1 to 

0 . 9997)  This means that 76.9% of the total Yariation is due to differences between the 2 angle 

methods and 23  I %  of the Yariance is due to the differences bet\\ een rep I ications 

3.3.2 Study 2 

A total of 1 20 RO I measurements " ere made from 2� images of 6 bones taken at \'arying 

bone/angl e  combinations . The fol io" ing table sho\\ s valu es organised by regions of interest . 

The mean is the a\·eragc photodensity of ROI  \ 'alucs from -+ images for each bone/angle 

comb ination Standard deviation. coefficient of variation. pooled standard deviation and \\ ithin 

coeffic ient of variation arc presented in  table 3 .  7 .  
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Table 3. 7 :  Descriptive statistics of vuyin g  bone/angle combinations including coefficient 
of variation and coeffic ient of variation (with in). 

Angle Bone ROI  X-ray X-ray X-ray X-ray Mean SD CV 
1 2 3 4 o;o 

90 1 1 1 56 .6 1 6 1 .4 1 62 1 6 1 .6 1 60 .4 2 . 5 5  1 . 59  

90 2 I 1 59 . 1 1 5 7 . 5  1 56 . 1 1 59 . 6  1 5 8 . 1 1 . 59 1 . 0 1  

90 " I 8 7 . 8  89 .3  8 7 . 5  90 . 7 8 8 . 8  1 .48 1 . 67 .) 
85 4 I 1 63 .3 1 62 8 1 6 1 . 8 1 63 .4 1 62 . 8  0 73 0 .45 
85 5 I 1 54 . 6  1 55 .5 1 54 . 0  1 5 6 .9  1 5 5 . 2  1 .26 0 . 8 1 

80 6 1 1 54 . 3  1 48 . 1 1 4 8 . 8  1 5 2 . 3  1 50 .9  2 . 93 1 . 94 
90 I 2 1 30 . 9  1 30 .5  1 3 0 7 1 3 2 1 3  1 .0 0 .67  0 . 5 1 

90 2 2 1 78 .9  1 72 .4 1 72 . 3  1 72 . 4  1 74 .0 3 . 2 7  1 . 8 8  

90 " 
2 86 . 7  88 .2  8 6 . 2  89 .2  87 .6  1 3 8 1 .5 7  .) 

85 4 2 1 30 . 9  1 3 1 . 5 1 3 0 1 3 1 . 9 1 3  1 . 1  0 83 0 .63 

85 5 2 1 70 .5  1 68 . 3  1 69 . 6  1 72 . 9  1 70 3 1 .94 1 . 1 4 

80 6 2 1 74 . 7  1 62 . 2  1 62 . 7  1 65 . 7  1 66 .3  5 . 79 3 . 4 8  
90 I " 1 26 . 2  1 25 4  1 25 .4 1 25 .4 1 25 .4 0 . 5 7  0 . 4 6  .) 
90 2 " 1 64 . 3  1 62 . 6  1 6 1 .2 1 62 . 8  1 62 . 8  1 .28  0 . 79 .) 
90 " 3 80 .8  82 . 1 8 0 . 9  8 1 . 8 8 1 . 8 1 . 3 1  1 . 60 .) 
85 4 3 1 29 . 1 1 2 7 . 7  1 24 . 8  1 2 7 . 7  1 2 7 . 7  2 03 1 . 5 9  
85 5 3 1 6 1 .9 1 6 1 . 8 1 6 1 . 2 1 62 . 1 1 62 . 1 0 . 94 0 . 5 8  
80 6 " 1 69 . 5  1 5 8 1 59 . 5  1 62 . 6  1 62 .6 5 1 4  3 . 1 6  .) 
90 I 4 1 26 . 5  1 26 . 3  1 24 . 3  1 25 . 9  1 25 . 9  1 . 05 0 . 84 

90 2 4 1 5 1 . 9 1 49 .2  1 -+8 1 49 . 7  1 49 . 7  1 .63 1 .09 

90 3 4 8 1 . 6 8 3 . 5  8 1 . 7 8 2 . 8  8 2 . 8  1 . 3 8  1 .66 
85 4 4 1 2 7 . 7  1 2 8 1 25 . 7  1 2 7 . 2  1 2 7 .2  1 .02 0 . 8 1 

85 5 4 1 49 4  1 50 1 49 . 5  1 50 . 1 1 5 0. 1 0 .92 0 6 1  
80 6 4 1 5 5 . 9 1 47 . 9  1 4 8 . 1 1 50 . 8  1 50 . 1 3 . 74 2 4 8  

90 I 5 1 2 1 4  1 2 l . S 1 20 . 5  1 2 1 . 5 1 2 1 . 5 0 . 82 0 . 6 7  

90 2 s 1 32 . 7  1 3 1 1 29 . 9  1 3 1 . 3 1 3 1 . 3 1 . 1 6 0 . 8 8  
90 " 

5 1 1 0 . 3  1 1 4 .4 I 1 0 .6  1 1 1 . 2 I l l  2 1 . 07  0 . 96 .) 
85 4 5 1 23 . S  1 22 . 7  1 2 1 . 6 1 2 3 . 0  1 23 . 0  1 . 1 2 0 . 9 1 
85 5 5 1 3 1 . 2 1 30 . 3  1 2 8 . 2  1 30 4  1 304 1 .6 1  1 . 23  
80 6 5 1 3 2 . 9  1 29 . 1 I 26 .4  1 29 . 5  1 29.S 2 .67  2 . 06 

The ICC from each region was calculated and is shown in  table 3 . 8 

Table 3.8 : Tl · 1e mtra-c ass coe 
ROI 

I 

2 

3 
4 

5 

ffi . f tctent or eac h ROI 
I CC 

0 . 995 5 

0 . 9925 

0 .9944 
0 . 9948 

0 . 96 1 2  

at vat·ymg b one ang e corn 
95% Confidence 

Interval 
0 . 9844 to 0 .9993 
0 .9737  to 0 .9988 

0 .9799 to 0 . 999 1 
0 .98 1 1 to 0 .9992 
0 . 83 1 2  to 0 .994 1 

CV 
(within) 

o;o 
1 . 1 9 

1 . 2 1  

2 . 1 5  

I .  1 7  
1 . 23 

1 . 2 7  

2 . 2 3  
1 . 68 " " " .) . .) .) 
2 . 2 2  

I .  7 1  

I .  75 

1 . 93 
1 .48  
2 . 9S 

1 . 89 

1 .49 

1 49 
1 . 5 1  

1 . 2 7  

2 .29  

1 .49 

1 . 26 
1 . 26 

I .26 
1 . 1 7  

1 . 3 8  

1 .25  
1 . 1 8  

1 . 1 8 

b '  ations m 

SD 
(pooled) 

1 .9 1 2  
1 .9 1 2  

1 .9 1 2 

1 . 9 1 2  
1 . 9 1 2 

1 . 9 1 2 

2 . 9 1 6  

2 . 9 1 6  

2 . 9 1 6  
2 . 9 1 6  

2 9 1 6  

2 . 9 1 6  

2 .4 1 8  
2 . 4 1 8  
2 . 4 1 8  

2 4 1 8  

2 4 1 8  

2 4 1 8  
1 . 896 

1 . 896 

1 . 896 

1 . 896 

1 . 896 
1 . 896 

I 534  

1 . 534  

1 . 534  

1 . 5 34 
1 . 534  

1 . 5 34 

These results indicate that for ROI 's 1 -4 more than 99%. and for ROI 5 more than 96%. of the 

total variation observed in the data col lected from different bone/angle combinations is due to 
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difference in  bone/angle combinations . Conversely the proportion of variation i n  the data \\'hich 

can be attributed to the i maging and cal ibration processes i s  estimated for each ROI by I C C .  For 

ROI 1 -4 this is less than l %  and for ROI 5 i s  less than 4%. 

The statistical processes described in the materials and methods \Yere performed on the vertical 

and horizontal angle data and are presented in tables 3 .  9 and 3 .  I 0. 

Tab le 3.9: Results of  descr iptive statistics and the coeffic ient of variation ( within )  for 
. I I h h b I I b . . . . d vertica ang,e w en t e one ang e corn matwn IS vane 

bone angle X-ray X-ray X-ray X-ray Mean SD CV% CV% SD 
1 2 3 4 (" ithin ) (pool�d) 

I 90 89 .66 90. 1 0  89 .68 90 .44 89 .97 0 . 3 7  0 .4 1 0 . 5 3  0 .478  

2 90 89 . 1 8  89 . 77  89.68 90.44 8 9 . 7 7  0 .52 0 . 5 8  0 . 5 3  0 .478  

3 90 90 .56 90 .48 90.46 90.44 90.48 0 .05 0 .06 0 . 5 3  0 .478  
4 85 84 .30  84 .80 85 .00 84 9 84 75 0 .3 1 0 . 3 7  0 . 5 6  0 . 4  7 8  
5 85  84 .60 84 .80 84 .90 84 .6  84 73 0 . 1 5  0 1 8  0 . 5 6  0 . 4 7 8  

6 80 7 8 . 8  79 .4 80 . 80 80 .20 79 . 7 8  0 .92 1 . 1 5 0 6  0 .478  

The !CC for the vertical angle ''as 0 .9874 (95% Cl  0.9542 to 0 998 ) .  indicati ng that 9 8 . 74% of 

the variation is due to variation bet\\ een bones rather than variation bet\Yeen radiographs.  

Table 3. 1 0 : Results of desc ript ive statistics  and the coefficient of variation (with in )  for 
horizontal angle w hen the bone/angle combination is va1·ied. 

bone angle X-1·ay X-ray X-ray X-ray Mean SD CV% CV% SD 
I 2 3 4 (" ithin ) (pool�cl) 

I 90 90. 1 6  90. 3 8  90 . 5 5  9 0  6 7  90.44 0 23 0 . 25  0 .26  0 . 234 

2 90 90 .02 90. 3 3  90.63 90 .67 90 .42 0 . 3  0 34  0 .26  0 . 243 
3 90 90 . 8 0  90.47 90 . 72 90 72 90 68 0 . 1 5  0 . 1 6  0 26 0 . 234 

The !CC for the horizontal angle \\as 0 1 83 1  (95% C l  0 00 to 0 9366). indicat ing that 1 8 . 3 1 %  of 

the variation is due to variation bet\\·ccn bones rather than ,·anation bct\YCen radiographs .  

3.4 Discussion 
Once processed each image provides information on the p late-beam angle at \Yhich the 

radiograph " as taken. in both \ ertical and horizontal directions. and the mean photodensity in 

terms of mm of aluminium of 4 ROI 's  '' i thm C3 and I \\ ithin C4 The transformation of a 

radiograph i nto a digitised image is a highly precise event as evidenced by very lmY coefficient 

of variation and coefficient of variation ( \Yith in )  of each ROI  in study I .  A lthough the 

coefficient of variation and coeffic ient of variation ( \Yithi n )  assess the amount of variation 

'' ithin the data. they do not i ndicate ho,,· much of the variation results from the measuring 

process. The ICC seeks to determine the percentage of variation due to the measuring process. 

compared to i nherent differences bet\\·een the scanned images . The ICC in study I indicates 

only 0 . 3 9% of total variation bet\Yeen the ROI 's is due to the measurement technique.  The 

56  



excel lent reproducib i l ity is l ikely to be as a result of calcu lating the aspect ratio using a large 

circle .  I t  appears that the method of calculating the aspect ratio greatl y  faci l itates the 

reproducibi l ity of the image \Yhen a large calibration circle i s  used_ " hich may not be true " hen 

smaller cal ibration circles are used. The other factor involved i n  a high reproducibi l ity i s  the 

ROI program's abil ity to detect the same ROI between images The variation that did occur is 

l ikely to have arisen for 2 reasons: firstly there i s  al\\ ays random noise when digit i s ing an image 

that is uncorrelated bet\\ een images Secondly_ even \\ hen digitising the same radiograph 

several t imes there are smal l variations in pixel placement " hich affect edges and areas of fine 

detai l  and affect all aspects of image cal ibration and detect ion of ROI 's .  

D igitisation of the radiograph results in  min imal total variation of the honzontal and vertical 

angles between repl ications as shom1 by the coefficient of variation and the coefficient of 

variation ( \Yith in) The ! C C  indicates that 2 3 . 1 %  of the variation is due to measuring error 

bet\\ een repl ications . This  appears to be h igh_ but is on ly a percentage of the total variation_ 

which itse lf  is vcn· smal l  as determined b' the coefficient of variation - -

Study 2 revealed "·hen the same bone \\aS radiographed 4 times at exactly the same x-ray beam 

angle using vary ing exposures the CV bct\\·een radiographs taken at the same bone/angle 

combinat ion \\ as less than 4%. The rel iabil itY \Yas excel lent as evidenced bY the I C C  for each - . 

ROI  For al l  ROI's " ithi n  C3 the C V  \\ aS less than I %_ indicating very l ittle d ifference in  

radiographs resulting from measuring errors_ \Yithin C4 the  CV " as increased to  just under 4%. 

The high rcpe:1tabi l ity of this technique is due to calibration of the images and the abi l ity of the 

ROI program to detect the same ROI's bct\\ een images The d ifference bet\\ een C3 and C4 may 

be the way the ROI 's '' ere positioned. A consistent "·idth of C3 \\as difficult to determine as 

corners arc smooth rather than sharp_ and a specified distance \Yas removed from al l  borders of 

the distal ro\\ of carpal bones_ resulting in sharp points at \\ hich to del ineate the l ine across the 

" idest aspect of the C3 . ROI ' s  I and 4 were extrapolated_ based on a linear relationship from 

these poi nts.  and ROI 's 2 and 3 \\ ere placed bct\\ een them The centre of ROI 5 '' as determined 

dra\\ ing a l ine from ROI  4 and was dependent on the \\ idth of C4.  The fact that the ROI 's  \\ ithin 

C3 \\ ere pos itioned bet\Yeen 2 points_ \Yhereas the ROI  \\ ith in  C4 \\as positioned based on one 

point may have resulted in  C4 having a higher measuring error. 

The second part of study 2 \\"as to determine if p late-beam angle accurately reflected x-ray beam 

angle. Vertical plate-beam angle varied less than I %  from the x-ray beam angle_ and the 

horizontal plate-beam angle varied less than 0 . 3 %  from the x-ray beam angle as demonstrated 

by the coefficient of variation (\Yithi n ) . The ICC of the vertical angle suggests that of the total 

variation, 1 . 26% is due to differences bet\Yeen successive radiographs that occurs as a resul t  of 
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the measuring process. The ICC of the horizontal angle suggests that 8 1 %  of the total variation 

was due to difference between successi ve radiographs as a result of measuring errors. This 

appears to be high. but is only a percentage of the total variation. which is very small  as 

determined by the coefficient of variation ( \\ ith in ) .  The reason for variabil ity of angle  bet\Yeen 

successive radiographs is due to the dimens ions of the cube .  The s ize of the cube chosen \\ as 

such that a change in 2° could be detected. had the cube been larger the variation is l ikely to 

have been even smaller . 

I n  vivo prec ision errors of radiographic  methods of bone mineral density analysis have been 

emp loyed by a number of investigators and the prec ision error varies bet\\ een I %  and 1 5% 

(using coefficient of variation) 63 The methods employed in this research appear to have less 

than I %  p recis ion error (based on coefficient of variation and intra-class coefficient) \Yhen 

determin ing the photodensity of ROt ' s .  This is less than in some previously reported studies.63 

hO\\ ever s imi lar to the study by Yang et al. In both Yang e1 a/'s investigation as '' e l l  as this 

study the same :x-ray machine \\as used. by the same operator and the radiographs '' ere 

processed at the same time using the same machine. l n  the study by Colbert 63 a number of 

different :x-ray machines '' ere used. ,,·ith varying techniques by differing operators and at 

varying t imes. thereby more accurately  s imulating cl inical appl ication 

From t111S study it can be concluded that the re liab i l ity of the method of radiographic 

absorptiometry used in this proj ect is very high in the circumstances in \Yhich it \\ as used. 
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RESULTS 

The outcome of interest is a measurement of bone density expressed in terms of mi l l imetres of 

aluminium.  The experimental method and design has been described in materials and methods. 

Three separate analyses \\·ere run on : 

I .  Data generated '' ith R O I 's placed dorsal ly \\ ith x-ray beam angles of 60°_ 6.5°_ 70°_ 7.5° _  80° 

and 90° . 

2 .  Data generated \\ ith ROI ' s  placed dorsal ly \\ ith x-ray beam angles of 60°_ 6.5° .  70°_ 7.5°. 80° 

and 90°.  

3 Data generated from the palmar placement of ROI 's  of radius s ize 2 . .5mm. 3 mm and 3 . .5mm 

at 90° and 60° .  

The most comp lex interaction. namely angle/group/ROI  interaction. \\ as not significant . 

Therefore no fol io"· up statistical tests \\ ere performed on 3 -\\·ay interactions . Many of the t\YO­

\\ay interactions "·ere significant and a number of foi iO\Y-up tests \\·ere performed . 
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A l l  raw data is in appendix I ,  whi le  the statistical analyses are in  tabulated form with i n  

appendix 2 .  The resu lts are presented graphical ly .  I n  the column graphs, columns that are the 

same colours are not statisticallY different from each other when a is set at 0 .05 .  Values 

represented by columns containing 2 colours are not s ign ificant ly d ifferent from any column 

contai ning either one of t hose 2 colours . For example 

1 60 - - -- -

r---I--1 40 
r---

1 20 I--
r---" 

1 00 I--
-

80 I-- I--

60 I-- I--

I-- -!-40 

I--
r"· :7 -:� 20  

0 

1 2 3 4 5 6 

Figure 4. 1 :  G raph i l lustrating the effect of co lour in r·eading the graph. 

umbers l and 2 are significantly different from numbers 3,  4, 5 and 6. Numbers 3, and 5 are 

significantly different from l , 2 and 6 . umber 6 is s ignificantly different from 1 , 2, 3 and 5 .  

Number 4 i s  significant ly  different from numbers l and 2 .  
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4. 1 Dorsal analysis  

The ra\\ data is presented i n  appendix I under the heading Dorsal analysis The mean data is 

presented in appendix 2 under the heading of Dorsal analys is .  

Source Typel l l  Sum Degrees of Mean F Value S ignificance 
of Squares Freedom Square 

In terce Hypothesis 682 1 1 66 03 l 682 1 1 66 03 8468 .06 0 000 
pt Error 96666 .20  1 2  805 .52"  
Angle Hypothesis 23 784 02 6 3 964 00 70 .5 3 1  0 000 

Error 229304 l 408 5 6 . 202b 

Group Hypothesis 2 6 7 1 8 .24 l 267 1 8  24 33 1 7  0 000 
Error 9666 .20 1 2  805 52" 

ROI Hypothesis 1 1 8 77 . 05 4 2969 .26 5 2 . 83 0 000 
Error 229304 I 408 56 .20b 

Horse Hypothesis 9666 .20  1 2  805 5 1 7  1 4  3 3  0 000 
(group) Error 22930 4 1  408 56 .20b 

Angle/ Hypothesis 746 . 7  6 1 2445 2 .2 1 0 .04 1 
Group Error 229304 I 408 56 .20b 

Angle/ Hypothesis 3 995 .00 24 1 6646 2 . 96 0 000 
ROI Error 22930 4 1  408 56 .20b 

Group/ H�vothesis 2229 .99 4 5 5 7 .50  9 .92 0 .000 
ROI Error 229304 I 408 56 .20b 

Angle/ Hypothesis 749 06 24 3 1 . 2 1  . 5 5  0 .958 
Group/ Error 229304 l 408 56 .20b 

RO I 

a. MS(Horsc(Group) )  

b .  M S(error) 

Table 4. 1 :  A table of the ovet·all A NOVA results for the dorsal analysis. 
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4. 1 . 1  M ain effect of angle 

Pairwise comparisons were performed to compare the main effect of x-ray beam angle when 

ROI's ·were in a dorsal position. The tabulated data and actual significance values are within 

appendix 2 under the heading of I .  I 
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Figure 4.2 :  Column graph of the main effect of x-ray beam angle on the photodensity of 
ROI ' s  when in a dorsal position.  Error bus represent +/- 1 standard error ( s.e.m.). 

The photodensity at 60° was significantly different to 65 °(p value 0 .002 ) ,  70° (p value <0.00 1 ) . 

75° (p value <0.00 1 ), 80° (p value <0 . 00 I ) , 85° (p value <0 .00 1 ) and 90° (p value <0.00 I ) . The 

photodensity at 65° ·was significantly different to70° (p value <0.00 I ), 75°(p value <0.00 I )  and 

80° (p value <0.00 1 ), 85° (p value <0 .00 1 )  and 90° (p value <0.00 1 ) . The photodensity at 70° 

was significantly different to of 85°(p value <0 .00 1 )  and 90°(p value <0.00 I ) .  The photodensity 

at 75°  was significantly different to 85°(p value <0 .00 1 ) and 90° (p value <0.00 1 ) . The 

photodensity at 80° was significantly different to 85° (p value <0.00 1 )  and 90° (p value <0 .00 1 ) . 

These results show that ·when the ROI 's  were in a dorsal position there was significant variation 

in photodensity when angle was varied less than 5° from 60°(the x-ray beam angle 

recommended in the l iterature when taki ng the tangential view of C3), or less than 1 0° from 

90°(the x-ray beam angle at which the majority of radiographs of exc ised bones are taken) .  
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4. 1 . 1 . 1 Angle at one level of ROT 

Pairwise comparisons were performed to compare angle means at each level of ROI ,  when 

ROI's were in a dorsal position. The tabulated data and actual significance values are ·within 

appendix 2 under the heading of I .  1 .  I .  
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Figure 4.3: Column graph of the effect of angle on photodensity of ROI 1 in a dorsal 
posit ion. Error bars represent +/- 1 s.e.m. 

Variation in angle does not significant ly affect the photodensity of ROI I .  
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Figm·e 4.4: Column graph of the effect o f  angle on photo density o f  ROI  2 in a dorsal 
position. Error bars represent +/- 1 s.e.m. 

At ROI 2 the photodens i ty at 60° was sign ificant ly different to 70° (P value <0 .00 I ), 75°(p 

value <0 .00 1 ), 80°(p value  <0.00 1 ), 85°(p value <0 .00 1 )  and 90°(p value  <0.00 1 ) . The 

photodensity at 65 ° was significantly different to 80°( P value 0 .00 1 ), 85°(p value <0 .00 1 ) and 

90°(p value <0.00 1 ) . The photodensity at 70° was significant ly d ifferent to 85°(p value  <0.00 1 )  

and 90°(p value <0 .00 I ) .  The photodensity at 75°  was significantly different to 85°(p valu e  

<0.00 I )  and 90°(p value <0.00 1 ) .  The photodensity a t  80° was s ignificantly  different t o  85°(p 

value 0 .02 1 )  and 90°(p value 0 .00 1 ) . 
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Figure 4.5:Column graph o f  the effect of angle o n  photodensity of ROI 3 in a dorsal 
position. Error bars represent +/- 1 s.e.m. 

-

� 
-

-

-

-

At ROI 3 the photodensity at 60° 'vvas sign ificant ly different to 70°(p value <0 . 00 I ) , 75°(p value 

<0. 00 1 ), 80°(p value <0.00 1 ), 85°(p value <0.00 1 )  and 90°(p value <0 00 1 ) . The photodensity 

at 65° was significantly  different to 70°(p value 0 .044), 75°(p value 0 .006), 80°(p value <0 .00 1 ) ,  

85°(p value <0.00 1 )  and 90°(p value <0.00 1 ) .  The photodensity at 70° was s ignificantly 

d ifferent to 85°(p value 0 .002) and 90°(p value <0 .00 1 ). The photodensity at 7 5 °  was 

s ignificantly different to 85°(p value 0.0 1 6) and 90°(p value 0 .003 ) .  The photodensity at 80° 

was significantly different 90°(p value 0 .036) .  
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Figure 4.6 : Column graph o f  the effect of  angle o n  photodensity of R O I  4 i n  a dorsal  
position. Error bars represent +/- l s.e.m. 

At ROI 4 the photodensity at  60°  was significantly d ifferent from 70° (p value 0 .003) .  75 °(p 

value <0 .00 1 ), 80° (p value <0.00 1 ) .  85°(p value <0 .00 1 ) and 90°(p value <0 .00 1 ) . The 

photodensity at 65°  \vas s ignificantly different to 75° (p value 0 .042), 80° (p value 0 .0  1 7 ), 85°  

(p  value <0.00 I )  and 90° (p value <0.00 I ) . The photodensity at  70°  ·was significant ly different 

to 85°  (p value 0 .00 3 )  and 90° (p value <0.00 1 ) . The photodensity at 75° was s ignificant ly  

d ifferent to 90° (p  value 0 .003 ) .  The photodensity at 80°  was s ignificantly different to 90°(p 

value 0 .008) .  
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Figure 4. 7 :  Column graph of the effect of angle on the photodensity o f  R O I  5 i n  a dorsal 
position. Error bars represent +/- 1 s.e.m. 

At ROI 5 the photodensity at 60° was significantly d ifferent to 70° (p  value 0.009), 75°(p value 

0 .003), 80° (p  value 0.007),  85°(p value <0 .00 1 ) and 90°(p value <0 00 1 ) . The photodens ity at 

65 ° was significantly different to 85 ° (p value 0 .002) and 90° (p value <0 .00 1 ) . The 

photodensity at 70° was significantl y  different to 90° (p value 0 . 005) .  The photodens ity at 75° 

was sign ificantly different to 90° (p value 0 .0  1 5 ) .  The photodensity at 80° was s ign ificantly 

different to 90°(p value 0 .007) . 

67 



4. 1 . 1 .2 Angle at one level of group 

Pairwise comparisons were performed to compare angle means whi le holding group (non-

exercise or exercise) constant when ROI's were in a dorsal position. The tabulated data and 

actual significance values are \Vith in appendix 2 under the heading of I .  1 .2 .  
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Figure 4.8: Column graph of the effect of angle on the photodensity of the non-exercised 
group when ROI ' s  were in a dorsal position. Error bars represent +/- 1 s.e.m. 

In the non-exercised group the photodensity at 60° was significantly different to 65° (p value 

<0 . 00 1 ), 70°(p value <0 .00 1 ), 75°(p value <0.00 1 ), 80°(p value <0 .00 1 ), 85°(p value <0.00 1 )  

and 90°(p value <0 .00 I ) .  The photodensity at 65° was s ignificantly different to 8 5°(p value 

<0.00 I )  and 90°(p value <0 .00 I ) . The photodensity at 70° was significantly different to 85°(p 

value <0 .00 1 ) and 90°(p value <0 .00 1 ) . The photodensity at 75° was significantly different to 

85°(p value 0.00 1 )  and 90°(p value <0.00 1 ) . The photodensity at 80° was significantly different 

to 85 °(p value <0.00 1 )  and 90°(p value <0 . 00 1 ) . 
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Figure 4.9: Column graph o f  the effect o f  angle o n  the photodensity o f  the exercised group 
when ROI 's were in a dorsal position. Error bars represent +/- 1 s.e.m. 

In the exercised group photodensity at 60° was significantly different to 70°(p value 0 .00 I ) _ 

75°(p value 0 00 1 ). 80°(p value <0.00 1 )_ 85°(p value <0 00 1 )  and 90°(p value <0 . 00 1 ) . The 

ph0t0density at 65° is Significantly different tO 70°(p Value 0 0 1  ), 75°(p Value 0 . 007) .  80°(p 

value <0.00 1 ) ,  85°(p value <0.00 I )  and 90°(p value <0.00 I ) . The photodensity at 70° was 

significantly different to 85 °(p value <0 .00 1 )  and 90°(p value <0.00 1 ) . The photodensity at 75° 

was s ignificantly different to 85°(p value 0.00 1 )  and 90°(p value <0 . 00 1 ) . The photodensity at 

80° was significantly different to 85 °(p value <0.00 1 )  and 90°(p value <0.00 1 ) . 

These results suggest that a variation of greater than 5 °  from 90° and an even smaller variation 

from 60° results in a significant variation in photodensity. When radiographing the excised 

distal row of carpal bones between 8 0°and 65° variation in angle does not significantly affect 

photodens ity. 
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4.1 .2 M ain effect of ROI  

Pairwise comparisons were performed to compare the main effect o f  ROI when ROI's were i n  a 

dorsal position. The tabulated data and actual significance values are '.Vithin appendix 2 under 

the heading of 1 . 2 .  
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Figure 4. 1 0 : Column graph demonstrating the main effect of ROI site on photodensity 
when ROI ' s  were in a dorsal post ion.  Error bars represent +/- 1 s.e.m. 

Photodensity of ROI l was significantly different from ROI 2 (p value <0 .00 1 ), ROI 3 (p  value 

<0 .00 I ), ROI 4 (p value <0.00 l ), ROI 5 (p value <0 . 00 1 ) . Photodensity of ROI 2 was 

significantly different from ROI 3 (p value 0 . 005) and ROI 4 (p value <0 . 00 1 ) .  Photodens ity of 

ROI 3 was significantly different from ROI  5 (p value 0 00 1 )  Photodensitv of ROI 4 was 

significantly different from ROI 5 (p value <0 .00 1 ) . 
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4 . 1 .2 . 1 ROI at one level of group 

Pairwise comparisons were performed comparing ROI means, holding group (non-exerc ise or 

exercise) constant when ROI's were in a dorsal position. The tabulated data and actual 

s ignificance values are within appendix 2 under the heading of 1 .2 . 1 .  
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Figure 4.1 1 :  Column graph of the effect non-exercise o n  the photodensity of ROI ' s  i n  a 
dorsal position.  Error bars represent +/- 1 s.e.m. 

In the non-exercised group photodensity of ROI 1 was significantly different from ROI 2 (p 

value <0 . 00 I ) , ROI 3 (p value <0.00 I ), ROI 4 (p value <0.00 I ), RO I 5 (p value 0 .002) .  The 

photodensity of ROI 2 was significantly d ifferent from ROI 4 (p value 0 .023)  and ROI 5 (p 

value <0.00 1 ) . The photodensity of ROI 3 was significantly different from RO I 5 (p value 

<0.00 I ) .  The photodensity of ROl 4 was significantly different from ROI 5 (p value <0.00 I ) . 
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Figure 4 . 1 2 : Column graph o f  the effect o f  exercise on  the photo density o f  ROI ' s  in a 
dorsal pos ition. Error bars represent +/- 1 s.e.m. 
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I n  the exercised group photodensity of ROI I was significantly different from ROI 3 (p value 

<0.00 I ), ROI 4 (p value <0 . 00 I ) , ROI 5 (p value 0 .002) .  The photodensity of RO I 2 was 

significantly different from ROI 3 (p value 0 .02 1 ), ROI 4 (p value 0.023)  and ROI 5 (p value 

0.005 ) .  
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4 . 1 . 2 . 2  ROI at one level of angle 

Pairwise comparisons were performed to compare ROI means, holding angle constant \Vhen 

ROI's were in a dorsal position. The tabulated data and actual s ignificance values are within 

appendix 2 under the heading of 1 .2 .2. 
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Figure 4. 1 3 : Column graph of the photodensity of  ROI ' s  in a dorsal position when x-ray 
beam angle was 60 degrees. Error bars represent +/- 1 s.e.m. 

At 60° the photodensity of ROI 1 was significant ly different from ROI 2 (p value <0 .00 I ), ROI 

3 (p  value <0.00 1 ), ROI 4 (p value <0.00 1 ), RO I 5 (p value 0 .002) . The photodensity of ROI  3 

was significantly different from ROI 5 (p value 0 .04) . The photodensity of ROI 4 was 

significantly different from RO I 5 (p value 0 .0 1 6) . 
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F igure 4. 1 4 : Column graph of photodensity of ROI ' s  i n  a dorsal position when x-ray beam 
angle was 65 degrees. E rror bars represent +/- 1 s.e.m. 

At 65° the photodensity of ROI I was significantly different from ROI 2 (p  value <0 . 00 I ), ROI 

3 (p  value <0.00 1 ). ROI 4 (p value <0.00 1 )  and ROI 5 (p value 0 .002) . The photodensity of ROI 

3 was significantly different from ROI 5 (p value 0 . 007) .  The photodensity of ROI 4 was 

s ignificantly different from ROI 5 (p value 0 .00 1 ) . 
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Figure 4. 1 5 : Column graph of photodensity of  ROI ' s  in  a dorsal posit ion when x-ray beam 
angle was at 70 degrees. Errot· bars represent +/- 1 s .e.m. 

At 70° the photodensity of ROI I was significantly different from ROI 2 (p value 0 . 002), RO I 3 

(p value <0 . 00 1 ), ROI 4 (p value <0.00 1 )  and ROI 5 (p value 0 .0 1 1 ) . 
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Figure 4. 1 6 : Column graph of photodensity of ROI ' s  in  a dorsal postion when x-ray beam 
ang le was 75 degrees. Error bars represent +/- 1 s.e.m. 

At 75° the photodensity of ROI I was significant ly  different from ROl 3 (p value 0.008) and 

ROI 4 (p value <0 .00 1 ) . 
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Figure 4. 1 7 : Column graph of photodensity of ROI ' s  in a dorsal position when x-ray beam 
angle was 80 degrees. Error bars represent +/- 1 s.e.m. 

At 80° the photodensity of ROI I was s ignificantly different from ROI 4 (p value 0 .004) .  
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Figure 4. 1 8 : Column graph of photodensity of ROt ' s  in  a dorsal  position when x-ray beam 
angle was 85 degrees. Error bars represent +/- 1 s.e.m. 

At 85° the photodensity of ROf 2 was significantly different from ROI 4 (p value 0 .0 1 8) . 
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Figure 4. 1 9 : Column graph of photodensity of ROI ' s  in a dorsal posit ion when x-ray beam 
angle was 90 degrees. Error bars represent +/- 1 s.e.m. 

At 90° the photodensity of RO£ 2 was significantly different form RO£ 4 (p  value 0 .026) . 

Variation in angle appears to affect RO£ photodens ity. As the angle reduces from 90° to 60° the 

photodensity of each RO£ decreases however the relationship between RO I's 1 to 5 appears 

s imi lar at all angles . The change in actual value means that at some angles some ROf's  is not 

significantly different to others whi le at others they are. 
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4.1 .3 M ai n  effect of group 

Pairwise comparisons were performed on the main effect of group when ROI  were in  a dorsal 

position.  The tabulated data and actual significance values are within appendix 2 u nder the 

heading of 1 .3 .  
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Figure 4.20:  Column graph of the effect of group on photodensity when ROI's  were in  a 
dorsal position. Error bars represent +/- 1 s.e.m. 

Photodens ity of the non-exercised group was sign ificantly less than the exercised group (p value 

<0 .00 1 ) 
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4. 1 .3 . 1 Group at one level of angle 

Pain\�se comparisons vvere performed to compare group means vvhen ROI's were in  a dorsal 

position. The tabulated data and actual s ignificance values are within appendix 2 u nder the 

headi ng of 1 .3 .  I .  
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Figure 4.2 1 :  Column graph of  the  effect of group on  angle when ROI ' s  were in a dorsal 
position. Enor ban represent +/- 1 s.e.m. 

Photodens ity of the exercised group was significant ly greater than the non-exercised group at 

60° (p value <0.00 1 ), 65° (p value <0.00 1 ) . 70° (p value <0.00 1 ), 75° (p value <0.00 1 ), 80° (p 

value <0 .00 I ) , 85° (p  value <0.00 I )  and 90° (p value <0.00 I ) . 
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4. 1 . 3 . 2  Group at one level of ROI 

Pairwise comparisons were performed to compare group means, holding ROI constant when 

ROI's were in a dorsal position. The tabulated data and actual significance values are within 

appendix 2 under the heading of 1 . 3 .2 .  
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Figure 4.22: Column graph of  the effect of group on photodensity of ROI ' s  when in  a 
dorsal position .  Error bars represent +/- 1 s.e.m. 

Photodensity s ignificantly increased from the non-exercised to the exerc ised group at ROI 1 (p  

value <0.00 1 ), ROI 2(p value <0.00 1 ), ROI 3(p value <0 00 1 ), ROI 4(p value <0.00 1 )  and ROI 

5 (p value <0 .00 1 ) . ROI 2 had the greatest increase in photodensity between groups ( 1 5 . 5 %) .  

ROI 3 had the next largest increase i n  photodensity ( 1 4 . 6%), fol lowed b y  ROI 4 ( 1 3 .4  %), ROI 

1 (9%) and ROI 5 (6 . 5%) .  
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4.2 Palmar analvsis 

The ra'' data is presented i n  appendi:-.: I under the heading Palmar analys is . The mean data is 

presented i n  appendi:-.: 2 under the heading of Palmar analys is .  

Source Type i i i  Degrees Mean F Value S ignificance 
Sum of of Square 
Squares freedom 

Intercept Hypothesis  8 1 847.5 1 .40 I 8 1 84 7.5 1 .5 8 1 7 .03 0 .000 
Error 1 68 84 . 3 8  1 2  1 40 7  03" 

Angle Hypothes is  699 7 . 8 8  6 1 1 66 3 1  2 1 04 0 .000 
Error 226 1 8 . 20 408 5 5 .44b 

Group H:vothesis 4093 8 . 8 1 I 40938 8 1  29 09 0 000 
Error 1 6884 .38  1 2  1 407  03" 

ROI Hypothes is 4848 . 3 3  4 1 2 1 2 .08 2 1 86 0 .000 
Error 226 1 8 . 2 408 5 5 . 44b 

Horse(group) Hypothes is  1 68 84 . 3 8  1 2  1 40 7 .03 2 5 . 3 8  0 .000 
Error 226 1 8 . 20 408 5 5 . 44h 

Angle/Group Hypothesis  4 74 .83  6 79. 1 4  1 .43 0 .203 
Error 226 1 8 . 20 408 5 5 .44h 

Angle/ROI Hypothesis 1 1 96 07 24 49 .83  0 . 899 0 .604 
Error 226 1 8 .20 408 5 5 . 44h 

Group/ROI  Hypothesis  5090. 84 4 1 2 72 . 7 1  2 2 . 96 0 .000 
Error 226 1 8 . 20 408 5 5 .44b 

Angle/Group Hypothesis 1 9 13 .5  24 7 . 9 7  0 . 1 44 1 . 000 

/ROI Error 226 1 8 . 200 408 5 5 . 44h 

a . MS( Horse(Group ) )  
b .  M S ( E rror) 
Table 4.2 : A table of the overall A NOY A •·esults for the palmar analysis .  
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4.2 . 1  M ain  effect of angle 

Pairwise comparisons were performed on the main effect of angle when ROI 's were in a palmar 

position. The tabulated data and actual s ignificance values are within appendix 2 under the 

heading of 2 . 1 
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Figure 4.23:  Column graph of the main effect of x-ray beam angle on photodensity when 
ROI's were in the palma.- postion. Error bars represent +/- 1 standard error (s.e.m.) .  

The photodensity at 60° was significant ly different to 65° (p value <0 .00 I ) , 70° (p value 

<0 .00 1 ) ,  75° (p value <0 . 00 1 ), 80° (p value <0.00 1 ), 85° (p value <0.00 1 ) and 90° (p value 

<0.00 I ) . The photodensity at 65° \Vas significantly different to 70°(p value 0 .0  1 9) ,  75 °(p value 

<0 .00 1 ), 80°(p value <0 .00 1 ) and 90°(p value 0 .007) .  The photodensity at 70° \vas significantly 

different to 75° (p value 0 .0  1 9) and 80° (p value <0.00 I ) . The photodensity at 75°  was 

significantly different to 85°(p value 0 .002)  and 90°(p value 0.046).  The photodensity at 80° 

was significantly different from 85 °(p value <0.00 I )  and 90°(p value 0 .00 1 ) . 

These resu lts show that when the ROI's were in a palmar position there was significant variation 

in photodensity when angle was varied less than 5° from 60°(the x-ray beam angle 

recommended in the literature when taking the tangential view of C3), or less than 1 0° from 

90°(the x-ray beam angle at which the majority of radiographs of excised bones are taken) .  
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4 .2 . 1 . 1  Angle at one level of ROI 

Pairwise comparisons were performed to compare x-ray beam angle means at one level of ROI 

when ROI 's  were in a palmar position. The tabulated data and actual s ignificance values are 

within appendix 2 under the heading of 2 .  1 .  1 
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Figure 4.24: Column graph of the effect of x-ray beam angle o n  photodensity of ROI 1 
when ROI ' s  were in a palmar position. Error bars represent +/- 1 s.e.m. 

At ROI I the photodensity of 60° was significantly different to 70° (p value 0 00 I ), 75° (p value 

<0 .00 1 ), 80° (p value <0.00 1 ), 85° (p value <0.00 1 )  and 90° (p value <0 . 00 1 ) . Photodens ity at 

65 ° was s ignificantly different to 75° (p value 0 .0  1 9), 80° (p value <0.00 1 )  and 90° (p value 

0 .029).  
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Figure 4.25: Column graph o f  the effect of x-ray beam angle o n  photodens ity o f  ROI 2 
when ROI ' s  were in a palmar position. Error bars represent +/- 1 s.e.m. 

At ROI 2 the photodensity of 60° was s ignificantly different to 75° (p value 0 .006) and 80° (p 

value 0 .002 ) .  

8 6  



1 50 
,.----... 
E 1 45 
E 1 40 -. 

= 1 35 -
E 1 30 = 

· -
c 1 25 · -

E 1 20 = -

+ T 

11 + + T -- T 

rt- + 
1 

-- -

� 1 1 5 -- -

1 1 0 I 
60 65 70 75 80 85 90 

Deg rees  

Figm·e 4.26:  Column graph of the effect of  x- ray beam angle on the photodensity of ROI  3 
when ROI ' s  were in a palmar position. Error bars represent +/- 1 s.e.m. 

At ROI 3 the photodensity at 60° was sign ificantly different to 80° (p value 0 .0 1 1 ) .  
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Figure 4.27: Column graph o f  the effect of x- ray beam angle o n  ROI 4 when ROI ' s  were i n  
a palmar position. Error bars represent +/- 1 s.e.m. 

At RO l 4 the photodensity at 60° was significantly different to 70° (p value 0.022),  75° (p  value 

0 .00 I )  and 80° (p value <0 .00 I ) . 
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Figure 4.28: Column graph of the effect of x-ray beam angle at ROI 5 when ROI ' s  were in  
a p almar position .  Error bars represent +/- 1 s.e.m. 

At ROI 5 the photodens ity at 60° was significantly different from 80° (p value 0.0 1 5 ) .  
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4.2 . 1 .2 Angle at one level of group 

Pairwise comparisons were performed to compare x-ray beam angle means while  holdi ng group 

(non-exercise or exercise) constant when ROI 's were in a palmar position. The tabulated data 

and actual significance values are within appendix 2 under the heading of 2. 1 .2 .  
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Figure 4.29: Column graph o f  the effect of x-ray beam angle o n  photodensity of the non­
exercised group when ROI ' s  were in a palmar position. Error bars represent +/- 1 s.e.m. 

fn the non-exerc ised group the photodensity at 60° \vas significantly different from 75°(p value 

<0 .00 I )  and 80°(p value <0. 00 I ) . The photodensity at 65° \Vas s ignificantly different from 75°(p 

value 0 .024) and 80°(p value <0 .00 I ) . The photodensity at 80° was significantly different from 

85 °(p value 0.0 1 3 ) .  
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Figure 4.30: Column graph of  the  effect of  x-ray beam angle on photo dens ity of the 
exerc ised group when ROI 's  were in a p almar position. Error bars represent +/- 1 s.e.m. 

l n  the exerc ised group the photodensity at 60° was significantly different to 65° (p  value 

<0.00 1 ), 70° (p value <0.00 1 ), 75°  (p value <0.00 1 ), 80° (p value <0.00 1 ) , 85° (p value <0.00 1 )  

and 90° (p value <0.00 1 ) . The photodensity at 65° was significantly different to 75°(p value 

0 .0 1 5 )  and 80°(p value 0 .00 1 ) . 
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4.2.2 M ain  effect of ROI 

Pairwise comparisons were performed to compare the main effect of ROI 'vvhen ROI 's  were in a 

palmar position. The tabulated data and actual significance values are within appendix 2 under 

the heading of 2 . 2  
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Figure 4.3 1 : Column graph of the main effect of ROI site on photodensity when ROI ' s  
were in  a palmar position. Error bars represent +/- 1 s.e.m. 

Photodensity of ROI I was significantly different from ROI 2 (p value <0.00 I ) , ROI 3 (p value 

<0.00 1 ), ROI 4 (p value <0.00 1 ) , ROI 5 (p value <0.00 1 )  Photodensity of ROI 2 was 

significantly different from ROI  3 (p value 0.005 ) and ROI 4 (p value <0.00 1 ) . The 

photodensity of ROI 3 was significantly different from ROI 5 (p value 0.00 1 ) . The photodensity 

of ROI 4 was s ignificantly different from ROI 5 (p value <0.00 1 ) . 

92 



4 . 2 . 2 . 1 ROI at one level of group 

Pairwise comparisons were performed to compare ROI means holding group ( non-exerc ise) 

constant when ROI's were in a dorsal position. The tabulated data and actual significance values 

are within appendix 2 under the heading of 2 .2 . 1 .  
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Figure 4.32:  Column graph of  the  effect of  the non-exercise group on  photodensity of  
ROI 's i n  a palmar position. Error bars represent +/- 1 s.e.m. 

In the non-exercised group the photodensity of ROI I \Vas significantly different from RO l 2 (p 

value <0 00 1 ), ROT 3 (p value <0 . 00 1 ) and ROI 4 (p value <0 00 1 ) . The photodensity of ROI  2 

was significantly different from ROI 5 (p value <0 .00 I ) . The photodensity of ROI 3 was 

significantly different from ROI 5 (p value <0.00 1 ) . The photodensity of ROI 4 was 

significantly different from ROI 5 (p value <0 .00 1 ) .  
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Figure 4.33:  Column graph of the effect of exercise on the photodens ity of  ROI ' s  in a 
palmar position. Error bars represent +/- 1 s.e.m. 

ln the exercised group the photodensity of ROI l was significantly different from ROI 3 (p 

value <0 .00 1 ), ROI 4 (p value <0 .00 1 ) and ROI 5 (p value <0.00 1 ) . The photodensity of ROI 2 

was significantly different from RO I 3 (p value 0 .006) and ROI 5 (p value <0 . 00 1 ) . The 

photodens ity of R O I  4 was significantly different from ROI  5 (p value 0 .009) . 
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4.2 .2 .2  ROI at one level of angle 

Pairwise comparisons were performed to compare ROI means, holding angle constant when 

RQ['s were in a palmar position. The tabulated data and actual significance values are ·within 

appendix 2 u nder the heading of 2 .2 .2  . 
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Figure 4.34 : Column graph of the photodensity of  ROJ ' s  in a palmar posit ion when x-ray 
beam angle was 60 degrees. Error bars represent +/- 1 s.e.m. 

At 60° the photodensity of ROI I was sign ificantly different from ROI 2 (p value <0 . 00 1 ), ROI 

3 (p value <0.00 1 ), ROI 4 (p  value <0.00 1 ) and ROI 5 (p value <0.00 1 ) . 
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Figure 4.35: Column graph of the photo density of ROI ' s  in a palmar position when x-ray 
beam angle was 65 degrees. Error bars represent +/- 1 s.e.m. 

At 65° the photodens ity of ROI I ·was significantly  different from ROI 2 (p value 0 .004), ROI 3 

(p value 0 .00 1 ), ROI 4 (p value 0 .00 1 )  and ROI 5 (p value 0 .024) .  
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Figure 4.36 : Column graph of  the photo density of ROI's in a palmar position when the 
angle was 70 degrees. Error bars represent +/- 1 s.e.m. 

At 70° the photodensity of ROI 1 was significantly different from RO I 3 (p value 0.0 1 9) and 

ROI 4 (p value 0 .002) . 
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Figure 4.37:  Column graph of the photodensity of ROt ' s  in a palmu position when x-ray 
beam angle was 75 degrees. Error bars represent +/- 1 s.e.m. 

When angle is 75° photodensity of each ROr was not significantly different from each other. 
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Figure 4.38: Column graph of the  photo density of ROl 's in a palmar position when the 
angle was 80 degrees. Error bars t·epresent +/- 1 s.e.m. 

When angle is 80° photodensity of each RO r \vas not significantly- different from each other. 
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Figure 4.39 : Column graph of photodensity of ROI ' s  i n  a palmar position when angle was 
85 degrees . Error bars represent +/- 1 s.e.m. 

When angle is 85° photodensity of each ROI was not significantly different from each other. 
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Figure 4.40: Column graph of photodensity of ROI's  in a palmar position when angle was 
90 degrees. 

When angle was 90° photodensity of each ROI was not significantly different from each other_ 

Variation in angle appears to affect ROI photodensity, however the relationship between ROI 's 

I to 5 appears simi lar at all angles. At a l l  angles ROI 2. 3, 4 and 5 did not have s ignificantly 

different photodensities .  ROI l 's photodensity may significantly vary from the other ROI 's 

depending on the angle .  
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4.2.3 M ain effect of  group 

Painvise comparisons '"'ere performed on the main effect of group when ROI were in a palmar 

position. The tabulated data and actual significance values are within appendix 2 under the 

headi ng of 2 . 3  
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Figure 4.41 : Column graph of the main effect of group o n  photodensity when ROI ' s  were 
in a palmar position. 

Photodensity of the non-exerc ised group \Yas s ignificantly different from the exerc ised group (p 

value <0 00 I ) .  
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4 .2 .3 . 1 Group at one level of angle 

Pairwise comparisons were performed to compare group means, at varying angles when ROI 's  

were in a palmar position. The tabulated data and actual significance values are with in appendix 

2 under the heading of 2 . 3 . 1 .  
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Figure 4.42:  Column graph o f  the effect of  x-ray beam angle o n  the photodensity o f  the 
exercised and non-exercised group. 

Photodensity significantly increased between the non-exercised and the exerc ised group at 60° 

(p  value <0.00 1 ), 65°  (p  value <0 .00 1 ) ,  70° ( p  value <0.00 1 ), 75° (p value <0.00 1 ), 80° ( p  value 

<0 .00 1 ), 85° (p value <0 .00 1 )  and 90° (p value <0.00 1 ) . 
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4 .2 . 3 .2 Group at one level of ROI 

Pairwise comparisons were performed to compare group means, at varying ROI's when ROI's 

were in a palmar position. The tabulated data and actual s ignificance values are with in appendix 

2 under the heading of 2 . 3 . 2 . 

1 50 
� 

s 1 45 
s 1 40 -

0 
Q 1 35 -
s 1 30 = 
= 1 2 5 · -

s 1 2 0 = 
� 1 1 5 

1 1 0 

1 2 3 

R O I  

4 5 

O no n­
e x e rc is e d  
e x e rc is e d  

Figure 4.43 : Column graph o f  the effect o f  group o n  the photo density o f  ROt ' s  in a palmar 
position. 

Photodensity significantly increased from the non-exerc ised to the exercised group at ROI I (p 

value <0 .00 I ) , ROI 2(p value <0 . 00 I ), ROI 3(p value <0 .00 1 ) ,  ROI 4(p value <0.00 I )  and ROI 

5(p value 0 .003 ) .  ROI 2 had the greatest increase in photodensity ( 1 7 . 5%) as a result of exercise.  

This \-vas fol lowed by ROI 4 ( 1 5 %) and ROI 3 ( 1 5 %), then ROI  1 ( 1 2. 5 %) and finally ROI 5 

(4 . 5 %) .  
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4.3 Region of interest size analysis  

The rmY data i s  presented in  appendix 1 under the heading ROI s ize  analysis The mean data is  

presented in  appendix 2 under the heading of ROI s ize analysis .  

Source Type ll l  Sum Degrees of Mean F Val ue Significance 
Of Squares Freedom Square 

I ntercept H� pothesis 734 1 3 4 1 . 8 3  I 7 3 4  1 34 1 8 1  540 5 . 69 0 000 

Error 1 6296 . 99 1 2  1 3 5 8 . 08" 

Angle Hypothesis 7 1 3 0 . 2  I 7 1 3 0 . 20 1 2 5 . 3 1 0 .000 

Error 1 980 1 . 50 348 5 6 . 90b 

Group H ypothesis 43966 . 5 9  I 43 966 . 5 9  3 2 . 3 7  0 . 000 

Error 1 62 96 . 9 1 1 2  1 3 5 8 08d 

ROI Hypothesis 50. 5 . 1 9  4 1 2 58 . 80 2 2 . 1 2  0 000 

Error 1 980 1 . 50 348 5 6 . 80
l
> 

Radius Hypothesis 22.67 2 1 1  3 3  0 . 1 9  0 . 8 1 9  

Error 1 980 1 . 50 348 56 . 90b 

Horse Hypothesi s  1 62 96. 9 1 1 2  1 3 5 8 . 08 2 3 . 8 7  0 000 

( Group )  E rror 1 980 1 . 5 0  3 4 8  56 90l> 

Angle Hypothesis 626 . 3 7  I 626 . 3 7  1 1 . 0 1 0 . 00 1 

/Group Error 1 980 I 50 348 56 90b 

Angle/ROI Hypothesi s  2078 . 20 1 4 5 1 9 . 5 5  9 . 1 3  0 . 000 

Error 1 980 1 . 50 348 5 6 . 90
[' 

Angle Hypothesi s  492.22 2 246. 1 1  4 . 3 2  0 . 0 1 4  

/Radius Error 1 980 1 . 5 0  348 5 6 . 90b 

Group/ROI Hypothesis 3 2 92 . 92 4 8 2 3  2 3  1 4 . 4 7  0 000 

Error 1 980 I 50 348 56 90b 

Group Hypothesis 96 . 3 9  2 48. 1 9  0 . 8 5  0 .430 

/Radius Error 1 980 1 . 50 348 5 6 . 9d' 

ROI /Radius Hypothesis 290.46 8 36 3 1  0.64 0 746 

Error 1 980 I 50 348 56 9d' 

Angle Hypothesis  62 . 59 4 1 5 .65 0 . 2 7  0 . 894 

/Group/ROt En·or 1 980 1 . 50 348 56 90[, 

Group/ROll Hypothesis 4:10 . 8 8  8 56 . 86 0 . 9 5  0 .4  7 8  

Radius Error 1 980 1 . 5 0  348 56 . 9d' 

Angle/ROil Hypothesis 1 50 . 8 7  8 1 8 . 86 0 3 3  0 .  954 

Radius Error 1 980 I 50 348 56.90
" 

Angle/Group Hypothesi s  9 U2 2 45 . 7 1  0 . 80 0 .449 

/Radius Error 1 980 1 . 50 348 56 . 9d' 

A ngle/Group Hypothesis 3 8 5 . 4 5  2 48 1 8  0 . 8 5  0 . 5 6 2  

/ROI/Radius Error 1 9980 1 . 50 348 56 9d' 

a. M S (Horse(Group ) )  

b.  M S( E rror) 

Table 4.3:  A table of the overall ANOV A results for t he ROl size analysis. 
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4.3.1 M ain  effect of radius size. 

1 45 - - - -- - ---- - - -
,---... 
e 1 40 e -. 

Q 1 35 -
e 1 30 .,... :::1 T · - .L T = .L .L 
e 1 2 5 
:::1 - 1 20 � 

1 1 5 

2 . 5 mm 3 mm 3.5mm 

R O I  ra dius  

Figure 4.44 : Column graph of  the effect o f  R O I  size w hen ROI 's  were i n  a palmar 
position. 

ROI size did not significantly affect photodensity_ 

1 06 



4.3 . 1 . 1  Different angles at one level of radius 

Pairwise comparison were performed to compare between angle means while holding size of 

ROI constant The tabulated data and actual significance values are '.vith in appendix 2 under the 

heading of 3 .  1 .  1 .  

1 45 
,-----. 

e 1 40 
e -. 1 35 0 -
e 130 = 1--

= 
1 25 · -

e 
1--

= - 1 20 
� 

-

1 1 5 

T 
T 

,... 
T 

2 .5mm 

r+ 

rr.. 

3mm 

ROI ra dius 

r+ 

+_ 
-

3.5mm 

D 60 de gre e s  
90  de gre e s  

Figure 4.45: Column graph of the effect o f  x-ray beam angle on photo density o f  ROI ' s  at 
vat-ying radius sizes. 

The significant change in photodens ity between 60° and 90° is similar between the 3 different 

ROI sizes . 
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4.3 . 1 . 2  Different radius size at one level of angle. 

Pairwise comparisons were performed to compare ROI size whi le holding x-ray beam angle 

constant. The tabulated data and actual significance values are within appendix 2 under the 

heading of 3. 1 .2 .  

1 45 -
,.----.. 
e 

1 40 e - T T 
J.. . 

1 35 Q -
T l. 
l. 

e 1 30 = 
· -
c 
e 1 25 
= - 1 20 � 

1 1 5 

2.5mm 3mm 3.5mm 

ROI radius 

Figure 4.46:  Col u m n  graph of the effect of ROI size on p hotodensity w h ile holding the 

angle at 60 degrees. 

There 'vVas no significant change in photodensity between ROI size at an x-ray beam angle of 

60° 
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Figure 4.4 7 :  Column graph of the effect of R O I  size w h i le holding x-ray beam angle at 90 
degrees. 

There was no significant change in photodensity between ROI size when x-ray beam angle vvas 

90° 
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D ISC USSION 

The object of this study \Yas to determine if radioabsorptiometry ( RA) could be used to 

objectively assess the variation in B M D  of the dorsal part of C 3 .  When using RA. BMD is 

characterised in computer units. which are calculated from photodensity . The difficulties 

associated \Yith this conversion are discussed. C larifying the effect of variation in angle on 

photodensity formed the basis of the first hypothesis. A discussion of these results is presented 

below. In attempting to confirm the hypothesis. additional infonnation regarding ROI position 

and the effect of exercise on photodensity \\ aS considered. ROI size formed the basis of the 

second hypothesis and the results are analysed and discussed. 

Radiographic assessment of C3 is  best achieved using the tangential vie\\ . The tangential vie\\ 

of the distal ro\\ of carpal bones may be taken by I of 2 radiographic methods. each of which is  

revie\Yed. as \Yel l  as the difficulties in determining " hich v ie\\ more accurately assesses 

photodensity . The relevance of this study and the c linical appl ication of RA in detecting 

changes in  C 3  are contemplated. as is the accuracy ofthe subjective assessment of photodensity 

of C3 . 

5 . 1  Photoden sity in relation to B M D  
Photodensity of bone can be accurately determined i n  terms of aluminium equivalents. because 

the atomic number and specific gravity of aluminium is s imilar to that of bone.  A lumin ium is 

homogeneous. pure and relatively stable, and therefore it  has been used extensively in RA 61 63 6-l 

Although photodensity of bone m ineral can be accurately measured by aluminium. conversion 

to bone mineral concentration is more complex.63 Additional factors that are involved are 

attenuation of photons by the bone and aluminium. the role of scatter and photon/fil m  

interactions. The predominant photon interactions that occur at the kilovoltage level used in this 

study are photoelectric . This type of interaction is  dependent on atom ic number and resu lts i n  
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total absorption of photons . A small number of interactions, l ike! y to be less than 1 0% at the 

k i lovoltage used in this study result from Compton interactions, which cause scatter, and 

reduction in  the quality of the image. Therefore, in order to accurately convert photodensity into 

bone mineral density the effect of these interactions must be taken into consideration. The 

advent of computer assisted RA has enabled these interactions to be accounted for by using a 

series of complex equations 63 However. i n  doing so an assumption is made that the x-ray beam 

is effectively homogeneous. \Yhich is un likely to be tme. 

Within this study the effect of scatter and the absorption coefficient at the ki lovoltage used 

cou ld not been accounted for. It is  suspected that Compton interactions \Yere a constant between 

vie\YS. as these interactions are not affected by atomic number. rather by kilovoltage used. and 

in this experiment the same kilovoltage was used each time. Therefore the results of this study 

are discussed in terms of photodensity. using a scale of aluminium thickness. and not as BMD. 

using a scale of computer units. Because a measure of BMD is not being used. comparison to 

studies using other methods of non-invasive bone mineral analysis is based on the assumption 

that photodensity in ten11S of mi l l imetres of aluminium is directly proportional to BMD. 

5.2 Effect of angle o n  photodensity 

When perfonning peripheral skeletal radiography in humans the relationship bet\\ een x-ray 

beam and object can be kept constant Ho\\ ever \Yhen imaging C3 using the tangential v ie\\· of 

the carpus in horses. the obj ect (C3 )-beam angle is difficult to accurately repl icate. especially  in  

equ ine cl inical practice conditions . Therefore. i t  \Yas necessary to  establ ish if small variations in 

C3 beam angle significantly affected photodensity. Isolated d istal rows of carpal bones lying 

flat on an x-ray cassette \Yere used. and thus the plate-beam angle. C3-beam angle and x-ray 

beam angles \\ere identical . The significance of variation in angle \Yas determined at 90°. the 

recommended x-ray beam angle used in RA studies of human smal l bones63 64. as \Yel l  as at 60°. 

\Yhich is the C3-beam angle recommended in the l iterature for the tangential vie\\" of the distal 

fO\\" of carpal bones in the horse 8c 

In  this study the ROI 's were initial ly  placed in  a dorsal position (6mm from the dorsal edge at 

90°) .  which i s  in the zone visual ised by the tangential vie\\". Variations in  angle less than 1 0° 

from 90° significantly affected photodensity in  these ROI's .  This was supported by the 

significant main effect of angle and the angle/ ROI interaction. ROI 's  2, 3, 4 and 5 all followed 

the same pattern, the exception being ROI I where no significant difference in photodensity 

" ith variation in angle was observed. 

I l l  



Variation i n  angle of less than 1 0° from 60° appeared to significantly affect photodensity. This 

was supported by analysis of the angle/ R O I  interaction . The results demonstrated that 

photodensity i s  minimally  affected when C3 beam angle is varied between the angle 70° and 

80° However, clinically this is not useful, because when the tangential vie\Y is taken at these 

angles superimposition of the proximal row of carpal bones prevents adequate visual isation of 

the dorsal aspect of the distal ro\Y of carpal bones . 

The analysis of the dorsal ROI's demonstrated that as x-ray beam angle \Yas reduced, 

photodensity decreased. It \Yas postulated that as the x-ray beam angle decreased from 90° the 

distance travel led through the bone i ncreased. As the ROI's \Yere p laced in such a dorsal 

posit ion, once the angle  \Yas less than 8S0  the dorsodistal aspect of C3 \Yas not penetrated by the 

x-ray beam. This effect increased as the angle continued to decrease. Thus it \Yas proposed that 

if ROI 's were placed in a more palmar site, a stepwise reduction of C3 beam angle \Vould resu lt 

in a step\\ ise increase in photodensity as the distance the x-ray beam travel led though the bone 

increased. As discussed in the materials and methods, the calibrated images were reprocessed 

with the ROI 's placed in a more palmar site. The results were statistical ly  analysed and 

photodensity did increase as angle reduced. This \\as supported by the main effect of angle and 

angle/RO I  comparisons. 

Photodensity significantly changes when the angle is varied by more than so from 90° and less 

than 5° from 60° In  both the dorsal and palmar ROI placements this is l ikely to be due to 

increased travel l ing distance of the radiographic beam through bone at I 0° from 90° the beam 

traverses 1 . 5 %  further and at I 0° from 60° it traverses a further 7 . 8 %  through C 3 .  The increase 

in d istance travelled through the bone appears to be inversely proportional to Sin (x-ray beam 

angle) .  Therefore a smal l deviation from an x-ray beam angle of 90°. only s l ightly increases the 

distance travelled though the bone . However the same small deviation from an x-ray beam angle 

of 60° results in a substantial ly greater distance travelled through the bone. This form of 

variation may explain why a change of less than so from 60° is required before photodensity 

significant) y changes whereas a change of l ess than I 0° is  required from 90° before 

photodensity significantly changes . 

Loading within C 3  i s  predominately uniaxiaL which results in the trabeculae developing a 

columnar structure with cylindrical symmetry . The columns of bone are orientated in a vertical 

direction, and thus the bone has a high stiffness and strength in the direction when loaded in a 

sagittal direction and reduced strength and stiffness if loaded in  a transverse direction. 87 The 

orientation of the columns resu lts in a honeycomb l ike morphology. When the x-ray beam 
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traverses through the bone at 90° and most l ikely at 85°  it is reasonable to suggest the x-ray 

beam travel s  through the columns, resulting in a lower photodensity. At greater beam angles, it 

traverses the trabecular columns obl iquely and therefore passing through a greater volume of 

bone relative to the more vertical angles . This results in a higher photodensity. The morphology 

of C3 may explain \Yhy a variation of I 0° from 90° results in a significant change in  

photodensity \Yhen the  distance traversed through the bone compared to a variation of  I 0°  from 

60°, is relatively smal l .  

To the author's knowledge the effect of variation i n  angle on photodensity when appl ied to RA 

has not been documented. The findings of this study indicate that due care must be taken in 

application of object-beam angle ( in this case C3-beam angle)  when radiographing areas for 

analysis using RA. The findings also suggest that care should be taken "·hen comparing 

tangential vie,, s  of C3 (taken at a C3-beam angle of 65°) to radiographs of isolated C 3 's taken at 

90° Our resu lts indicate that variation i n  angle of 25° significantly affects photodensity. and 

objectively there is unlikely to be a good correlation bet\Yeen the 2 vie\YS . These results are in 

direct contrast to the study by Ulhom,"15 in which there \Yas a significant relationship bet\Yeen 

the photodensity taken at a C3 -beam angle of 65° and those taken at 90° The l ikely reason for 

this i s  that the radiographs \Yere compared subjectively rather than quantitatively . 

5.3 Effect of ROI on photodensity 

Five ROI 's \\ ere chosen \Yithin the distal carpal row. ROI I and 2 \Yere \Yithin the radial facet of 

C3 and ROI  3 and 4 \Yere \\ ithin the intermediate facet of C 3 .  ROI 5 \\as \Yithin C4 .  The 

photodensity of the ROI's varied "·ithin C3 .  \Yhen the ROI's \\ere positioned dorsal ly .  Within 

this study. at 60° (C3 -beam angle of the tangential vie" ) dorsal ROI placement resulted in 

photodensity of the abaxial aspect of the radial facet being significantly  higher than the rest of 

C 3 .  The photodens ity of the axial aspect of the radial facet and both aspects of the i ntermediate 

facet were not significantly different. When the radiographs were taken at a C3-beam angle of 

90° with ROI 's placed dorsally. the photodensities of the radial facet and the axial aspect of the 

intermediate facet \\ ere not significantly different. The abaxial aspect of the intermediate facet 

had a significantly  different photodensity to the axial aspect of the radial facet but not the other 

ROI 's .  The discrepancy of photodensity of the abaxial aspect of the radial facet between the 2 

angles is thought to be due to the prominent transverse ridge that is present on the medial 

dorsocentral aspect of C 3 .  When the C3-beam angle is at 60° the amount of bone travelled 

through is significantly h igher at the abaxial aspect of the radial facet when compared to the rest 
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of C3,  whereas when the C3-beam angle is 90° the x-ray beam does not travel through the bone 

on the dorsocentral aspect of the radial facet 

In all microradiographic and BMD studies, C3 has been assessed in a proximodorsal or 

lateromedial direction. and comparison with the present study can be made only v;ith data 

collected at a C3-beam angle of 90°. A study assessing subchondral bone stiffness and bone 

density of C3 found no change in stiffness bet\Yeen the intermediate and radial facets in trained 

horses 3 1 This has also been found "·hen objectively assessing the BMD of C3 using DXA.-+-+ I n  

both studies there \Yas onl Y  I area of interest i n  the radial facet and I i n  the intermediate facet of 

C 3 .  In the study by Young 3 1 the area of interest in the radial facet was between ROI 1 and 2, 

and between ROI 3 and 4 in the intermediate facet In the study by Firth +l the area of interest in  

the radial facet was in a similar position to ROI  2 and in  the intermediate facet i t  \Yas in  a 

s imi lar position to ROI3 .  The results from the present study support those reported by Young3 1  

and Firth+l . 

ROI 5 \\ as \Yithin C4 and the mean photodensity as well as photodensities of individual horses 

was al\\ays '"ithin the range of photodensit ies present in C3 . To the author's knowledge there 

have been no studies objectively assessing photodensity of C4.  C4 has been suggested as a 

control " hen subj ectively assessing the photodensity of C3 from the tangential radiographic 

v ie\Y.-+8 5" \\ hich means that C3 is  classified as not sclerotic if the subjective photodensity and 

trabeculation is  the same as that of C4. The objective assessment of photodensity at a C3-beam 

angle  of 60° in this study indicates that the photodensity of C4 is similar to that of the axial 

aspect of the radial facet. is significantly l ess than the abaxial aspect of the radial facet. and is  

significantly more than the axial aspect of the intermediate facet When C 3 -beam angle is 90° 

the photodensity of C4 is not significantly different from any ROI in C3 in this study. These 

findings suggest that radiographing C3 using the tangential vie\\· causes the abaxial radial facet 

to be more photodense than C4. perhaps resulting in false positive diagnoses of sclerosis in the 

radial facet 

5.4 Effect of exercise on photodensity 

The bones used in this experiment came from horses used in an exercise study:  one group was 

exercised in a training programme typical of that used to condition horses for racing in Ne\\' 

Zealand. The other group remained in small yards for the duration of the study. The results 

indicate that exercise significantly affects the photodensity of all ROI 's  in the dorsal aspect of 

C 3 .  In the exercised group of horses it appears that the axial aspect of the radial facet had the 

greatest increase in photodensity, fol lowed by the intermediate facet and then the abaxial aspect 
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of the radial facet. Therefore the 2 ROI's within the radial facet, and the 2 ROI's within the 

intermediate facet were not significant ly  different from each other, however the radial and 

intermediate facets were significantly  different from each other. These results support those of 

Firth -+-�, 88who found that exercise resulted i n  increased BMD of C 3 .  

Exercise significantly affected photodensity of C 4  and as a result C 4  post exercise had a 

photodensity not significantly different from the i ntermediate facet in  this group of horses . As 

these horses did not appear to have pathological changes in their C3 's no comment can be made 

as to \Yhether C4 continues to model or if it reaches a particular BMD and remodels only. This 

study indicates that C4 responds to the same stresses as C3 and models accordingly, '' hich may 

place doubt on whether C4 should be used as a radiographic control . 

5.5 Effect of R O I  size on photodensity 

It was unkno" n if ROI  size significantly  \\ Ould affect photodensity when x-ray beam angles 

\\ ere varied. The ROI size was changed by 1 9mmc, increas ing from 2 . 5mm to 3 . 5mm radi i .  and 

this change i n  size did not significantly  affect photodensity . The relationship bet\\ een 

photodensity at 60° and 90° did not change with ROI size. To the author's knO\Yiedge. the effect 

of ROI  s ize has not been examined \\ hen the angle of examination is 90° or if object -beam 

angle is varied. These results suggest that in bones of the size and morphology of C3 \Yith a 

relatively uniform photodensity, ROI size can be altered to suit the study . 

5.6 View A Compared to View B - W hich is the more accurate view? 

Vie" A and B both assess the dorsal margin of the distal ro" of carpal bones .  HO\Yever. it is 

l ikely that only the proximo-dorsal and centro-dorsal aspect of this ro" of carpal bones is  

imaged. A lthough the t\\ O vie\YS assess the same area of interest the radiographic image of each 

differs markedly.  Tllis difference is due solely to plate angle, as x-ray beam angle. C3 beam 

angle and leg angle are the same. When using Vie" B the plate-beam angle is not at 90° to the 

x-ray beam as in Vie\\ A and the geometry of image formation is  dismpted, leading to distortion 

of the radiographic image and an inaccurate image of the distal ro" of carpal bone. Distortion 

results in loss of definition and blurring of the image and this affects subjective i nterpretation 89 

When using View A the plate is  at 90° to the x-ray beam and minimal distortion of the image 

occurs . However the object film-focal distance is a relatively large distance when compared to 

Vie\\ B and this results in magnification of the radiographic image that increases marginal 

blurring 9'' Subject ively, V iew A appears to be less blurred than View B, although \vhen 

compared to radiographs of isolated distal rows of carpal bones taken at the same C3 beam 

angle, both v iews are obviously blurred. 
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Although both View A and B are used to assess the dorsal aspect of C3,  the radiographic i mages 

produced are different. In order to determine if one viev; more accurately assesses photodensity 

the exact same ROI's must be identified Once the radiographs were digitised the i mages were 

manipulated to appear as if they were taken at the same plate-beam angle and object-film 

distance. The distortion of View B and the magnification of View A \Yere thus corrected for in  

the digit ised i mage. Even when the  i mages \Yere manipulated identical placement of ROI 's was 

difficult to achieve and any smal l variation in p lacement resulted in error. The reason for this 

\Yas that in the manipulated i mages the dorsal aspect of C3 had a l inear increase in photodensity 

rather than the relatively uniform density quantified in the isolated C3's .  The ROI size used had 

a radius of I mm, which is significantly smaller than those used in the rest of the study. Such a 

small size was required in  order to measure the photodensity of the area of interest \Yithout 

including the superimposition of either M C I I I  or the proximal ro" of carpal bones. The small 

size of the ROI 's may have resulted in  a higher error associated \Yith ROI placement than if 

larger ROI 's  had been used. In  determining \Yhich vie\Y more accurately assessed photodensity. 

an additional proven accurate method of non-invasive bone mineral analysis was required to 

establ i sh the true BMD of the area of C3 visualised in each tangential vie\Y .  This \\ as not 

possib le " ithin the present study . Considering all the above-mentioned problems it was not 

possible to determine \\·hich v iew more accurately assesses photodens ity. 

5. 7 Relevance of this study 

This study has provided important information on the effect of variation of angle " hen 

assessing the photodensity of a bone at an object-beam angle of 90° In  many articles discussing 

the technique of RA the angle at \\ h ich the radiograph "as taken \\as not specified but assumed 

by th is author to be 90° 62·6-l As this study indicates that variation in  x-ray beam angle of 

between 5 °  and I 0° significantly affects photodensity it is recommended to take due care i n  

determining x-ray beam angle. Difficulties may arise \\·hen different machines are used. and the 

inclusion of a cube in the radiograph to determine plate-beam angle may be usefu l to ensure x­

ray beam angles are similar bet,Yeen operators and machines . 

The c linical usefulness of this technique appears to be l imited because it is imperative to ensure 

that C3-beam angle can be replicated within 5° every time the tangential vie\Y is  taken. which 

involves ensuring that x-ray beam angle and leg angle can be accurately repl icated each time. X­

ray beam angle is  challenging to rep l icate in a clinical  situation when taking the tangential view. 

However, leg angle, which directly affects C3-beam angle, is  even more difficult to accurately 

repl icate i n  a clinical situation, and natural variation of C3 position within the carpus between 

horses may result in a differing C 3-beam angle despite leg angle remaining constant. This study 
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indicates that because small variation in  C 3-beam angle significantly affects photodensity and 

C3-beam angle is difficult to reproduce accurately, RA may not be cl inical ly  applicable in  

assessment of B M D  of C3 under current practical constraints involved in  taking radiographs in 

the l ive animal . 

5.8 Sources of e r ror 

A number of accuracy studies have been performed on RA in humans and the technique has 

been determined to be accurate.62 63 In this study accuracy val idation has not been performed 

because identification of ROI's \Yith an altemate method of non-invasive bone mineral analYsis 

was not possible .  Ho\Yever the study has assumed a directly proportional relationship bet\Yeen 

photodensity and BMD and the results are comparable to other BMD studies performed on C 3 .  

5.9 C ritique o f  the subjective assessment of photodensity of C3 

A complete radiographic series of the carpus inc ludes the tangential vie\\·_
.Js 5" which is usefu l  in 

detecting the presence of fractures and possibly the presence of lucent areas other than vascular 

channels 9 1 I n  the past it has been thought that the tangential v ie\\ \\as useful for the detection of 

pathological changes in BMD of C3 l ikely to precede fracture. -1� This evaluation has been purely 

subjective and a number of studies have demonstrated that the subjective assessment of 

radiographs is relatively inaccurate method. 5-1 but may provide a broad guide to BMD 

assessment 55 One study has specifical ly considered the accuracy of assessment of bone density 

using the tangential vie\\ and found it to be an accurate method to detect radiographic 

sclerosis .J s  The visual assessment of C3 sclerosis in that study \Yas based on a subjective 

grading system modified from O'Brien 5' '  Using a uniform point count procedure to determine 

bone density. the authors concluded that sclerotic C3's could  be differentiated from non­

sclerotic C3 's .  Ho\Yever. differentiation bet\Yeen mi ld. moderate and severe sclerosis \\aS 

problematicaL and it \Yas not stated if the l ittle variation in bone density measurements present 

\Yas statistically significant The study also found that subjectively there was good agreement 

bet\Yeen the tangential vie\\ (C3-beam angle 60°) and the proximodistal vie\\ (C3-beam angle 

90°), in direct contrast to the present study in which photodensities at a C3 beam angle of 60° 

and at 90° \Yere significantly different However it is  possible that subjectively this difference i n  

photodensity may not b e  detectable .  

The aim of this study was to apply the technique of RA to the tangential v ie\\ of C3.  As small 

variation in angle significantly affects photodensity and C 3-beam angle can not be accurately 

reproduced between horses, or on repeated radiographs of the same horse (under practice or 

even hospital conditions), the accurate objective assessment of photodensity of C 3  is thought 

1 1 7 



not to be clinically applicable at this time. Given that objective assessment of photodensity i s  

considered to  be a more accurate assessment of BMD than subjective assessment, 63,61 the 

indirect conclusion of this study is  that the current method of subjective evaluation of 

photodensity of C3 using the tangential  view is relatively inaccurate. A lthough not apparent 

when differentiating between radiographically  sclerotic and non-sclerotic C 3 's, the inaccuracies 

of subj ective assessment become obvious \\'hen distinguishing bet\\ een the varying grades of 

sclerosis .  Thi s  is  an important point as some degree of radiographic sclerosis is  considered 

physiological and it is currently unknown \Yhen sclerosis becomes pathological . A recent 

retrospective study evaluating sclerosis  of C3 supports this. as no significant relationship 

bet\Yeen C3 scleros is, lameness or prognosis \\'aS found 9 1 

5. 1 0  Further research 

A lthough this teclmique does not appear to be clinically  applicable for assessment of C3. it may 

have other applications \\·hen object-beam angle can be accurately reproduced. In order for this 

to occur. accuracy studies comparing the technique to another method of non-invasive bone 

mineral analysis would be important . 

5. 1 1  Conclusion 

RA does not appear to be cl inically appl icable in the determination of photodensity of C3 as the 

first nul l  hypothesis :  "photodensity is not affected by smal l  variations in C3-beam angle" \\ as 

disproved. This result also has connotations for the use of the RA in humans . This study 

substantiates " ork by other authors regarding regional differences in BMD of C3 as wel l as the 

effect of exercise on C3.  and it is bel ieved to be the first study to objectively assess C4. The 

second hypothesis of the study. "ROI  size does not significantly affect mean photodensity over a 

30° variation in x-ray beam angle  (from 90° to 60°)". \Yas sustained. 

The tangential vie\Y of C3 can be taken by I of 2 methods. each of which has disadvantages . At 

this time. i t  remains unclear \\'hich v iew more accurately assesses photodensity of C 3 . Because 

of the effect of x-ray beam angle on photodensity. objective assessment of photodensity is  

l ikely to be inaccurate in the c l inical situation. Therefore, current methods of subjective 

assessment'" are also l ikely to be inaccurate and should be used cautiously .  
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APPENDIX 1 

Dorsal data 

HORSE ANGLE GROUP ROI MEAN HORSE ANGLE GROUP ROI MEAN 
(0. 1 111111 (0. 1 111111 

Aiuminiwn) Aluminium) 
25 90 0 1 1 29.-.J. l 86 5 5  9 0  1 2 1 42 . 7975 
3 1  90 0 I 1 18. 8062 57  90 1 2 1 48 .93 8 1  
4 1  90 0 1 1 26.6673 60 90 1 2 1 30.8392 
42 90 0 I 1 17 . 5052 1 3  90 l 3 1 42 .6557 
58 90 0 1 1 22 . 3 1 1 3 1 4  90 1 3 1 40.2577 
59 90 0 I 1 30 . 833  3 7  90 1 3 1 26 .5835 
99 90 0 I 1 25 . 2268 50 90 l 3 1 2 3 . 965 
25 90 0 2 1 20 .6763 55 90 1 ., 1 34 . 3272 .) 
3 1  90 0 2 1 I l . 1 423 57  90  1 3 1 59 . 57 1 1 
4 1  90 0 2 1 30 . 4807 60 90 1 ., 1 20 .004 1 .) 
42 90 0 2 1 1 5 . 983 5 1 3  90 I 4 1 4 3 . 367 
58 90 0 2 1 14 .0 1 86 1 4  90 l 4 1 34.033 
59 90 0 2 1 20 .202 1 3 7  90 l 4 1 07 . 967 
99 90 0 2 1 27 .002 1 50 90 1 4 1 35 . 0392 
25 90 0 ., 1 20.699 .) 55  90 I 4 1 39.0798 
3 I  90 0 ., 1 08 . 4577 .) 57  90 l 4 1 40. 7773 
4 1  90 0 ., 129 . 5963 .) 60 90 I 4 1 1 6. 8763 
42 90 0 ., I 08.3423 .) 1 3  90 I 5 1 28 .643 3 
58 90 0 ., 1 1 3 . 8454 .) 1 4  90 I 5 1 49. 9959 
59 90 0 3 I 1 7 . 3 8 1 4  3 7  90 l 5 1 20.4577 
99 90 0 3 I I 9. 1 1 5 5  50 90 I 5 1 36 .9 1 75 
25 90 0 4 1 1 7 .8  55 90 I 5 1 2 2 . 503 1 
3 1  90 0 4 1 1 I .6557 57 90 I 5 1 32 .0742 
4 1  90 0 4 1 26 . 405 7 60 90 I 5 1 22 . 6  
42 90 0 4 1 1 2 . 1 608 25 85 0 I 1 3 1 . 5 34 
58 90 0 4 1 1 3 . 3485 3 1  85 0 1 1 1 6.833  
59  90 0 4 l l 5 . 1 67 4 1  85 0 I 1 2 1 . 9856 
99 90 0 4 1 1 4 .2227 42 85 0 I 1 1 7 .2 165  
25 90 0 5 1 23 . 1 608 58 85 0 1 1 2 3 . 3 36 1  
3 1  90 0 5 1 1 7 . 2639 59 85 0 I 1 28 . 86 1 9  
4 1  90 0 5 1 35 . 1 826 99 85 0 1 1 27 . 7876 
42 90 0 5 1 30.437 1 2 5  85 0 2 1 20 . 369 1  
58 90 0 5 1 1 7.602 1 3 1  85 0 2 1 09.0742 
59 90 0 5 1 33 . 7 1 55 4 1  85 0 2 1 27 .2 763 
99 90 0 5 1 2 8.934 42 85 0 2 1 1 4 . 402 1 
1 3  90 I I 1 34 .85 1 5  58 85 0 2 1 1 5 . 1 876 
1 4  90 l l 1 32 . 8062 59 85 0 2 1 1 1 . 2928 
37 90 1 I 1 4 3 . 9938 99 85 0 2 1 27 . 2 1 24 
50 90 I l 1 25 . 1 1 34 2 5  8 5  0 ., 1 1 6 .099 .) 
55  90 1 l 1 38 .2474 3 1  85 0 3 1 07 . 1 8 1 4  
57  90 1 l 1 45 .0557 4 I  85 0 3 1 26 .65 1 5  
60 90 1 1 1 30 .9794 42 85 0 3 1 06 .8 1 2 4  
1 3  90 1 2 1 56 .8 1 24 58 85 0 3 1 15 .2598 
1 4  90 1 2 1 44 .90 1  59 85 0 3 1 12 . 9052 
37 90 1 2 1 52 . 3 959 99 85 0 ., 1 2 1 . 5 89 7  .) 
50 90 1 2 1 3 1 . 9835 25 85 0 4 1 10 .4 1 86 
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HORSE ANGLE GROUP ROI :MEAN HORSE ANGLE GROUP ROI :MEAN 
(0. 1 mm (0. 1 mm 

Aluminium) Aluminium) 
3 1  85 0 -l 1 10 .3629 3 1  80 0 1 1 1 0 . 8247 

4 1  85 0 -l 1 2 1 .802 1 .:J.l 80 0 1 1 1-l . 3 75 3  

42 85 0 4 1 10 . 365 .:J.2 80 0 1 1 1 3 .0062 

58 85 0 4 1 15 . 2 309 5 8  80 0 1 1 16 . 6 1 24 

59 85 0 -l 1 08. 5897 5 9  80 0 1 1 23 . 0598 

99 85 0 -l l l-l . 7835 99  80 0 1 1 1 8 . 5299 

25 85 0 5 1 1 9 .8 1 -l-l  2 5  80 0 2 1 1 2 . 7 0 1  

3 1  85 0 5 1 16 .0825 3 1  80 0 2 1 0 1 . 7505 

- H  85 0 5 1 28 .6 1 86 -l 1  80 0 2 1 20 . 3629 

42 85 0 5 1 23 . 1 608 -l 2  80 0 2 105 .8-l33 

58 85 0 5 1 1 8 . 899 5 8  80 0 2 1 07 .3258 

59 85 0 5 1 27 . 3 773 59 80 0 2 1 00 .30 1  

99 85 0 5 1 28 .5 1 34 99  80 0 2 1 1 5 .62-l7 

1 3  85 1 1 1 33 . 2 103 2 5  80 0 3 108 .2 1 2-l 

1 4  85 I I 1 33 .-l783 3 1  80 0 3 99 .270 1 
37 85 I 1 1 -l3 . 78 1 4  -l 1  80 0 3 1 20 . 1 38 1  

50 85 I 1 1 2 1 . 7072 -l2 80 0 3 99 .7629 

55 85 1 1 1 38 .3052 58 80 0 3 1 07 . 969 1 

57 85 1 1 1 -l5 .-l9-l8 59 80 0 3 105 . 1 38 1  

60 85 1 1 1 32 . 3629 99 80 0 .., 1 1 2 .078-l .) 
1 3  85 1 2 1 5 1 . 8 722 25 80 0 -l 1 05 . 736 1 

1 4  8 5  I 2 l -l2 .5237 3 1  80 0 -l l 0 -l . 26 1 9  
37 85 1 2 1 52. 9959 -l 1  80 0 -l 1 1 3 . 5835 

50 85 1 2 1 28 . 965 -l2 80 0 -l 1 0 1 .666 
55 85 1 2 1 -l l . 932 58 80 0 -l 1 05 . 9794 

57 85 1 2 1 4 5.9835 59 80 0 -l 100.3 1 1 3  

60 8 5  1 2 1 28.9732 99 80 0 -l 1 09.0-l3 3 

1 3  8 5  1 3 1 3 9.6577 25 80 0 5 1 1 2 . 33-l  

1 4  8 5  1 3 1 37 .-l35 1 3 1  80 0 5 1 09.9732 

37 85 1 3 1 27 . 7093 4 1  80 0 5 1 1 8. 1 93 8  

50 85 1 3 1 22 . 1 -l23 42 80 0 5 1 1 3 . 2722 

55 85 1 3 1 3 5 .0763 58 80 0 5 1 1 1 .8227 

57 8 5  1 3 1 60 .-l5 1 6  59 80 0 5 1 1 9 . 7 1 3-l 

60 85 1 3 1 1 9. 7526 99 80 0 5 1 2 1 . 82-l7 

1 3  8 5  1 -l 1 39.0577 1 3  80 1 1 1 28 .3093 

1 4  8 5  1 -l 1 30.0784 1 -l  80 1 1 1 29 .938 1 
3 7  85 I 4 1 08 . 9258 37 80 1 1 1 3 9.8309 

50 85 1 -l 1 29.-l598 50 80 1 1 1 1 5 . 202 1 

55 85 1 -l 1 38. 9753 55 80 1 1 1 3 1 .-l4 1 2  

57 85 1 4 1 40 .93-l 57 80 1 1 1 33 . 1 629  

60 85 1 -l 1 1-l.6227 60 80 1 1 1 27 .8289 

1 3  85 1 5 1 25 .0763 1 3  80 1 2 1 39.65 1 6  

1 -l  85 1 5 1 -l8 .3959 1-l 80 1 2 1 32 . 348-l 

3 7  8 5  1 5 1 1 8 . 3 979 37 80 1 2 1 -l4.-l907 

50 85 I 5 1 32 .-l907 50 80 1 2 1 2-l . 3 1 5 5  

5 5  85 1 5 1 22 . 8-l33 55 80 1 2 1 32 . 9608 

5 7  85 1 5 1 29.0928 57 80 1 2 1 29.7072 

60 85 1 5 1 2 1 .0309 60 80 1 2 1 1 9 .0-l33 

25 80 0 1 1 2 5 . 4928 1 3  80 1 3 1 30.0784 

1 27 
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HORSE ANGLE GROUP ROI MEAN HORSE ANGLE GROUP ROI ME AN 
(0. 1 m m  (0 . 1 m m  

A1uminimn) A1uminimn) 
3 1  70 0 2 1 0 1 . 95 3 7  1 4  70 1 -l 1 23 . 5552 

-l 1  70 0 2 1 2 3 . -l875 37 70 1 -l 1 03 . 3 594 

-l2 70 0 2 1 07 . 3 879 50 70 1 -l 1 2 5 . 79 

58 70 0 2 1 1 1 . 7936 55 70 1 -l 1 25 .  85-l 1 

59 70 0 2 97.9 1 -l6 57 70 1 -l 1 25 . 0569 

99 70 0 2 1 08 .85-l 1 60 70 1 -l 1 02 . 8 1-l9 

25 70 0 3 1 02 . 968 1 3  70 1 5 1 1 9 . 968 

3 1  70 0 3 97 .6-l06 1 -l  70 1 5 1 -l3 . 85-l l 

-l 1  70 0 3 1 23 . 2 1 3 7  70 1 5 1 1 5 .085-l 

-l2 70 0 3 1 0 U662 50 70 1 5 1 27 . 3 559 

58 70 0 3 1 07 . 722-l 55 70 1 5 1 1 6 . 1 566 

59 70 0 3 97 .2 1 7 1  57 70 1 5 1 20 . 1 85 1  

99 70 0 3 1 08 . 797 1 60 70 1 5 1 1 2 . 5587 

25 70 0 -l 97.9893 25 65 0 1 1 2 3 . 2-l2 

3 1  70 0 -l 97 .3203 3 1  65 0 1 1 1 2 . 1 1 0 3  
-l 1 70 0 -l 1 1 2 -l l  65 0 1 1 1 8.2527 
-l2 70 0 -l 1 0-l . 8399 -l2 65 0 I 1 1 7 .096 1 

58 70 0 -l 1 0 1 .669 58 65 0 I 1 2-l . 7789 

59 70 0 -l 97 .02 1 -l  5 9  65 0 1 1 28 . 3 95 

99 70 0 -l I 02 .6939 99 65 0 1 1 30 . 3-l88 

25 70 0 5 1 09. 9786 25 65 0 2 96.2669 

3 1  70 0 5 1 1 0.9537 3 1  65 0 2 90.6-l06 

-l l 70 0 5 1 2 1 . 5 267 -l l  65 0 2 1 1 -l .-l093 

-l2 70 0 5 1 1 6.6762 -l2 65 0 2 102 .0783 

58 70 0 5 1 09 . 2029 58 65 0 2 1 07 . 7053 
59 70 0 5 1 1 6. 8256 59 65 0 2 9 3 . 1 566 

99 70 0 5 1 1 2 . 765 1 99 65 0 2 1 1 0 .690-l 

1 3  70 I 1 1 30 . 9 1 -l6 25 65 0 3 95 .733 1 

1 -l  70 I 1 1 38 . -l l6-l 3 1  65 0 3 86 .0036 

3 7  70 1 1 1 -lO.  7 -l02 -l l 65 0 ., 1 07 . 3986 _, 
50 70 1 1 1 1 9 .6 1 92 -l2 65 0 3 99.658-l 

55  70  I 1 1 3 5 . 2206 58 65 0 3 98 .6-l56 
57 70 I I 1 30 .822 1 59 65 0 3 89. 8897 

60 70 I I 1 30. 5552 99 65 0 ., I 05 . 3-l52 _, 
1 3  70 1 2 1 26 . 3025 25 65 0 -l 89.032 

1 -l  70 1 2 1 2-l . 1 032 3 1  65 0 -l 87 .8363 

3 7  70 I 2 1 39 039 1 -l 1  65 0 -l 99. 7865 

50 70 I 2 1 27 . 3 808 -l2 65 0 -l 1 02 . 3 70 1  

55 70 1 2 1 25 . -l057 58 65 0 -l 100 .8 1 75 

57 70 1 2 1 23 . 7829 59 65 0 -l 90.089 

60 70 1 2 1 1 2 .-l769 99 65 0 -l 1 06 . 3 167  

1 3  70 1 3 1 1 7 . 9858 25 65 0 5 1 0 1 . 5623 

1 -l  70 1 3 1 2 1 . 5 765 3 1  65 0 5 99.8292 

3 7  70 1 3 1 1 7 . 797 1 -l 1  65 0 5 1 1 3 .658-l 

50 70 1 ., 1 22 .  9 1 -l6 .) -l2 65 0 5 1 1 3 . 7687 

55 70 1 3 1 20 .6655 58 65 0 5 1 1 1 .993 

57 70 1 ., 1 -l 3 . 1 1 3 9  .) 59 65 0 5 109 .06-l 1 

60 70 1 ., 1 07 .9609 .) 99 65 0 5 1 1 9 . 5765 

1 3  70 1 -l 1 1 9.  900-l 1 3  65 l 1 1 29 .60 1-l 

1 29 
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HORSE ANGLE GROUP ROI MEAN 50 60 l 5 1 23 .484 
(0. 1 mm 55 60 I 5 1 35 . 7 1 1 7 

Aluminium) 5 7  60 1 5 1 1 5 . 9893 
1 -l  60 1 5 1 29.605 60 60 1 5 1 10 .5338  
37  60 1 5 1 02 . 1 779 

Palmar data 

HORSE GROUP ANGLE ROI MEAN HORSE ANGLE GROUP ROI ME AN 
(0. 1 nun (0 . 1 m m  
Aluminium ) Aluminium) 

-l l  0 90 1 1 27.28-l 55  I 80 I I -l0 .-l-l l 2  

-l2 0 90 I I l 6 .29-l8 60 1 80 I 1 29 .7959 

59 0 90 1 1 2 1 . 5057 -l l  0 75 I l 1 7 .-l8-l5 

25 0 90 1 1 27 . 3567 -l2 0 75 I l l -l .-l l 2-l 

58 0 90 1 1 20 .70 1 59 0 75 I 1 29.  7-l-l3 

3 1  0 90 l 1 1 5 . 52-l8 25 0 75 I 1 30. 1 8 1 -l  

99 0 90 1 1 25 .-l68 58 () 75 I 1 2-l .07-l2 

57 1 90 1 1 52 .87-l2 3 1  0 75 I 1 1 6 . 835 1 

1-l  I 90 l 1 3-l .-l866 99 0 75 I 1 2 1 .6887 

1 3  I 90 1 l -l2 . 1 876 57 I 75 I I -l9 . 7-l85 
37 I 90 1 1 -l 7 .8557 1 -l  I 75 I 1 36. 5299 

50 1 90 1 1 26 .9072 1 3  I 75 I 1 37 .63 7 1  

55 I 90 I 1 -l l . 5 1 8-l 3 7  I 75 I I -l9 .278-l 

60 I 90 1 1 3 1 .9052 50 I 75 I 1 23 .93-l 

-l l  0 85 1 1 23 .6722 55 I 75 I l -l-l .266 

-l2 0 85 1 1 1 6 .8062 60 I 75 I 1 3 1 .0928 

59 0 85 1 1 28.8577 -l l  0 90 2 1 22 . 7809 

25 0 85 1 1 30. 1 505 -l2 0 90 2 1 1 3 . 567 

58 0 85 1 1 22 . -l  5 9  0 90 2 1 2 1 . 5057 

3 1  0 85 I 1 1 8 . 1 38 1 2 5  0 90 2 1 1 6. 3 -l-l3  

99 0 85 1 1 28. 5876 58 0 90 2 1 1 3 . 35-l6 

57 I 85 I 1 56. -l9-l8 3 1  0 90 2 l l 5 . 52-l8 

1 -l  I 85 I 1 3  7. 5-l8-l 99 0 90 2 1 26 .835 1 

1 3  I 85 I I -l l .  9072 5 7  I 90 2 1 50 .2 1 -l-l 
3 7  I 85 1 I -l9 .703 1 1 -l  I 90 2 I -l3 . 3 567 

50 I 85 l 1 26. 736 1 1 3  1 90 2 1 52 . 0227 

55 I 85 l 1 -l-l. 9753 3 7  l 90 2 l -l6 . 167 

60 1 85 l 1 33 .-l598 50 I 90 2 1 2 3 .  3-l-l3 

-l l  0 80 l 1 1 7.070 1 5 5  I 90 2 l -l l . 5 1 8-l 

-l2 0 80 l 1 1 2 .8825 60 1 90 2 1 30 .28-l5  

59 0 80 l 1 23 . 2062 -l l  0 85 2 1 22 . 62-l7 

25 0 80 l 125.-l-l33 -l2 0 85 2 1 1 2 . 9093 

58 0 80 1 1 1 6 .-l062 5 9  0 85 2 1 20.0 12-l 

3 1  0 80 I 1 1 2 .6598 2 5  0 85 2 1 1 9 .078-l 

99 0 80 l 1 1 9.26 1 9  5 8  0 85 2 l l -l . 3 567  
5 7  1 80 l 1 -l8 .88-l5 3 1  0 85 2 1 10 .2268 

1 -l  1 80 l 1 3 2 . 866 99 0 85 2 1 28 .  9-l02 

1 3  1 80 l 1 37.09-l8 5 7  I 85 2 1 53 . 9-l23 

3 7  1 80 1 1-l5 .2392 1 -l  1 85 2 l -l5 . 8845 

50 1 80 1 1 22 . 5 1 75 1 3  I 85 2 1 5-l . 82-l7 

1 3 1  



HORSE ANGLE GROUP ROI :MEAN HORSE ANGLE GROUP ROl ME AN 
(O . I  mm (0. 1 mm 

Aluminimn) Aluminimn) 
3 7  I 8 5  2 I 48.680� 2 5  0 85 3 1 20.8536 
50 1 8 5  2 1 25.4948 58 0 85 3 1 1� .4227 
55 I 85 2 1 - H .0866 3 1  0 85 ., 1 06 .85 1 5  .) 
60 I 85 2 1 3 1 . 9753 99 0 85 3 1 20.8 12� 
4 1  0 80 2 1 1 7 .8392 57 1 85 ., 1 62 . 89�9 .) 
42 0 80 2 1 06 .50 1 1 �  I 85 ., 1 4 5 . 8557 .) 
59 0 80 2 1 1 2 . 0639 1 3  I 85 3 1 4 3 . 3608 
25 0 80 2 1 1 2 . 70 1  3 7  I 85 3 1 28 . 5 1 3� 
58 0 80 2 107 .332  50  I 85 ., 1 22 . 1 1 96 .) 
3 1  0 80 2 1 03 . 7588 55  1 85 3 1 30 . 87�2 
99 0 80 2 1 1 9.6309 60 I 85 ., 1 20 . 983 5 .) 
5 7  I 80 2 I �5 . I 3 2  � I  0 80 3 1 22 . 9773 
I �  I 80 2 1 39 .5753 �2 0 80 ., 1 0 U3 7 I  .) 
1 3  I 80 2 1�9 . I 588 59 0 80 � 108 .9629 .) 
3 7  1 80 2 I H.43 7 1  2 5  0 80 3 1 1 5 . 2 3 7 1 
50 I 80 2 1 22 .6289 58 0 80 3 1 0 7 . 868 
55 I 80 2 1 35 . 5423 3 1  0 80 � 100 .59 1 8  .) 
60 1 80 2 1 2� .8928 99 0 80 � 1 1 1 .64 1 2  .) 
4 1  0 75 2 1 2 I . I 7 1 1 57 I 80 3 1 57 .299 
42 0 75 2 108 .8062 1 4  I 80 3 1 39 . 78 1 �  
59 0 75 2 1 1 0 .32 1 6  1 3  1 80 3 1 3 7. 8�7� 
? - ( )  75  2 1 1 3 . 3526 _) 3 7  1 80 ., 1 22 .8  _l 
58 0 75 2 1 1 2 .4887 50 I 80 3 1 1 8 .07�2 

3 1  0 75 2 1 05 .738 1 55 I 80 ., 1 28 . 1 67 _l 
99 0 75 2 1 1 8 .7526 60 I 80 3 1 1 6 . 7258 
57 I 75 2 1 � 1 .8928 4 1  0 75 3 1 25 . 1 485 
1 4  I 75 2 1 �2.0� 1 2  42 0 75 3 1 0� .2227 
1 3  I 75 2 1 �6. 1 649 59 0 75 3 1 1 2 . 85 1 5  
3 7  I 75 2 1 �8 .3526 25 0 75 � 1 1 6 .�70 1 .l 
50 I 75 2 1 23 . 26 1 9  58 0 75 3 1 1� .0825 
55 I 75 2 1 3 7 . 7 I 55 3 1  0 75 3 1 03 . 2 103 
60 1 75 2 1 24 . 1 649 99 0 75 3 1 1 5 . 7��3 
� I  0 90 3 1 26 .6 5 7  I 75 3 1 56 .9629 
�2 0 90 3 10�.8557 1 �  I 75 3 I H . I 402 
59 0 90 3 1 2 1 .5057 1 3  1 75 ., 1 37 . 59 1 8  .) 
25 0 90 3 I I 7 .2 1 65 3 7  1 75 3 1 22 . 7 1 75 
58 0 90 3 1 1 2 .0825 50 1 75 3 1 20. 7567 
3 1  0 90 3 109. 4588 55 1 75 ., 1 32 . N23 .) 
99 0 90 � 1 1 7 .00� 1 .l 60 I 75 ., 1 1 7 . 9773 .) 
57 1 90 3 1 56.�3 7 1 � I  0 90 � 1 26.6 
1 4  I 90 3 ���.8206 42 0 90 � 10� .035 
1 3  I 90 3 1 42 .99 I 7  59 0 90 � 1 2 1 . 5057 

3 7  I 90 3 I 29.7�64 25 0 90 � 1 20 .6247 
50 1 90 3 1 20.87�2 58 0 90 � 1 12 . 767 
55 1 90 3 1 28 .2372 3 1  0 90 4 1 09 .4588 
60 1 90 3 I 1 8 .480� 99 0 90 4 1 1 � .6928 
� 1  0 85 ., 1 25 .299 .) 57 I 90 � 1 5 1 . 8  

�2 0 85 3 1 05 .3�02 1 �  I 90 4 1 �3 .82�7 
5 9  0 85 ., 1 12 . 53� .) 1 3  I 90 4 1 56. 1 505 

1 32 



HORSE ANGLE GROUP ROI l\1EAN HORSE ANGLE GROUP ROI l\1EAN 
(0. 1 111111 (0. 1 111111 

Aluminium) Aluminium) 
3 7  1 90 � 1 1 � .233 25 0 90 5 1 2 3 .2 206 
50 1 90 � 1 38 .3237 58 0 90 5 1 1 8. 1 856 
55  1 90 � 1 38.6N9 3 1  0 90 5 1 22 . 1 629  
60 1 90 � 1 2 1 .2536 99  0 90 5 1 26 . 870 1 
� 1  0 85 � 1 26 .3732 57  1 90 5 1 32 . 878� 
n 0 85 � 1 09 .802 1 1 �  1 90 5 1 5 1 . 1 �02 
5 9  0 85 � 1 1 5 1 3  1 90 5 1 28 .64 3 3  
2 5  0 85 � 1 22 .002 1 3 7  1 90 5 1 2 1 . 27�2 
5 8  0 85 � 1 1 6 . 5773 50 1 90 5 1 36 .2309 
3 1  0 85 � 1 1 2 . 1 79� 55  1 90 5 1 22 . 9632 
99 0 85 � 1 20. 95�6 60 1 90 5 1 22 . 5072 
57 I 85 � 1 52.538 1 � 1  0 85 5 1 3 7 . 1 299 
1� I 85 � 1 �3 . 1 299 �2 0 85 5 1 30 .033  
1 3  I 85 � 1 5� . 1 �02 59 0 85 5 1 2 9 . 9052 
37 I 85 � 1 1 3 .769 1 25 0 85 5 1 22 . � 1 6 5  
5 0  1 85 � 1 39.5629 58 0 85 5 1 20 .� 1 2� 
55  1 85 � I H . l 2 1 6  3 1  0 85 5 1 28 .7�85 
60 1 85 � 1 23 .8536 99 0 85 5 1 3 5 . 7588 
� 1  0 80 � 1 2 1 . 1 9 1 7  57  I 85 5 1 3 7 . 1 �85 
�2 0 80 � 105 . 1 1 1 3 1 �  1 85 5 1 53 . 3 93 8  
5 9  0 80 � 1 1 0.666 1 3  1 85 5 1 28. 765 
25 0 80 � 1 1 6.5753 37 I 85 5 1 26 . 7629 
58 0 80 � 1 1 1 .0 1 03 50 1 85 5 1 32 . 3 588 
3 1  0 80 � 1 06.3 2 1 6  5 5  I 85 5 1 2� . 88�5 
99 0 80 � 1 1 2 .�866 60 I 85 5 1 23 . 1 03 1  
57 I 80 � 1 �3 . 1 32 � 1  0 80 5 1 29 . 9588 
1 �  I 80 � 1 38. 1 072 �2 0 80 5 1 22 . 5753 
1 3  I 80 � 1 �6 .26 1 9  5 9  0 80 5 1 23 . 9278 
37 I 80 � 1 07.27�2 2 5  0 80 5 1 1 7 . 3 1 55 
50 1 80 � 1 3�.5876 5 8  0 80 5 1 1 � . 3 1 3 �  
5 5  I 80 � Wl. 1 608 3 1  0 80 5 1 22 .�9�8 
60 1 80 � 1 1 � .9505 99  0 80 5 1 2 5 . 3 1 3� 
� I  0 75 � 1 20. 5�6� 57 I 80 5 1 32 .�227 
�2 0 75 � 1 08. 9505 I �  1 80 5 1 �8 . 79 1 7  
59 0 75 � 1 1 0.6598 1 3  1 80 5 1 23 .�6 1 9  
25 0 75 � 1 1 7.068 37  1 80 5 1 1 7 . 703 1 
58 0 75 � 1 1 6 . 7��3 50 1 80 5 1 32 .9629 
3 1  0 75  � 1 1 0.0�33 55 1 80 5 1 23 .035 
99 0 75  � 1 1 1 . 8083 60 I 80 5 1 1 8 .2866 
57 1 75  � 1 � 1 .7979 � 1  0 75 5 1 27 . 6  
1 �  1 75 � 1 �7.0�95 n 0 75 5 1 27 .2227 
1 3  1 75 � 1 3 1 .7753 59 0 75 5 1 29 .3 876 
3 7  1 75 � 1 07.50 1 2 5  0 75 5 1 1 9 .67U 
50 I 75 4 1 38.� 10 3  58 0 75 5 1 20 . 1 629  
55  I 75 � 1 H.6 165 3 1  0 75 5 1 25 . 3�02 
60 1 75 � 1 1 2 .6206 99 0 75 5 1 25 . 2 1 0 3  
� 1  0 90 5 1 39.65 1 1  57  1 75 5 1 32 .2206 
�2 0 90 5 1 30.� 165 1 �  1 75 5 1 �8 .967 
59 0 90 5 1 3 3 . 7 155  1 3  1 75 5 1 25 . �66 

1 33 
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HORSE ANGLE GROUP ROI MEAN HORSE ANGLE GROUP ROI ME AN 
(0. 1 mm (0. 1 111111 

Aluminiwn) Alu111iniwn) 
3 7  1 65 2 1 -l9 .9-B9 25 0 60 1 1 36 . 7046 

50 1 65 2 1 3 3 . 5 5 1 6  5 8  0 60 1 1 39 .8577 

55  1 65 2 l -l3 .0605 3 1  0 60 1 1 28 . 5765 
60 I 65 2 1 3 13 965 99  0 60 1 1 -l3 . 7509 

-l 1  0 65 3 1 3 1 .8 1 85 5 7  I 60 1 1 57 . 9822 

-l2 0 65 3 1 1 3 . 38-l3 1 -l  1 60 1 1 59 .690-l 
59 0 65 3 1 1 2 . 3 167 1 3  1 60 I 1 5 1 . 3665 

2 5  0 65 3 1 1 5 3 7  I 60 1 1 66. 7722 

58 0 65 3 122 . 368-l 50 I 60 I 1 53 . 9359  

3 1  0 65 3 109. 7295 55 1 60 I 1 70 . 8363 

99 0 65 3 1 25 . 2883 60 1 60 I 1 -l7 . 295-l 

57 1 65 3 1 62 .0-l98 -l 1  0 60 2 1 29 . 3 3 8 1 

1 -l  I 65 3 1 39.8577 -l2 0 60 2 1 1 -l . 7 79-l 

1 3  1 65 3 1 38.69-l 59 0 60 2 1 28 . 3025 

37 1 65 ' 1 27 .235 1 .1 25 0 60 2 1 1 1 . 8826 

50 1 65 3 1 3-l .-l52 58 0 60 2 1 1 8 . 0783 

55 I 65 3 l-l2 .  70-l6 3 1  0 60 2 1 1 -l 

60 1 65 3 1 2 5 . 3-l03 99 0 60 2 1 3 5 . 88-l2 

-l l  0 65 -l 1 2 2 .2883 5 7  1 60 2 l -l8.6299 

-l2 0 65 -l 1 1 9 .-l52 1 -l  1 60 2 1 5-l .252 7  

59 0 65 -l 1 1 2 . 2 1 3 5  1 3  I 60 2 1 50 . 7 1 1 7 

25 0 65 -l 1 1 3 .8327 3 7  I 60 2 1 52 . -l 1 6-l 

58 0 65 -l 1 26.56-l9 5 0  1 60 2 1 39. 1 95 7  

3 1  0 65 -l 1 1 5 .8577 55 1 60 2 1 62 . -l235 

99 0 65 -l 1 2-l.637 60 I 60 2 1 38 . 5872 

57 I 65 -l l-l3 .-l733 -l l  0 60 ' 1 2-l . 875-l .1 
1-l  I 65 -l l -l3 . 338 1 -l 2  0 60 .., 1 1 0 .8256 .) 
1 3  1 65 -l IH.8327 59 0 60 3 1 2 1 . 5303 

37 I 65 -l 1 1 -l. 1 263 2 5  0 60 3 1 1 5 . 1 922  

50 I 65 -l 1 5 1 3 986 58 0 60 3 1 1 7 . 765 1 

55 1 65 -l 1 53 . 3665 3 1  0 60 3 1 1 1 .0783 

60 1 65 -l 1 2 1 .0772 99 0 60 3 1 27 .-l35 1 

-l l  0 65 5 1 27 .86-l8 57 I 60 3 1 6-l. 7 1 1 7  

-l2 0 65 5 1 29 .29 1 8  1 -l  1 60 .., 1 50 .690-l .1 
59 0 65 5 1 30.6833 1 3  1 60 .., 1 3 7 .932-l .1 
25 0 65 5 1 1 9 .2527 37 1 60 3 1 26.2562 

58 0 65 5 1 27 .28-ll 50 1 60 3 1 38 . 33-l 5  

3 1  0 65 5 1 2 1 . 7-l38 55 1 60 3 1 50 .5338  

99 0 6 5  5 1 36.085-l 60 1 60 .., 1 29.8327 .) 
57 1 6 5  5 1 32 . 86 1 2  -l 1  0 60 -l 1 20. 96-l-l 

1-l  1 6 5  5 1 53 .-l9-l7 -l2 0 60 -l 1 1 7.6797 

1 3  1 6 5  5 1 35 . 5 1 96 59 0 60 -l 1 3 U555 

37 1 6 5  5 1 25 . -l526 25 0 60 -l 107 . -l52 

50 1 65 5 1 -l0. 1 1 3 9  58 0 60 4 1 1 7 .0996 

55 1 65 5 1 3 2 .8 1 1 -l  3 1  0 60 -l 1 1 7 .87 1 9  

60 1 65 5 1 25.6 99 0 60 -l 1 26 .-l03 5 

4 1  0 60 1 1 26 .2 1 5 7  I 60 -l 1 5 1 . 79 

42 0 60 1 1 3 1 . 0-l98 1 -l  1 60 4 1 60 . 3-l52 

59 0 60 1 1 46 .38-l3 1 3  1 60 -l 1 50.4804 

1 35 



HORSE ANGLE GROUP ROI MEAN 
(O. I mm 

Aluminium) 
3 7  I 60 -l I l 7.-l733 
50 I 60 -l I 58.658-l 
55 1 60 -l 1 73 . 1 28 1  

60 1 60 -l 1 30.0-l63 

-l 1  0 60 5 12-l .4982 

-l2 0 60 5 1 30.2-l2 
59 0 60 5 1 38.2 1 35 
25 0 60 5 1 20.5 267 

58 0 60 5 1 2 5 . 1 922 

3 1  0 60 5 1 2 7 . 3 772 

99 0 60 5 1 37 . 5 6 1 -l  
5 7  I 60 5 1 39.007 1 

1-l  I 60 5 1 60.2669 

1 3  I 60 5 1 38.822 1 

37 1 60 5 1 30 .8 1 1 -l 
50 I 60 5 l -l6. 1 922  
55 1 60 5 1 36 .86-l8 

60 1 60 5 1 3 1 . 2562 

1 36 
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HORSE ANGLE GROUP ROI RADIUS (mm) ME AN 
(O. hnm 
A1uminiwn) 

3 1  60 0 2 3 1 1-+ 

3 1  60 0 3 3 1 1 1 .0783 
3 1  60 0 -+ .., 1 1 7 .87 1 9  .) 
3 1  60 0 5 .., 1 2 7. 3772 .) 
3 1  60 0 1 3 . 5  1 28 .7256 
3 1  60 0 2 3 . 5  1 1 5.-1-776 

3 1  60 0 3 3 . 5  1 1 1 . 55 1 5  
3 1  60 0 -+ 3 . 5  1 20.36 1 5  
3 1  60 0 5 3 . 5  1 27.8232 

3 1  90 0 I 2 . 5  1 1 9.968 1 
3 1  90 0 2 2 . 5  1 1 1 .6957 
3 1  90 0 3 2 . 5  1 08. 1 33 3  
3 1  90 0 -+ 2 . 5  1 1 2.2087 
3 1  90 0 5 2 . 5  1 28 .39 1 3  

3 1  90 0 I 3 1 1 5. 52-+8 

3 1  90 0 2 3 1 1 5. 5 2-+8 
3 1  90 0 3 3 1 09.-+588 

3 1  90 0 -+ 3 1 09.-+588 

3 1  90 0 5 3 1 09.-+588 
3 1  90 0 I 3 . 5  1 1 1 . 2 1-+8 
3 1  90 0 2 3 . 5  1 1 1 . 2 1-+8 

3 1  90 0 3 3 . 5  1 1 1 . 2 1-+8 
3 1  90 0 -+ 3 . 5  1 1 1 . 2 1 -+8 

3 1  90 0 5 3 . 5  1 2 1 .8632 
37 60 I I 2 . 5  165 .25  

37 60 I 2 2 . 5  1 50.23-+ 7 
37 60 I 3 2 . 5  1 23 . 1 327  
3 7  60 I -+ 2 5 1 1 5 .8-1-69 

37 60 1 5 2 . 5  1 29. 8725 
37 60 I 1 3 1 66. 7722 
37 60 I 2 3 1 52.-+ 16-+ 
37 60 I .., 3 1 26 .2562 .) 
3 7  60 I -+ 3 1 1 7 -1-733 

37 60 I 5 3 1 30 .8 1 1 -1 
3 7  6 0  1 1 3 . 5  1 69 . 3958 

3 7  60 I 2 3 . 5  1 5-+. 2-+0 I 

3 7  60 I .., 3 . 5  1 28.2-1-8 .) 
3 7  6 0  1 -+ 3 . 5  1 20.2-+8 

3 7  6 0  I 5 3 . 5  1 3 2 .058 
3 7  9 0  I 1 2 . 5  1-+8.  797 1 
3 7  9 0  I 2 2 . 5  1-+  7 .  7 1 59 
3 7  9 0  I 3 2 . 5  1 28.-+087 

3 7  9 0  1 -+ 2 . 5  1 1 3 . 70-1-3 
3 7  9 0  I 5 2 . 5  1 2 1 . 3-+78 
3 7  90 I I .., 1-1-7 .8557 .) 
3 7  9 0  1 2 3 1 -+6. 1 67 
3 7  9 0  I .., 3 1 29 . 7-1-6-+ .) 
3 7  90 1 -+ .., 1 1 -1- .233 .) 
3 7  90 1 5 .., 1 1 4 .233 .) 
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HORSE ANGLE GROUP ROI RADIUS (mm) MEAN 
(0. 1 mm 
Aluminium) 

3 7  90 1 1 3 . 5  1 33 . 5226 
3 7  90 1 2 3 . 5  1 3 3 . 5226 
3 7  90 1 3 3 . 5  1 3 3 . 5226 
37 90 I � 3 . 5  1 3 3 . 5226 
3 7  90 1 5 3 . 5  1 2 1 . 1 729  
� 1  60 0 I 2 . 5  1 25 .6599 
� 1  60 0 2 2 . 5  1 28 . 7 1 5 7  
� I  60 0 3 2 . 5  1 20 . 76 1 �  
� 1  60 0 � 2 . 5  L 1 8 . 228� 

� 1  60 0 5 2 . 5  1 2 2 .959� 
� 1  60 0 1 3 1 26. 2 1  
� 1  60 0 2 � 1 29 .338 1 .) 
� 1  60 0 � � 1 2� . 875� .) -' 
� 1  60 0 � 3 1 20 . 96�� 

� I  60 0 5 3 1 2� .�982 
� 1  60 0 1 3 . 5  1 27 . 0 1 85 
� 1  60 0 2 3 . 5  1 30 .3509 
� 1  60 0 � 3 . 5  1 2 7 .3 1 �  .) 
� 1  60 0 � 3 . 5  1 22 . 7573 
� 1  60 0 5 3 . 5  1 26 .905 
� I  90 0 1 2 . 5  1 28 . 5362 
� 1  90 0 2 2 . 5  1 2� . N2 
� 1  90 0 � 2 . 5  1 26 .6�35 .) 
� I  90 0 � 2 . 5  1 29 . 7507 
� 1  90 0 5 2 . 5  1 �0 .2232 
� 1  90 0 1 3 1 27 .28� 
� 1  90 0 2 � 1 2 2 . 7809 -' 
� 1  90 0 3 � 1 26.6 .) 
� 1  90 0 � 3 1 26.6 
� I  90 0 5 � 1 26 .6 -' 
� I  90 0 1 3 . 5  1 2 3 . 29 1 6  
� I  90 0 2 3 . 5  1 23 .29 1 6  
� �  90 0 � 3 . 5  1 2 3 . 2 9 1 6  .) 
� 1  90 0 � 3 . 5  1 23 .2 9 1 6  
� 1  90 0 5 3 . 5  1 3 9 . 1 1 5 8  
�2 60 0 I 2 . 5  1 29.9239 
�2 60 0 2 2 . 5  1 1 1 . 3 553  
�2 60 0 3 2 . 5  1 08. 1 98 

�2 60 0 � 2 . 5  1 1 6 .208 1 
�2 60 0 5 2 . 5  1 29 .3858 
�2 60 0 I 3 1 3 1 .0�98 
�2 60 0 2 � 1 1 � . 779� .) 
u 60 0 � 3 1 1 0.8256 .) 
�2 60 0 � � 1 1 7 .6797 .) 
�2 60 0 5 � 1 30 .2�2 .) 
�2 60 0 I 3 . 5  1 3 1 . 7 15 
�2 60 0 2 3 . 5  1 1 6 .6�9 1 

u 60 0 � 3 . 5  1 1 2 .084� .) 
�2 60 0 -l 3 . 5  1 1 9. 963 1 
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HORSE ANGLE GROUP ROI RADIUS (mm) MEAN 
(O. l mm 
Alumjnium) 

-1-2 60 0 5 3 . 5  1 3 I . 46 I 7  

-1-2 90 0 I 2 . 5  I 16 .229 
-1-2 90 0 2 2 . 5  1 1 3 .8 I 7-l-
-1-2 90 0 3 2 . 5  1 06. I 072 

-1-2 90 0 -1- 2 . 5  1 0 8 . 3 3 3 3  

-1-2 90 0 5 2 . 5  1 3 1 .0783 

-1-2 90 0 I 3 1 I 6 .29-l-8 
-1-2 90 0 2 3 1 1 3 . 567 

-1-2 90 0 .., .., 1 0-1- .8557 .) .) 
-+2 90 0 -+ 3 10-1- .035 

-1-2 90 0 5 3 10-+ 035 
-+2 90 0 1 3 . 5  1 10 . 78 I 7  
-+2 90 0 2 3 . 5  1 1 0 . 78 1 7  
-+2 90 0 3 3 . 5  1 1 0 .78 1 7  

-+2 90 0 -+ 3 . 5  1 0 1 . 7098 
-+2 90 0 5 3 . 5  1 29.6677 
50 60 I 1 2 . 5  1 53 .8673 

50 60 I 2 2 . 5  1 38.6275 

50 60 I 3 2 . 5  1 3 7 .2857 
50 60 I -+ 2 . 5  1 57 .23-1-7 

50 60 I 5 2 . 5  I -+  7 . 1 -1-8 
50 60 I 1 3 1 53 .9359 
50 60 I 2 3 1 39. 1 95 7  

50 60 I 3 3 1 38 . 3 3-1-5 
50 60 I -+ .., 1 58.658-+ _) 
50 60 I 5 3 1 -1-6 . 1 922 

50 60 I I 3 . 5  1 5-1- .0 1 85 

50 60 I 2 3 5 1 3 9.3377  

50 60 I 3 3 . 5  1 39.-+30 1 

50 60 I -+ 3 . 5  1 6 1 .-+ 38 

50 60 I 5 3 . 5  1 -1-5 . 8628 

50 90 I 1 2 . 5  1 27 . 3 565 
50 90 I 2 2 . 5  1 2 5 . 3 362 

50 90 I 3 2 . 5  1 2 I . 255 I 
50 90 I -+ 2 . 5  1 38.997 1 
50 90 I 5 2 . 5  1 36 . 5565 
50 90 I I 3 1 26 .9072 
50 90 I 2 3 1 2 3 . 3-1--1-3 

50 90 I 3 3 1 20.87-+2 
50 90 I -+ 3 1 38 .3237  
50 90 1 5 3 I 38 .3237  
50 90 I 1 3 . 5  1 26.-1-387 

50 90 1 2 3 . 5  1 2 1 . 3 268 
50 90 1 .., 3 . 5  1 20. 2905 .) 
50 90 1 4 3 . 5  1 37 . 1 77 
50 90 1 5 3 . 5  1 35 . 5688 
55 60 1 I 2 . 5  1 69 .6205 

55 60 1 2 2 . 5  1 62 .9897 
55 60 1 3 2 . 5  1 5 1 . 1 385 

1 4 1  
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HORSE ANGLE GROUP ROI RADIUS (mm) MEAN 
(O. l mm 
Aluminium) 

57 90 1 3 3 1 56..l37 l 
57 90 l 4 3 1 5 1 .8 

57 90 1 5 3 1 5 1 .8 
57 90 1 1 3 . 5  1 52. 1 1 28 

57 90 I 2 3 . 5  1 48 .3955 
57 90 I ., 3 . 5  1 53 .854 1 .) 
57 90 I 4 3 . 5  1 52.6075 
57 90 I 5 3 . 5  1 32 ..l l 65 

58 60 0 I 2 . 5  1 38. 8265 

58 60 0 2 2 . 5  1 1 8. 1 1 73 

58 60 0 3 2 .5  1 1 - L4337  
58  60 0 4 2 . 5  1 1 5. 1 939 

58 60 0 5 2 . 5  1 25 .2653 

58 60 0 I 3 1 39 .8577 

58 60 0 2 ., 1 1 8.0783 .) 
58 60 0 3 ., 1 1 7 .765 1 .) 
58 60 0 4 3 1 1 7.0996 

58 60 0 5 3 1 25 . 1 922 

58 60 0 I 3 . 5  1 39 .6702 

58 60 0 2 3 . 5  1 1 9 .5 1 98 
58 60 0 3 3 . 5  1 1 8 .6385 

58 60 0 4 3 . 5  1 20.6649 

58 60 0 5 3 . 5  1 25 0633 

58 90 0 I 2 . 5  1 2 1 . 284 1 
58 90 0 2 2 . 5  1 1 3 . 8377 

58 90 0 3 2 . 5  1 1 2 . 83 1 9  
58 90 0 4 2 . 5  1 1 5 . 2 348 
58 90 0 5 2 . 5  1 1 8 .426 1  

58 90 0 1 ., 1 20 .70 1 .) 
58 90 0 2 3 1 1 3 . 3 546 

58 90 0 3 ., 1 1 2 . 0825 _, 
58 90 0 4 ., 1 1 2 . 767 _, 
58 90 0 5 3 1 1 2 . 767 

58 90 0 1 3 . 5  1 1 3 . 9398 
58 90 0 2 3 . 5  1 1 3 . 9398 

58 90 0 3 3 . 5  1 1 3 . 9398 

58 90 0 4 3 . 5  1 1 3 . 9398 
58 90 0 5 3 . 5  1 1 7 .9489 

59 60 0 I 2 . 5  1 4 5 . 78 1 7  

59 60 0 2 2 . 5  1 2 5 . 7868 
59 60 0 3 2 . 5  1 1 9. 3 299 
59 60 0 4 2 . 5  1 28 .7005 

5 9  60 0 5 2 . 5  1 3 9 .665 

59 60 0 1 3 1 46 . 3843 

59 60 0 2 ., 1 28 .3025 .) 
59 60 0 3 3 1 2 1 . 5303 

59 60 0 4 ., 1 3 1 .4555 .) 
59 60 0 5 3 1 38 .2 135 

59 60 0 I 3 . 5  1 46.409 
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HORSE ANGLE GROUP ROI RADIUS (mm) MEAN 
(0. 1 mm 
Aluminium) 

59 60 0 2 3 . 5  1 30. 1 2-J. 

59 60 0 3 3 . 5  1 2 1 .992 1 

59 60 0 ..j. 3 . 5  1 32 .3-l-56 
59 60 0 5 3 . 5  1 3 7. 7599 

59 90 0 1 2 . 5  1 3 1 . 2899 
59 90 0 2 2 . 5  1 2-l- . 79-l-2 

59 90 0 3 2 . 5  1 1 -l- . 8377 

59 90 0 ..j. 2 . 5  1 1 7 .83 1 9  

59 90 0 5 2 . 5  1 3-l- . 5652 

59 90 0 I 3 1 2 1 .5057 

59 90 0 2 3 1 2 1 .5057 

59 90 0 3 3 1 2 1 .5057 

59 90 0 ..j. 3 1 2 1 . 5057 

59 90 0 5 3 1 2 1 . 5057 

59 90 0 I 3 . 5  1 20 .2667 

59 90 0 2 3 . 5  1 20 . 2667 

59 90 0 � 3 . 5  1 20 .2667 .) 
59 90 0 ..j. 3 . 5  1 20 .2667 

59 90 0 5 3 . 5  1 32 .8539 
60 60 1 1 2 . 5  1 -l-5 . 7026 
60 60 1 2 2 . 5  1 3 7 . 1 33 3  

60 60 1 � 2 . 5  1 28.923 1 .) 
60 60 I ..j. 2 . 5  1 28 . 7 1 2 8  

60 60 I 5 2 .5  1 3 1 . 3 1 79 
60 60 1 1 3 1 -l-7 . 295-J. 

60 60 1 2 3 1 38.5872 
60 60 I � 3 1 29 .8327 .) 
60 60 I ..j. 3 1 30.0-l-63 

60 60 1 5 3 1 3 1 . 2562 
60 60 I 1 3 . 5  1 -l-7 .5937 

60 60 I 2 3 . 5  1 -l- 1 . 2296 

60 60 I 3 3 . 5  1 30. 1 7 1 5  
60 60 I ..j. 3 . 5  1 32 .  79-l-2 

60 60 I 5 3 . 5  1 3 1 . 1 372 

60 90 I 1 2 . 5  1 32 .0696 

60 90 I 2 2 .5  1 3 1 . 675-J. 
60 90 I 3 2 . 5  1 1 9. 5 30-J. 
60 90 I ..j. 2 . 5  1 23 . 1 1 3 

60 90 I 5 2 .5  1 22 .8957 

60 90 1 1 3 1 3 1 . 9052 
60 90 1 2 3 1 30 .28-l-5 

60 90 1 3 3 1 1 8 .-l-80-J. 

60 90 I ..j. 3 1 2 1 .2536 

60 90 1 5 3 1 2 1 .2536 

60 90 1 1 3 . 5  1 26.0336 
60 90 I 2 3 . 5  1 26.0336 
60 90 1 � 3 . 5  1 26.0336 .) 
60 90 1 ..j. 3 . 5  1 1 9.2-l-96 
60 90 1 5 3 . 5  1 22 .2752 
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HORSE ANGLE GROUP ROI RADIUS (mm) MEAN 
(0. 1mm 
Aluminiwn) 

99 60 0 1 2 . 5  1 -B .291 5  
99 60 0 2 2 . 5  1 3- 1 -.1 457 
99 60 0 3 2 . 5  1 2 ·+.2965 
99 60 0 4 2 . 5  1 22 . 7588 

99 60 0 5 2 . 5  1 37 . 30 1 5  
99 60 0 I .., 1 4 3 . 7509 .) 
99 60 0 2 ., 1 35 .8842 .) 
99 60 0 .., .., 1 27 .435 1 .) .) 
99 60 0 4 .., 1 26 .4035 .) 
99 60 0 5 ., 1 3 7 . 56 1 4  .) 
99 60 0 1 3 . 5  1 44 .4433 
99 60 0 2 3 . 5  1 38 .4855 
99 60 0 3 3 . 5  1 29 .7678 
99 60 0 4 3 . 5  1 27 . 5462 
99 60 0 5 3 . 5  1 37 . 7678 
99 90 0 I 2 . 5  1 25 .4 1 16 
99 90 0 2 2 . 5  1 27 .7275 
99 90 0 3 2 . 5  1 1 7 . 739 1 

99 90 0 4 2 . 5  1 1 6.2493 
99 90 0 5 2 . 5  1 30 0928 
99 90 0 I 3 1 25 .468 
99 90 0 2 3 1 26. 835 1 
99 90 0 3 3 1 1 7 .004 1 

99 90 0 4 3 1 1 4 .6928 
99 90 0 5 3 1 1 4 .6928 
99 90 0 I 3 . 5  1 20. 1 827 
99 90 0 2 3 . 5  1 20 . 1 827  
99  90  0 .., 3 . 5  1 20 . 1 827  .) 
99 90 0 4 3 . 5  1 20 . 1 827  
99 90 0 5 3 . 5  1 28 .2376 
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APPENDIX 2 

1 .  Dorsal data 

Tabulated data prior to statistical analvsis 
Average of mean ROI ROI ROI ROI ROI 
angle group I 2 3 -l 5 
60 0 1 1 2 . 3 29 1 857 93 .6366-l286 89 .33692857 88.8-l59 98.258557 1 -l  

I 1 3 2 .-l8-l 1 1 3 . 586 1 57 1  1 1 0. 3 5995 7 1  109 .25 1 1 -l29 1 1 7 . 828 1 5  7 1  
60 Total 1 22 .-l065929 1 03 .6 1 1 -l  99.  8-l8-l-l286 99.0-l852 1 -l 3  1 08.0-l3 3 5 7 1  
6 5  0 1 22.03 1 97 1 -l  1 02 . 1 353-l29 97. 52-l8857 1  96.60687 1 -l3  1 09 .92 1 7-l29 

I 1 3 1 .-l59-l l -l3 1 1 -l .  7725 1 -l] 1 1 2. 2377-l29 1 1 0 .73 1 7286 1 1 9 . 1 30-l5 7 1  
65 Total 1 26. 7-l56929 1 08 .-l539286 I O-l. 88 1 3 1 -l3 1 03 . 6693 l l-l . 526 1 

70 0 1 22.-l9-l 1 286 108. 0305 1 05 .57-l-l857 I 0 I .  933-l 1 1 3 .9898286 
I 1 32 . 3269 1 25 . -l987286 1 2 1 . 7 163286 1 1 8 .  O-l72 7 1 -l  1 22 . 1 6625 7 1  

7 0  Total 1 27.-l 1 05 1 -l3 1 1 6. 76-l6 1 -l3 1 1 3 .6-l5-l07 1 1 09.99033 5 7  1 1 8 .0780-l29 
75 0 1 20 .8-l-l-l? l -l  I 08. 1 76-l-l29 I 06. 78-l37 1 -l  I O-l.27-l2286 1 1 6 . 3 7-l97 1 -l  

I 1 28 .9287 1 -l] 1 25 . 9305 1-l3 1 23 . 7682 1 20.67865 7 1  1 2 1 . 3 53-l5 7 1  
75 Total 1 2-l .8865929 1 1 7 .053-l786 1 1 5 .2762857 1 1 2 .-l 76-l-l29 1 1 8 .86-l2 1 -l3 

80 0 1 1 7 .-l 1 -l-l-l29 1 09. 1 298857 1 07. 50987 1 -l  1 05 . 797357 1 1 1 5 . 30-l857 1  
1 1 29. 3876286 1 3 1 . 7882 1 -l3 l 26. 7072-l29 1 20 . 708 1 1 2 1 . 3 1 8 1  

80 Total 1 23 . -l0 l0357 1 20 .-l5905 1 1 7 . 108557 1 1 1 3 . 2 527286 1 1 8 . 3 1 1 -l 786 
85 0 1 2 3 . 9363857 1 1 7.8306-l29 1 1 5 . 2 1 -l l -l29 1 1 3 .078957 1  1 2 3  . 209-l286 

I 1 35 .-l77 1 5 7 1  l -l l . 8922 1 -l 3  1 3-l.603557 1 1 28 .86-l8 1 -l3 1 28 . 1 896857 

85 Total 1 29. 70677 1 -l  1 29 .86 1 -l286 l 2-l . 90885 1 20 .97 1 8857 1 25 .69955 7 1  
90 0 1 2-l . 3 95-l857 1 1 9.9293 7 1 -l  1 1 6 . 7 768 1 1 5 .8229 1 -l3 1 26.6 1 3 7 1 -l3 

I 1 35 . 8639 1 -l3 1 -l-l.09537 1 -l  1 35 . 3 37757 1 1 3 1 .0 1 99-l29 1 30.-l55957 1 
90 Total 1 30. 1 297 1 3 2 . l ) ] 23 7 1 -l 1 26 .0572786 1 2 3 . -l2 1 -l286 1 28. 53-l8357 
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1 . 1  Main effect of angle 

Pairwise comparisons comparing ti1e main effect of angle when ROI's are in a dorsal position. 

Dependent Variable· MEAN 
Angle (I ) Angle (J) Mean difference ( l -J )  Standard error 

60 65 -5 .06-l* 
70 - 1 0 . 586* 
75 - 1 1 . 1 20* 
80 - 1 1 . 9 1 5 *  
85 - 1 9 .638* 
90 -2 1 .-l39* 

65 60 5 .06-l* 
70 -5 .523*  
75 -6 .056* 
80 -6 . 85 1 *  
85 - l -l . 5 7-l* 
90 - 1 6 . 376* 

70 60 1 0. 586* 
65 5 . 52 3 *  
75 -5 .3-lb 

80 - 1 . 3 29l' 
85 -9 052* 
90 - 1 0 . 853*  

75  60 1 1 . 1 20* 
65 6 .056* 
70 0 .53-l ' 
80 -0. 795l' 
85 -8. 5 1 8* 
90 - 1 0 .320* 

80 60 1 1 . 1 95* 
65 6 . 85 1 *  
70 1 . 329" 

75 0. 795b 

85 -7 .723* 
90 -9 .525* 

85 60 1 9 .638* 
65 1 -l . 57-l* 
70 9 052* 
75 8 . 5 1 8* 
80 7 .723*  
90 - 1 . 80 1" 

90 60 2 1.-l 3 9* 
65 1 6. 3 76* 
70 10 .853*  
75  1 0 .3 20* 
80 9 . 525* 
85 1 .80 1° 

Based on estimated marginal means 
* The mean difference is significant at ti1e 0 .5  JeyeJ 
a. Adjustment for multiple comparisons: Bonferroni 
b. An estimate of the modified population marginal mean ( I )  
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1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 .267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 . 267 
1 .267 
1 . 267 
1 . 267 
1 . 267 
1 .267 
1 .267 
1 . 267 

Significance" 
0.002 

<0.00 1 
<0.00 1 
<0 00 1 
<0.00 1 
<0.00 1 
0.002 

<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 

1 .000 
1 .000 

<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 

1 .000 
I 000 

<0.00 1 
<0 00 1 
<0.00 1 
<0.00 1 

1 .000 
1 .000 

<0.00 1 
<0.00 1 
<0.00 1 
<0 .00 1 
<0.00 1 
<0.00 1 
<0.00 1 

1 .000 
<0.00 1 
<0 00 1 
<0.00 1 
<0.00 1 
<0 00 1 
1 .000 



l . l . l Angle at one level of ROI 

Painvise comparisons to compare angle means at each level of ROI when 
ROI's are in a dorsal position. 

Dependent Variable MEAN 
ROI ( I )  ( J ) ANGLE Mean Difference Std. Error t Yalue 

ANGLE (1-J)  
I 60 65 --U3 9  2 .834 - 1 . 53 1 

70 -5.004 2 .834 - 1 . 766 
75 -2.480 2 .834 -0 .875 
80 -0. 994 2 .834 -0 .35 1 

85 -7.300 2 .834 -2 . 576 
90 -7.723 2 . 83 4  -2 . 726 

65 60 4 .339  2 .834  1 . 53 1 
70 -0.665 2 . 83 4  -0 .235 
75 1 .859 2 .834  0 .656 
80 3 . 345 2 .834  1 . 1 8 1  
85 -2 . 96 1 2 .834 - 1 .045 
90 -3 . 3 84 2 .834  - 1 . 1 94 

70 60 5 . 004 2 . 83 4  1 . 766 
65 0.665 2 .834  0 .235  
75 2 .252 2 .834 0 . 795 
80 4 .0 1 0  2 .834  1 .4 1 5  
85 -2.296 2 .834  -0.8 1 0  
90 -2 . 7 1 9  2 . 834  -0.960 

75 60 2 .480 2 .834 0 .875 
65 - 1 .859 2 . 834  -0.656 
70 -2 . 252 2 .834 -0.795 
80 1 .486 2 . 834  0.524 
85 -4.820 2 . 834  - I . 70 I 
90 -5 .243 2 .834  - 1 .850 

80 60 0.994 2 .834  0 .35 1 
65 -3 . 334  2 .834  - 1 . 1 77 
70 -4 .0 10 2 .834 - 1 .4 1 5  
75 - 1 .486 2 . 834  -0. 524 

85 -6. 3 06 2 . 834  -2 . 225 
90 -6. 729 2 . 83 4  -2 .375  

85 60 7. 300 2 .834 2 . 576 
65 2 .96 1  2 . 834  1 .045 
70 2 .296 2 . 834  0.8 1 0  
7 5  - 1 .486 2 . 834  -0. 524 
80 6 .306 2 . 83 4  2 .225 
90 -0.423 2 .834 -0. 1 49 

90 60 7 . 723 2 . 834  2. 726 
65 3 . 384 2 . 834  1 . 1 94 

70 2 . 7 1 9  2 . 83 4  0.960 
75 5 . 243 2 .834 1 . 850 
80 6. 729 2 .834 2 . 375 
8 5  0 .423 2 . 834  0. 1 4 9  

2 60 65 -4 .843 2 .834 - 1 . 709 
70 - 1 3 . 1 54 2 .834  -4 .642 

1 48 

Degrees of Significance• 
freedom 

408 0 .334  
408 1 .000 
408 1 .000 
408 1 .000 

-W8 0 .2 1 7  
408 0. 1 4 1  
408 1 .000 
408 1 .000 
408 1 .000 

408 1 .000 
408 1 .000 
408 1 .000 
408 1 .000 
408 1 .000 
408 1 .000 
408 1 .000 
408 1 .000 
408 1 .000 

408 1 .000 
408 1 . 000 
408 1 .000 
408 1 .000 
408 1 .000 

408 1 . 000 
408 1 .000 
408 1 .000 
408 1 .000 
408 1 . 000 
408 0 .558 
408 0 . 378 
408 0 . 2 1 7  
408 1 .000 
408 1 .000 

408 I 000 
408 0 . 5 58 
408 1 .000 
408 0 . 1 4 1  
408 1 .000 

408 1 .000 
408 1 .000 
408 0 .378  
408 1 .000 
408 1 .000 
408 <0.00 1 



75 - 1 3 .442 2 .834 -4. 744 408 <0 . 00 1 
80 - 1 6. 848 2 .834 -5 .946 408 <0 .00 1 
85 -26.250 2 .83� -9.26� �08 <0.00 1 

90 -28.40 I 2 . 83� - 1 0.023 408 <0.00 1 

65 60 4 .484 2 . 834 1 . 582 408 1 .000 
70 -8 . 3 1 1  2 .83� -2 .933  408 0 .07 
75 -8.599 2 .83� -3 .035 �08 0 .054 
80 - 1 2 . 005 2 .83� -�. 2 3 7  �08 0 .00 1 

85 -2 1 .�07 2 .83� -7 . 555  �08 <0 .00 1  
90 -23 . 5 58 2 .83� -8 . 3 1 �  �08 <0 .00 1 

70 60 1 3 . 1 5� 2 .834 � .6�2 �08 <0 .00 1 
65 8 .3 1 1  2 .83� 2 .933  �08 O.ON 
75 -0.288 2 .83� -0. 102 �08 1 .000 

80 -3 .69� 2 .83� - 1 . 304 �08 1 .000 
85 - 1 3 .096 2 .83� -� .622 �08 <0.00 1 
90 - 1 5 .n7 2 .83� -5 . 3 8 1  �08 <0.00 1 

75 60 1 3 .H2 2 .83� � .7H �08 <0.00 1 

65 8 . 559 2 . 83� 3 .02 1 �08 0 .056 

70 0 . 228 2 .83� 0.080 �08 1 .000 
80 -3 �06 2 .83� - 1 .202 �08 1 .000 

85 - 1 2. 808 2 .83� -�. 5 20 �08 <0 00 1 
90 - 1 �. 959 2 .83� -5 .279 �08 <0.00 1 

80 60 1 6. 848 2 .83� 5 . 9�6 �08 <0 00 1 

65 1 2 .005 2 .83� � .237  �08 0 .00 1 
70 3 . 69� 2 .83� 1 . 3 0� �08 1 .000 
75 3 . �06 2 .83� 1 . 202 �08 1 .000 
85 -9.�02 2 .83� -3 .3 1 8  �08 0.02 1 

90 - 1 1 . 553 2 .83� -� 077 �08 0 .00 1 

85 60 2 .625 2 .83� 0. 926 �08 1 .000 
65 2 1�07 2 .83� 7 .555 �08 <0.00 1 
70 1 3 .096 2 .83� �.622 �08 <0.00 1 
75 1 2 .808 2 . 83� � . 520 �08 <0.00 1 

80 9 .�02 2 .83� 3 . 3 1 8  �08 0.02 1 
90 -2 . 1 5 1  2 .83� -0. 759 �08 1 .000 

90 60 28 �0 1 2 .83� 1 0 . 023 �08 <0.00 1 
65 23 .558  2 .83� 8 . 3 1�  �08 <0.00 1 
70 1 5 .2�7  2 .83�  5 . 3 8 1  �08 <0.00 1 

75 1 � .959 2 . 83� 5 .279 �08 <0.00 1 
80 1 1 . 5 5 3  2 . 83� �.077 �08 0 .00 1 
85 2 . 1 5 1  2 .83� 0 . 759 �08 1 .000 

.., 60 65 -5 .033  2 .83� - 1 . 776 �08 1 .000 .) 
70 - 1 3 . 797 2 .83� -� .869 �08 <0.00 1 

75 - 1 5A28 2 .83� -5 .��5 �08 <0.00 1 
80 - 1 7 .26 1 2 .83� -6.092 �08 <0.00 1 
85 -25 061 2 .83� -8.8�� �08 <0.00 1 
90 -26.209 2 .83� -9.250 �08 <0.00 1 

65 60 5 .033  2 .834 1 . 776 408 1000 

70 -8.76� 2 .83� -3 .093 �08 O.OH 
75 - 10 . 3 95 2 .83� -3 .669 �08 0.006 
80 - 1 2 .228 2 .83� -�. 3 1 5  �08 <0.00 1 
85 -20.028 2 .834 -7.068 �08 <0.00 1 

90 -2 1 . 1 76 2 . 83�  -7A73 �08 <0 .00 1 
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85 -8.496 2 . 8 3 4  -2 .998 408 0 .060 
90 - 1 0 . 945 2 . 83 4  -3 . 863 -W8 0 .003 

80 60 1 -UO-l 2 . 8 3 -l  5 .0 1 3  408 <0.00 1 
65 9. 58-l 2 .834  3 . 382 408 0 .0 1 7  
70 3 . 263 2 .834  1 . 1 5 2  408 1 .000 
75 0 . 777 2 . 834  0 .27-l 408 1 .000 
85 -7 . 7 1 9  2 .83-l -2. 724 -l08 0 . 1 4 1  
90 - 1 0. 1 68 2 . 83-l  -3 .588 -l08 0 .008 

85  60 2 1 .923 2 . 83-l 7 . 7 3 7  -l08 <0.00 1 
65 1 7 . 303 2 . 83-l  6 . 107  -l08 <0.00 1 
70 1 0.982 2 . 83-l  3 .876 -l08 0 .003 
75 8 .-l96 2 . 83-l  2 . 998 -l08 0 .060 
80 7 . 7 1 9  2 . 83-l 2 .  72-l -l08 0 . 1 -l 1 
90 -2.-l-l9 2 . 83-l  -0. 86-l -l08 1 .000 

90 60 2-l .3  72 2 . 83-l  8 .60 1  -l08 <0 .00 1 
65 1 9 . 752 2 . 83-l  6 .97 1 -l08 <0 .00 1  
70 1 3 .-l3 1 2 . 83-l -l .  7-lO -l08 <0.00 1 
75 1 0. 9-l5 2 . 83-l 3 . 863 -l08 0 .003 
80 10. 1 68 2 . 83-l 3 . 588 -l08 0 .008 
85 2 .-l-l9 2 .83-l 0 . 86-l -l08 1 .000 

5 60 65 -6. -l83 2 .83-l -2. 288 -l08 O.-l76 
70 - 1 0.035 2 .83-l -3 . 5-l2 -l08 0 .009 
75  - 1 0.82 1  2 .83-l -3 . 8 1 9  -l08 0 .003 
80 - 1 0.268 2 .83-l -3 .62-l -l08 0.007 
85 - 1 7 .668 2 .83-l -6. 2 3 5  -l08 <0.00 1 
90 -20.-l92 2 .83-l -7 .232 -l08 <0 .00 1 

65 60 6 .-l83 2 .83-l 2 .288 -l08 O .-l76 
70 -3 . 552 2 .83-l - 1 . 25-l -l08 I 000 
7 5  --l . 3 3 8  2 .83-l - 1 .53 1 -l08 1 .000 
80 -3 . 785 2 . 83-l  - 1 . 3 3 6  -l08 I 000 
8 5  - 1 1 . 1 8-l 2 . 83-l  -3 .9-l 7  -l08 0 .002 
90 - 1 -l .009 2 .83-l --l.9H -l08 <0.00 1 

70 60 1 0.03 5  2 . 83-l 3 . 5-ll -l08 0 .009 
65 3 . 552 2 . 83-l 1 . 25-l -l08 1 .000 
75 -0 . 786 2 . 83-l -0.277  -l08 I 000 
80 -0.233  2 . 83-l  -0 .082 -l08 1 .000 
85 -7.622 2 . 83-l -2 .690 -l08 0 . 1 56 
90 - I O.-l57 2 . 83-l  -3 .690 -l08 0 .005 

75 60 1 0. 82 1 2 . 83-l  . 3 .8 1 9  -l08 0 .003 
65 -l . 338  2 .83-l 1 . 5 3 1 -l08 1 .000 
70 0.786 2 .83-l 0 . 2 77 -l08 1 .000 
80 0.553 2 .83-l  0 . 1 95 -l08 1 .000 
85 -6. 8-l7 2 .83-l -2 . -l 16 -l08 0 . 3 3 8  
90 -9.67 1 2 .83-l -3 . -l l 3  -l08 0 . 0 1 5  

80 60 1 0.268 2 .83-l  3 . 624 -l08 0.007 
65 3 . 785 2 .83-l 1 . 3 36 -l08 1 .000 
70 0 .233  2 .83-l 0 .082 -l08 1 .000 
75 0 .553 2 .83-l 0 . 1 95 -l08 1 .000 
85 -7.369 2 .83-l  -2 .601  -l08 0 .202 
90 - 10 .20-l 2 .83-l  -3 .60 1  -l08 0 .007  

85  60 1 7 .668 2 . 83-l 6 . 235 -l08 <0.00 1 

65 1 1 . 1 8-l 2 .834  3 .947 -l08 0 .002 

1 5 1  



70 7.622 2 .834 2 .690 408 0 . 1 56 
7 5  6.8-l7 2 .83-l 2 .4 1 6  -l08 0 .338  
80 7 . 369 2 . 834  2 .60 1 -l08 0.202 

90 -2 . 8 3 5  2 .83-l - 1 .00 1  408 1 .000 
90 60 20.492 2 .83-l 7 .232  -l08 <0.00 1 

65 l -l .009 2 .83-l -l .  9-l-l -l08 <0.00 1 
70 1 0.-l57 2 .83-l 3 . 690 -l08 0.005 
75 9.67 1 2 .83-l 3 .-l l 3  -l08 0.0 1 5  

80 1 0.20-l 2 .83-l 3 .60 1 -l08 0 .007 
85 2 .835 2 .83-l 1 .00 1 -l08 1 .000 

Based on estimated margmal means 

a. Adjustment for multiple comparisons: Bonferroni 
b. An estimate of the modified population marginal mean ( I )  

1 5 2  



1 . 1 . 2  Angle at one leYel of group 

Pairwise comparisons to compare angle 'vhile holding group (non-exercise) constant. 

Dependent Variable· MEAN 
Angle(!) Angle(J )  Mean Difference ( 1-J) Std. Error t Yalue Degrees of Significance" 

freedom 
60 G5 -9. 1 63 1 . 780 -9 . 1 63 -l08 <0.00 1 

70 - 1 3 . 923 1 . 780 - 1 3 . 923 -l08 <0.00 1 

75 - l -l. 8 1 0  1 . 780 - 1 -l . 8 1  -l08 <0 .00 1 

80 - l -l . 550 1 . 780 - 1 -l . 55 -l08 <0.00 1 

85 -22 . 1 73 1 . 780 -22. 1 73 -l08 <0.00 1 

90 -2-l.227 1 . 780 -2-l. 227 -l08 <0 .00 1 

65 60 9. 1 63 1 . 780 9 . 1 63 -l08 <0 .00 1 

70 --l . 760 1 . 780 --l. 76 -l08 0. 1 6-l 

75 -5 .6-l7 1 . 780 -5.6-l7 -l08 0 .03-l 

80 -5 .387 1 . 780 -5 . 3 87 -l08 0 .055 

85 - 1 3 . 0 1 0  1 . 780 - 1 3 . 0 1  -l08 <0.00 1 

90 - 1 5 .06-l 1 . 780 - 1 5 .06-l -l08 <0.00 1 

70 60 1 3 . 92 3  1 . 780 1 3 . 923 -l08 <0.00 1 

65 -l .  760 1 . 780 -l .  76 -l08 0 16-l 
75 -0.887 1 . 780 -0 . 887 -l08 1 .000 

80 -0.627 1 . 780 -0 .627 -l08 1 .000 

85 -8.250 1 . 780 -8. 2 5  -l08 <0 .00 1 

90 - 1 0 . 30-l 1 . 780 - 1 0 . 30-l -l08 <0 .00 1 

75 60 1 -l . 8 1 0  1 . 780 l -l . 8 1  -l08 <0 .00 1 

65 5 . 6-l? 1 .780 5.6-l7 -l08 ll03-l 

70 0 .887 1 . 780 0 .887 -l08 1 .000 

80 0 . 260 1 . 780 0 .26 -l08 1 .000 

85 -7 .363 1 . 780 -7. 363 -l08 0 . 00 1 

90 -9.-l 1 7  1 . 780 -9 . -l l 7  -l08 <0 .00 1 

80 60 1 -l.550 1 . 780 1 -l.55  -l08 <0 . 00 1  

65 5 . 387 1 . 780 5 .387  -l08 0 .055 

70 0 .627  1 . 780 0.627 -l08 1 .000 
75 -0.260 1 . 780 -0.26 -l08 1 .000 

85 -7.623 1 . 780 -7.623 -l08 <0.00 1 

90 -9.677 1 . 780 -9 .677 -l08 <0 .00 1 

85 60 22 . 1 73 1 . 780 22 . 1 73 -l08 <0.00 1 

65 1 3 .0 1 0  1 . 780 1 3 .0 1 -l08 <0.00 1 

70 8 .250 1 . 780 8 . 2 5  -l08 <0 .00 1 

75 7 . 363 1 . 780 7 . 363 -l08 0.00 1 

80 7.623 1 . 780 7 .623 -l08 <0 .00 1 

90 -2.05-l 1 . 780 -2.05-l -l08 1 .000 

90 60 2-l.227 1 . 780 2-l.227 -l08 <0.00 1 

65 1 5 .06-l 1 . 780 1 5 .06-l -l08 <0 .00 1 

70 1 0 . 30-l 1 . 780 1 0 .30-l -l08 <0.00 1 

75 9.-l 1 7  1 . 780 9 .-l 1 7  -l08 <0.00 1 

80 9.677 1 . 780 9 .677 -l08 <0.00 1 

85 2 .05-l 1 . 780 2 .05-l -l08 1 .000 

Based on estimated margmal means 
a. Adjustment for multiple comparisons: Bonferroni 
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Painvise comparisons to compare angle while holding group (exercise) constant 

Dependent Variable· MEAN 
Angle(I )  Angle(J) Mean Difference( I-J) Std. Error t value Degrees of Significance• 

freedom 
60 65 0.96-l 1 . 780 0. 96-l 408 1 .000 

70 -7. 2-l9 1 . 780 -7.2-l9 -l08 0.00 1 
75 -7.-l30 1 . 780 -7.-l30 -l08 0 .00 1 
80 -9.280 1 . 780 -9.280 408 <0.00 1 
85 - 1 7 . 1 03 1 . 780 - 1 7 . 1 03 -l08 <0.00 1 
90 - 1 8.653 1 . 780 - 1 8.653 -l08 <0.00 1 

65 60 -0. 96-l 1 . 780 -0. 96-l -l08 1 .000 
70 -6.285 1 . 780 -6 . 285 -l08 0.0 1 0  
75 -6.-l66 1 . 780 -6 .-l66 -l08 0 .007 
80 -8. 3 1 6  1 . 780 -8.3 1 6  -l08 <0 .00 1 

85 - 1 6 . 1 39 1 . 780 - 1 6. 1 39 -l08 <0 .00 1 
90 - 1 7 .689 1 . 780 - 1 7 .689 -l08 <0.00 1 

70 60 7.2-l9 1 . 780 7.2-l9 -l08 0 .00 1 
65 6.285 1 . 780 6 .285 -l08 0 .0 1 0  
75 -0 . 1 8 1  1 . 780 -0. 1 8 1  -l08 1 000 

80 -2.03 1 1 . 780 -2.03 1 -l08 1 000 
85 -9.85-l 1 . 780 -9.85-l -l08 <0.00 1 
90 - 1  UO-l 1 . 780 - 1 1 .  -lO-l -l08 <0.00 1 

75 60 7.-l30 1 . 780 7 .-l30 -l08 0 .00 1 
65 6 .-l66 1 . 780 6.-l66 -l08 0 .007  

70 0 . 1 8 1  1 . 780 0. 1 8 1  -l08 1 .000 
80 - 1 . 850 1 . 780 - 1 . 850 -l08 1 .000 
85 -9.673 1 . 780 -9 .673 -l08 <0 .00 1 
90 - 1 1 .223 1 . 780 - 1 1 . 223 -l08 <0.00 1 

80 60 9 .280 1 . 780 9 .280 -l08 <0.00 1 
65 8 . 3 1 6  1 . 780 8 . 3 1 6  -l08 <0 .00 1 
70 2 .03 1 1 . 780 2 .03 1 -l08 1 .000 
75 1 . 850 1 . 780 1 . 850 -l08 1 .000 
85 -7.823 1 . 780 -7.823 408 <0 .00 1  

90 -9 . 3 73 1 . 780 -9. 3 7 3  408 <0 .00 1 
85 60 1 7 . 103  1 . 780 1 7 . 1 03 408 <0.00 1 

65 1 6. 1 39 1 . 780 1 6 . 1 3 9  408 <0.00 1 
70 9.85-l 1 . 780 9 . 85-l 408 <0.00 1  
75 9 .673 1 . 780 9 .673 -l08 <0.00 1 

80 7 . 823  1 . 780 7 . 823  -l08 <0.00 1 
90 - 1 . 550 1 . 780 - 1 . 550  408 1 .000 

90 60 1 8.653 1 . 780 1 8 .653 408 <0.00 1 
65 1 7.689 1 . 780 1 7 .689 408 <0.00 1 
70 1 UO-l 1 .780 1 1 . -lO-l 408 <0 .00 1 
75 1 1 .223 1 . 780 1 1 .223  -l08 <0.00 1 
80 9 . 3 7 3  1 . 780 9 . 3 73 -l08 <0.00 1 
85 1 . 550 1 . 780 1 . 550  408 1 .000 

Based on estimated margmal means2 
Adjustment for multiple comparisons: Bonferroni 
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1.2 Main effect of ROI 

Pairwise comparison to compare the main effect of ROI when ROI's are in a dorsal position. 

Dependent variable : MEAN 
ROI ( I )  ROI (J) Mean Std Error 

difference 
I 2 8 .037* 1 .07 1 

3 1 1 .852* 1 .07 1 
-l 1 -t- .22 1 *  1 .07 1 
5 7 . 5 1 8* 1 .07 1 

2 1 -8.067* 1 .07 1 
.., 3 .  78-l* 1 .07 1 .) 
-l 6 .-t-8-l* 1 .07 1 
5 -0. 549° 1 .07 1 

3 I - 1 1 . 852* 1 .07 1 
2 -3 .  78-l* 1 .07 1 
-l 2 .699[) 1 .07 1 
5 --t-. 3 3 3 *  1 .07 1 

-l 1 - l -t- . 5 5 1 *  1 .07 1 
2 -6.-t-8-l* 1 .07 1 
3 -2 .699° 1 .07 1 
5 -7.032* 1 .07 1 

5 I -7 . 5 1 8* 1 .07 1 
2 0. 5-l9b 1 .07 1 .., -t- . 3 3 3 *  1 .07 1 .) 
-l 7 . ()32* 1 .07 1 

Based on estimated margmal means 
* ·  The mean difference is significant at the 0.5 Je,·el 
a. Adjustment for multiple comparisons :  Bonferroni 

Significancea 

<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 
0 .005 

<0.00 1 
1 .000 

<0 00 1 
0 .005 
0 . 1 2 1  
0 .00 1 

<0.00 1 
<0.00 1 
0. 1 2 1  

<0.00 1 
<0.00 1 

1 .000 
0 00 1  

<0.00 1 

b. An estimate of the modified population margina1 mean ( I )  
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1 . 2. 1 ROI at one level of group 

Painvise comparisons comparing ROI holding group (non-exercise) constant when ROI's are in a dorsal 
position. 

Dependent Variable · J\1EAN 
ROI ( I )  ROI (J)  mean difference Std error T yalue Degrees of Significance" 

( 1 -J )  freedom 
I 2 1 2 . 092 1 . 5 1 5  7.  98-+ -+08 <0.00 1 

.., 1 -+.973 1 . 5 1 5  9 .886 -+08 <0.00 1 .) 
-+ 1 6 . 7-+0 1 . 5 1 5  1 1 .053 -+08 <0.00 1 
5 5 .687 1 . 5 1 5  3 . 755  -+08 0.002 

2 l - 1 2 .092 1 . 5 1 5  7 .  98-+ -+08 <0.00 1 
3 2 .880 1 . 5 1 5  1 . 902 -+08 0 .579 
-+ -+.6-+8 1 . 5 1 5  3 .069 408 0.023 
5 -6.-+05 1 . 5 1 5  --+ .229 -+08 <0.00 1 

3 1 - 1 -+ .973 1 . 5 1 5  9 .886 -+08 <0.00 1 
2 -2.880 1 . 5 1 5 1 . 902 -+08 0.579 
-+ 1 . 768 1 . 5 1 5  1 . 1 67 -+08 I 000 
5 -9.286 1 . 5 1 5  -6. 1 3 1  -+08 <0.00 1 

-+ 1 - 1 6. 7-+0 1 . 5 1 5  1 1 .053 -+08 <0.00 1 

2 --+ .6-+8 1 . 5 1 5  3 .069 -+08 0.023  
3 - 1 . 768 1 . 5 1 5  1 . 1 67 -+08 1 . 000 
5 - 1 1 .053 1 . 5 1 5  -7.298 -+08 <0.00 1 

5 1 -5.687 1 . 5 1 5  3 .  755 -+08 0 002 
2 6.-+05 1 . 5 1 5  --+ . 229 -+08 <0.00 1 

3 9.286 1 . 5 1 5  -6. 1 3 1  -+08 <0.00 1 
-+ 1 1 .053 1 . 5 1 5  -7.298 -+08 <0.00 1 

Based on estimated margmal means 
a.  Adjustment for multiple comparisons: Bonferroni 
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Painvise comparison comparing ROI holding group (exercise) constant when ROI 's are in a dorsal 
position. 

Dependent Variable · MEAN 
ROl ( 1 )  ROI (J) Mean Difference Std error T value Degrees of Significancea 

( l -J) freedom 
1 2 -l .055 1 . 5 1 5  2 .678 -l08 0.077 

3 8. 750 1 . 5 1 5  5 . 777 -l08 <0.00 1 

-l 1 2 . 3 86 1 . 5 1 5  8 . 1 78 -l08 <0 .00 1 

5 9 . 3 75 1 . 5 1 5  6 . 1 90 -l08 <0.00 1 

2 I --l .055 1 . 5 1 5  2 .678 -l08 0.077 

3 -l .69-l 1 . 5 1 5  3 .099 -l08 0.02 I 

-l 8 .3-lO 1 . 5 1 5  5 . 507 -l08 <0.00 1 

5 5 . 307 1 . 5 1 5  3 .50-l -l08 0.005 

3 I 8 .750 1 . 5 1 5  5 . 777  -l08 <0.00 1 

2 --l.69-l 1 . 5 1 5  3 .099 -l08 0 .02 1 

-l 3 .636 1 . 5 1 5  2 .-lO I -l08 0 . 1 68 

5 0 .6 I -l  1 . 5 1 5  O .-l05 -l08 1 .000 

-l I - 1 2 . 3 86 1 . 5 1 5  8 . 1 78 -l08 <O.OO I 

2 -8. 3 -lO 1 . 5 1 5  5 . 507 -l08 <0 .00 1 
.., -3 .636 1 . 5 1 5  2 . -lO I -l08 0 . 1 68 .) 
5 -3 .023 1 . 5 1 5  - I .  996 -l08 O . -l66 

5 I -9 . 3 75 I . 5 1 5  6 . 1 90 -l08 <0.00 1 

2 -5 .307 1 . 5 1 5  3 . 50-l -l08 0 .005 
.., -0.6 1 -l  1 . 5 1 5  lU05 -l08 1 . 000 ·' 
-l 3 .023 1 . 5 1 5  - I .  996 -l08 O.-l66 

Based on estimated margma1 means 
a. Adjustment for multiple comparisons :  Bonferroni 
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1 . 2 .2 ROI at one leyel of angle 

Pairwise comparisons to compare ROI means while holding angle constant when ROI's are in a dorsal 
position. 

Dependent Yariable·MEANS 
ANGLE ( I )  ROI (J )  ROI Mean Difference Std. Error T yalue Degrees of Significance" 

( I  -J) freedom 
60 I 2 1 8 .796 2. 83-l 6.633 408 <0.00 1 

.., 22 .559 2 . 83-l 7 .96 1 -l08 <0 .00 1 .) 
-l 23 .258 2 .83-l 8 .208 -l08 <0.00 1 

5 1 -l . 36-l 2 .83-l 5 .069 -l08 <0.00 1 

2 I - 1 8 . 796 2 . 83-l -6 .633 -l08 <0.00 1 

3 3 . 763 2. 83-l 1 . 328 -l08 1 .000 

-l -l . 562 2 . 83-l 1 .6 10 -l08 1 .000 

5 --l.-l32 2 . 83-l - 1 . 56-l -l08 1 .000 
.., 1 -22.559 2.  83-l -7.96 1 -l08 <0 .00 1 -' 

2 -3 . 763 2 .  83-l - 1 . 328 -l08 1 .000 
-l 0 .799 2 .  83-l 0 .282 -l08 1 .000 

5 -8. 1 95 2 . 83-l -2.892 -l08 0 .0-lO 

-l 1 -23 .258 2 . 83-l -8.208 -l08 <0.00 1 

2 --l. 562 2 . 83-l - 1 .6 1 0  -l08 1 .000 

3 -0. 799 2 . 83-l -0.282 -l08 1 000 
5 -8. 99-l 2 .83-l -3 . 1 7-l -l08 0.0 1 6  

5 I - 1 -l. 36-l 2 .83-l -5.069 -l08 <0.00 1 

2 -l .-l32 2 .83-l 1 . 56-l -l08 1 .000 
.., 8. 1 95 2 .83-l 2 . 892 -l08 0 .0-lO ·' 

-l 8. 99-l 2.83-l 3 . 1 7-l -l08 0 .0 1 6  

65 I 2 1 8.292 2 .83-l 6 .-l56 -l08 <0 00 1 
.., 2 1 . 865 2 .83-l 7 .7 1 7  -l08 <0 .00 1 -' 
-l 23 .077 2 .83-l  8. 1 -l-l  -l08 <0. 00 1 

5 1 2 . 220 2 .83-l -l . 3 1 3  -l08 <0 00 1 

2 1 - 1 8.292 2 .83-l -6.-l56 -l08 <0.00 1 

3 3 .573 2.83-l 1 . 26 1 -l08 1 .000 

-l -l .  785 2 .83-l  1 .689 -l08 0 .920 
5 -6 .072 2 .83-l -2. 1 -l3 -l08 0 . 3 27 

3 I -2 1 .865 2 .83-l -7. 7 1 7  -l08 <0. 00 1 

2 -3 .573 2 .83-l  - 1 .26 1 -l08 1 .000 

-l 1 . 2 1 2 2 .83-l O.-l28 -l08 1 .000 

5 -9.6-l5 2.83-l -3 .-lO-l -l08 0.007 

-l I -23 .077 2.83-l -8. 1 -l-l  -l08 <0 .00 1 

2 --l . 785 2 .83-l - 1 .689 408 0 . 920 

3 - 1 .2 1 2  2 .83-l -O.-l28 -l08 1 .000 

5 - 1 0.857 2.83-l -3 .832 -l08 0 .00 1 

5 I - 1 2 .220 2.834 --l. 3 1 3  -l08 <0.00 1 

2 6 .072 2 .83-l 2 . 1 -l3 -l08 0 . 3 27 

3 -0.6-l5 2 .83-l -0.228 -l08 1 .000 

-l 1 0.857 2.83-l 3 .832  408 0.00 1 

70 I 2 1 0.646 2 . 83-l  3 . 757 -l08 0 .002 

3 1 3 . 766 2 .83-l -l .858 -l08 <0.00 1 

-l 1 7. 5 1 1  2 .83-l 6. 1 80 -l08 <0.00 1 

5 9 . 3 3 3  2 .834 3 .29-l -l08 0 .0 1 1 
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5 1 -5 .090 2 . 834  - 1 . 796 408 0 .732  

2 -2 . 145 2.834 -0.757 408 1 .000 
., 1 .202 2 .83-l 0 .-t2-t 408 1 .000 .) 
-t 5 .058 2 . 834  1 . 785 408 0 .750 

85 1 2 -0 . 1 5-l 2 . 83-t -0.05-l 408 1 .000 

3 -t .  798 2 .83-t 1 .693 -t08 0 . 9 1 2  

-t 8 . 73 5  2 . 83-t 3 .083 -l08 0.022 

5 -t .007 2 . 83-t U 1 4 -l08 1 .000 

2 1 0 . 1 5-l 2 . 83-t 0 .05-t -t08 1 .000 

3 -t. 952 2 .83-t 1 .  7 -l8 -t08 0 . 8 1 3  

-t 8.889 2 .83-t 3 . 1 37 -t08 0 .0 1 8  

5 -t. 1 6 1 2 . 83-t U68 -t08 1 .000 

3 1 --t. 798 2 .83-t - 1 . 693 -l08 0 . 9 1 2  

2 --t. 952 2 .83-l - l . 7-t8 -l08 0 . 8 1 3  
-t 3 .937 2 .83-l 1 . 389 -l08 1 .000 
5 -0.863 2 . 83-l -0. 305 -t08 1 .000 

-t 1 -8. 73 5  2 . 83-l -3 .083 -l08 0.022 
2 -8.889 2 . 83-l -3 . 1 37  -l08 0 .0 1 8  

3 -3 .937 2 .83-l - 1 . 389 -l08 1 .000 
5 --t.-t28 2 .83-l - 1 . 563 -l08 1 .000 

5 I --t.007 2 .83-l - 1 .-l l -l  -l08 1 .000 

2 --t . 1 6 1  2 .83-l - U68 -l08 1 .000 
3 0 .863 2 .83-l 0. 305 -l08 1 .000 

-t -t.-t28 2 .83-t 1 . 563 -t08 1 .000 

90 I 2 - 1 .882 2 . 83-l -0.66-t -l08 1 .000 
3 -t.073 2 . 83-l U37 -l08 1 .000 
-t 6 .709 2 . 83-l 2 .368 -l08 0 .  1 8-l 

5 1 . 595 2 .83-l 0 . 563 -t08 1 .000 

2 1 1 . 882 2 .83-l 0.66-l -t08 1 .000 
., 5 . 955 2 .83-l 2 . 1 02 -l08 0 . 362 .) 
-t 8 . 5 9 1  2 . 83-l 3 .032 -l08 0.026 
5 3 .-t77 2 .83-t 1 .227 -l08 1 .000 

., I --t .073 2 .83-l - U3 7  -t08 1 .000 .) 
2 -5 .955 2 .83-l -2 . 1 02 -t08 0. 362 

-t 2 .636 2 .83-l 0 .930 -t08 1 .000 
5 -2 .-l 78 2 .83-t -0.875 -t08 l .  000 

-t 1 -6. 709 2 .83-t -2 .368 -t08 0 . 1 8-t 

2 -8 .59 1 2 . 83-t -3 .032 -t08 0.026 

3 -2 .636 2 .83-t -0.930 -t08 1 .000 
5 -5. 1 1 -l 2 .83-l - 1 .805 -t08 0 . 7 1 8  

5 1 - 1 .595 2 . 83-t -0. 563 -t08 1 .000 
2 -3 .-t77 2 . 83-t - 1 .227 -t08 1 .000 

3 2 .-t  78 2 .83-l 0.875 -t08 1 .000 
-t 5 . 1 1 -l 2 . 83-l 1 .805 -l08 0 . 7 1 8  

Based on estimated margma1 means 
a. Adjustment for multiple comparisons: Bonferroni 
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1 . 3  M ai n  effect of grout> 

Pairwise comparisons to compare the main effect of group when ROI is in a dorsal and palmar position 

position Exercised Non Mean Std Error Sig 
( I )  exercised difference 

(1 )  ( 1 -J) 
Dorsal 1 25 . 3 7  1 1 0 .60 l -U7 O.-l79 <0. 00 1 
palmar 1 38 . 38  1 20 . 1 0  1 8 .28 0.-l76 <0 00 1 
b. An estunate of the modified populatiOn margmal mean 

1 . 3 . 1 Group at one leYel of angle 

PainYise comparisons to compare group means while holding angle constant when ROI's are in 
a dorsal position. 

Dependent Variable: MEAN 

ANGLE Mean Difference ( 1 -J )  Std. Error t yalue Degrees of freedom 
60 20.22 1 1 . 792 1 1 . 28-+ .+08 
65 1 2 022 1 . 792 6 .708 .+08 
70 1 3 . 5-+ 7 1 . 792 7 .559 .+08 
75 1 2 .8.+ 1  1 . 792 7. 1 65 .+08 
80 1 .+ .95 1 1 . 792 8 .3.+3 .+08 
85 1 5 . 1 5 1  1 . 792 8.-+5-+ .+08 
90 1 -+ .6-+ 7 1 . 792 8. 1 73 -+08 

I = exercised 
J = nonexercised 

1 . 3 . 2  group at one leYel of ROI 

PainYise comparisons to compare group means \Yltile holding ROI constant when 
ROI's are in a dorsal position. 

Dependent Variable: MEAN 

significance 
<0.00 1 
<0 .00 1 
<0.00 1 

<0.00 1 
<0.00 1 
<0.00 1 
<0 .00 1 

ROI Mean Difference ( 1 -J )  Std. Error t Yalue Degrees of freedom significance 
I - 1 1 . 782 1 . 773 -6.6-+6 1 1 7 <0.00 1 
2 - 1 9 .8 1 3  1 . 773 - 1 1 . 1 76 1 1 7 <0 .00 1 
3 - 1 8 .00 1 1 . 773 - 1 0. 1 5-+ 1 1 7 <0.00 1 
-+ - 1 6. 1 3-+ 1 . 773 -9. 1 0 1 1 1 7 <0.00 1 

5 -8. 1 1 0 1 . 773 -.+ . 575 1 1 7 <0 .00 1 

I = exercised 
J = nonexercised 
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2. Palmar data 

Tabulated data prior to statistical analysis 

Average of mean ROI ROI ROI ROI ROI 

angle group I 2 3 -l 5 

60 0 1 36 .07625 7 1 1 2 1 . 752 1 5 7 1  1 1 8. 3 86 1 1 9 . 8-+6657 1  1 29.0873 1 -+3 
1 1 58 .268- H -+3 1 -+9 .-+595857 1-+2 .6 1 3 1  1 -+8 .8-+5957 1  1 -+0 .-+60 1 

60 Total 1-+7 . 1 723357 1 3 5 . 60587 1 -+  1 30.-+9955 1 3-+ .  3.+6307 1 1 3-+ . 773707 1 

65 0 1 3 1 .932 1 286 1 1 8 .6-+22 7 1 -l  1 1 8 .557957 1 1 1 9.2637286 1 2 7.458 
I !-+ 7 . 8 73-+-+29 1 -+  l . l  79285 7 1 38 .6 1 907 1 -+  1 38 .80 1 8 1 -+ 3  1 35 . 1 2 1 9 1 -+3 

65 Total 1 39 . 9027857 1 29 . 9 1 07786 1 28 . 5885 1 -+3 1 29 .03277 1 -+  1 3 1 . 28995 7 1 

70 0 1 26 . 7036 1 16 . 3 53857 1 1 1 5 .9089857 1 1 5 . 36 1 9857 1 2-+ . 1 2 1 5  
1 1 -l-+ . -+ 1 38286 1 -+ 1 . 3 0 1 97 1 -l  1 3 7 .6 1 8 7 1-+3  1 3-+ .733 1 1 -+ 3  1 3 1 . 2-+-+0286 

70 Total 1 3 5 . 5587 1 -+3 1 28. 8279 1 -+3 1 26. 76385 1 25 .0-+ 755 1 27 .68276-+3 
75 0 1 22 . 0600857 1 12 . 9-+72 7 1 -l  1 1 3 . 10-+27 1 -l  1 1 3 .688657 1  1 2-+ .  9-+2557 1 

I 1 38 .92667 1 -l  1 3 7.6562 5 7 1 1 33 .2698 1 -+ 3  1 3 1 .9673 1 29.-+500857 

75 Total 1 30 .-+933 786 1 25 . 30 1 76-+3 1 23 . 1 870-+29 1 22 .8279786 1 27. 1 9632 1 -+  

80 0 1 1 8 . 1 3285 7 1  1 1 1 .-+038286 109 .8 16-+857 1 1 1 . 90897 1 -+  1 22 .27 1 2857 
1 1 36.69 1 3  1 37 . 3 38 1 7 1 -+ 1 3 1 . 5278286 1 32 .0677-+29 1 28.09-+8-+29 

80 Total 1 27 .-+ 1 20786 1 2-+ . 3 7 1  1 20.672 1 57 1  1 2 1 .9883 5 7 1 1 25. 1 8306-+3 
85 0 1 2-+ .087-+7 1 -l  1 1 8 . 3069286 1 1 5 . 1 5905 7 1  1 1 7 .5555286 1 29. 2006 1 -+3 

1 1 -+ 1 . 5-+63857 1 -+3 . 1 269-+29 1 36 . 37 1 7286 1 3 8 . 73077 1 -+  1 32 . 3-+52286 

85 Total 1 32 . 8 169286 1 30 . 7 169357 1 2 5 . 7653929 1 28 . 1 -+3 1 5  1 30 . 77292 1 -+  

90 0 1 22 .t ) J 92857 1 1 8 . 5 589 1 -+3 1 1 5 . 53 1 9  1 1 5 .669 1 -+29  1 27.  7-+60-+29 
1 1 39 .676-+ 1 -+ 3  1 -+0 .986857 1  1 3-+ . 5 1 25 1-+3  1 3 7 .75 1 -+857 1 30 .8053-+29 

90 Total 1 30 .8-+785 1 29 . 7728857 1 25 .022207 1 1 26 .7 103 1 -+3 1 29 .2756929 
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2. 1 Main effect of angle 

Pairwise comparisons to compare the main effect of angle when ROI's are in a palmar position. 

Dependent variable· MEAN 
Angle ( I )  Angle ( J )  Mean difference Std error 

(1-1) 
60 65 -U35* 

70 7 . 703* 
75 10 .678* 
80 1 2 .55-l* 
85 6 .826* 
90 8. 1 5-l* 

65 60 --l. 735* 
70 2 .969* 
75 5 .9-l-l* 
80 7.820* 
85 2 . 1 02b 

90 3 .-l l 9* 
70 60 -7. 703* 

65 -2 . 969* 
75 2 . 975* 
80 -l .85 1 *  
85 -0.867b 

90 O.-l50b 

75 60 - 1 0.678* 
65 -5. 9-l-l* 
70 -2.957* 
80 1 .876b 

85 -3 .8-l2* 
90 -2 . 52-l* 

80 60 - 1 2 . 55-l* 
65 -7.820* 
70 --l .85 1 *  
75 - 1 . 876b 

85 -5. 7 1 8* 
90 --l. -lOO* 

85 60 -6.836* 
65 -2 . 1 02b 

70 0 .867b 

75 3 . 8-l2* 
80 5 .7 1 8 *  
90 1 . 3 1 7b 

90 60 -8. 1 5-l* 
65 -3 .-l l 9 *  
70 -O.-l50b 

75 2 . 52-l* 
80 -l .-lOO* 
85 - l . 3 1 7b 

Based on estimated margma1 means 
* The mean difference is significant at the 0 .5  leYel 

1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 .259 
1 .259 
1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 .259 
1 . 259 
1 .259 
1 .259 
1 . 259 
1 .259 
1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 . 259 
1 .259 
1 . 259 
1 . 259 
1 . 259 
1 .259 
1 . 259 
1 . 259  
1 . 259  
1 .259 
1 . 259  
1 . 259  
1 .259  
1 .259  
1 . 259  
1 . 259  

a. Adjustment for multiple comparisons: Bonferroni 
b .  An estimate of the modified population marginal mean ( I )  
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Significance• 

<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1 
<0.00 1  
0.0 1 9  

<0.00 1 
<0.00 1 
0.096 
0.007 

<0 .00 1 
0.0 1 9  
0.0 1 9  

<0.00 1 
O.-l9 1 
0 .72 1 

<0.00 1 
<0.00 1 
0.0 1 9  
0 1 37 
0.002 
O.O-l6 

<0.00 1 
<0.00 1 
<0.00 1 
0 . 1 3 7  

<0.00 1 
0 00 1 

<0.00 1 
0.096 
O .-l9 1 
0.002 

<0.00 1 
0 .296 

<0.00 1 
0.007 
0.72 1 
O.O-l6 
0.00 1 
0.296 



2 . 1 . 1  Angle at one level of ROI 

Pairwise comparisons comparing angle means at one level of ROI when ROI's are in a palmar position. 

Depedent Yariable:MEAN 
ROI ( I )  ANGLE (J) ANGLE Mean Difference Std. Error T Degrees Significancea 

( I -J)  value of 
freedom 

I 60 65 7 .270 2 . 8 1 -l  2 .583 -l08 0 .2 1 3  

70 1 1 .6 1 -l  2 . 8 1 4  -l . l 27 -l08 0.00 1 
75  1 6 .679 2 . 8 1 -l  5 . 927 -l08 <0.00 1 

80 1 9 . 760 2 .8 1 -l 7.022 -l08 <0 .00 1 

85 1 -l . 3 5 5  2 .8 1 -l  5 . 1 0 1  408 <0 .00 1 

90 1 6 . 3 2-l 2 .8 1 -l  5 . 80 1  -l08 <0 .00 1 

65 60 -7.270 2 .8 1 -l -2 .583 -l08 0 . 2 1 3  

70 -l . 3-l-l 2 . 8 1 -l  1 . 5-l-l -l08 1 .000 

7 5  9.-l09 2 . 8 1 -l  3 . 3-l-l -l08 0 .0 1 9  

80 1 2 . -l9 1  2 . 8 1 -l  -l .-l39 -l08 <0 .00 1 

85 7 . 086 2 . 8 1 -l  2 . 5 1 8  -l08 0 .256 

90 9 .055 2 . 8 1 -l  3 . 2 1 8  -l08 0.029 
70 60 - 1 1 .6 1 -l 2 . 8 1 -l  --l . 1 27 -l08 0 .00 1 

65 --l . 3-l-l 2 . 8 1 -l  - 1 . 5-l-l -l08 1 .000 

75 5 . 065 2 . 8 1 -l  1 . 800 -l08 1 .000 

80 8. 1 -l 7  2 . 8 1 -l  2 . 895 -l08 0 .08-l 

85 2. 7-l2 2 . 8 1 -l  0 . 97-l -l08 1 .000 

90 -l. 7 1 1 2 . 8 1 -l  1 .67-l -l08 1 .000 

75 60 - 1 6 .679 2 . 8 1 -l  -5 .927 -l08 <0.00 1 

65 -9.-l09 2 . 8 1 -l  -3 .3-l-l -l08 0 .0 1 9  

70 -5.065 2 . 8 1 -l  - 1 .800 -l08 1 .000 
80 3 .08 1 2 .8 1 -l  1 .095 -l08 1 .000 

85 -2 . 32-l 2 . 8 1 -l  -0. 826 -l08 I 000 
90 -0. 3 5-l 2 . 8 1 -l  -0 . 1 26 -l08 1 .000 

80 60 - 1 9 . 760 2 . 8 1 -l  -7 022 -l08 <0.00 1 

65 - 1 2 . -l 9 1  2 . 8 1 -l  --l.-l39 -l08 <0.00 1 

70 -8. 1 -l7 2 . 8 1 -l  -2 .895 -l08 0 .08-l 

75 -3 .08 1 2 . 8 1 -l  - 1 .095 -l08 1 .000 

85 -5 . -l05 2 . 8 1 -l  - I .  92 1 -l08 1 .000 
90 -3 .-l36 2 . 8 1 -l  - 1 . 22 1 -l08 1 .000 

85 60 - 1 -l . 3 55 2 . 8 1 -l  -5 . 1 0 1  -l08 <0.00 1 

65 -7.086 2 . 8 1 -l  -2.5 1 8  -l08 0 .256 

70 -2 . 7-l2 2 .8 1 -l  -0.97-l -l08 1 .000 
75 2 . 32-l 2 . 8 1 -l 0 .826 -l08 1 .000 

80 5 . -l05 2 . 8 1 -l  1 .92 1 -l08 1 .000 
90 1 . 969 2 . 8 1 -l 0 .700 -l08 1 .000 

90 60 - 1 6 .32-l 2 . 8 1 -l  -5.80 1 -l08 <0.00 1 

65 -9 .055 2 . 8 1 -l  -3.2 1 8  -l08 0 .029 
70 --l . 7 1 1 2 . 8 1 -l  - 1 .67-l -l08 1 .000 

75 0 . 3 5-l 2 . 8 1 -l  0. 1 26 -l08 1 .000 

80 3 . -l36 2 . 8 1 -l  1 . 22 1 -l08 1 .000 

85 - 1 . 969 2 . 8 1 4  -0.700 -l08 1 .000 

2 60 65 5 .695 2 . 8 1 -l 2 .02-l -l08 0 .9 1 7  

70 6. 778 2 . 8 1 -l  2.-l09 -l08 0 . 3-l6 

75 1 0. 3 0-l 2 . 8 1 -l  3 .662 408 0 .006 

80 1 1 . 2 3 5  2 . 8 1 -l  3 . 992 -l08 0 .002 
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80 60 - 12 . 3 58 2 . 8 1 4  -4. 3 9 1  408 <0.00 1 
65 -7.04-l- 2 . 8 1-l- -2. 503 408 0 . 267 
70 -3 .059 2 . 8 1 4  - 1 .087 408 1 .000 

75 -0.840 2 . 8 1 -l- -0 .298 408 1 .000 
85 -6. 1 5 5  2 . 8 1-l- -2 . 187 408 0 .6 1 5  
90 --l-. 722 2 . 8 1 -l- - 1 .678 408 1 .000 

85 60 -6.203 2 . 8 1 -l- -2 .20-l- -l-08 0 .589 
65 -0 .890 2 . 8 1-l- -0. 3 1 6  408 1 .000 
70 3 .096 2 . 8 1 -l- 1 . 1 00 -l-08 1 .000 
75 5 . 3 1 5  2 . 8 1 -l- J . 8g9 -l-08 1 .000 
80 6 . 1 55 2 . 8 1 -l- 2 . 1 87 -l-08 0.6 1 5  
90 1 .-l- 3 3  2 . 8 1 -l- 0 . 509 -l-08 1 .000 

90 60 -7.636 2 . 8 1 -l- -2 . 7 1 3  -l-08 0 . 1 -l-6 
65 -2 . 322 2 . 8 1 4  -0 .825 -l-08 1 .000 
70 1 .663 2 .8 1 -l- 0 .59 1 -l-08 I 000 
75 3 . 882 2 .8 1 4  1 . 380 -l-08 1 .000 
80 4 . 722 2 .8 1-l- 1 .678 -l-08 1 .000 
85 - 1.-l- 33 2.8 1 -l- -0. 509 -l-08 1 .000 

5 60 65 3 . -l-8-l- 2.8 1 -l- 1 .238 -l-08 1 .000 
70 7 .09 1 2 .8 1 4  2 . 520 -l-08 0 .255 
75 7 .577 2 .8 1 -l- 2 .693 -l-08 0. 1 5 5  
80 9 .59 1 2 .8 1 -l- 3 .-l-08 -l-08 0.0 1 5  
85 -l- .00 1 2 .8 1-l- 1 .-l- 22 -l-08 1 .000 
90 5 .-l-98 2 .8 1 -l- 1 .95-l- -l-08 1 .000 

65 60 -3 .-l-8-l- 2 .8 1 4  - 1 .238 -l-08 1 .000 
70 3 .607 2.8 1 -l- 1 .282 408 1 .000 
75 -l- .09-l- 2 .8 1 -l- 1 .-l-55 -l-08 1 .000 
80 6 . 1 07 2 .8 1 -l- 2 . 1 70 -l-08 0.6-l-2 
85 0 .5 1 7  2 .8 1 -l- 0 . 1 8-l- -l-08 1 .000 
90 2 0 1 -l- 2 .8 1 -l- 0 . 7 1 6  -l-08 1 .000 

70 60 -7.09 1 2 .8 1 -l- -2 . 520 -l-08 0 .255 
65 -3 .607 2 . 8 1 -l- - 1 .282 -l-08 1 .000 

75 0 . -l-86 2 . 8 1 -l- 0 1 73 -l-08 1 .000 
80 2 . 500 2 .8 1 -l- 0. 888 -l-08 1 .000 
85 -3 .090 2 .8 1 -l- - 1 .098 -l-08 1 .000 
90 - 1 . 593 2 .8 1 -l- -0. 5 66 -l-08 I 000 

75 60 -7 .577 2 .8 1 -l- -2.693 -l-08 0 . 1 55 

65 --l-.09-l- 2 .8 1 -l- - 1.-l- 55 408 I 000 
70 -0 .-l-86 2 .8 1-l- -0. 1 73 408 1 .000 
80 2 .0 1 3  2 .8 1 -l- 0. 7 1 5 -l-08 1 .000 
85 -3 . 577  2 .8 1 -l- - 1 . 27 1 -l-08 1 .000 
90 -2.079 2 . 8 1 -l- -0 . 739 -l-08 1 .000 

80 60 -9. 59 1 2 . 8 1 -l- -3 . -l-08 408 0.0 1 5  
65 -6. 1 07 2 .8 1 -l- -2 . 1 70 -l-08 0.6-l-2 
70 -2 . 500 2 . 8 1 -l- -0 . 888 -l-08 1 .000 
75 -2 .0 1 3  2 . 8 1 -l- -0. 7 1 5  -l-08 1 .000 
85 -5 .590 2 . 8 1 4  - 1 .986 -l-08 1 .000 

90 --l- .093 2 .8 1 4  - 1 .45-l- -l-08 1 .000 
85 60 --l-.00 1 2 . 8 1 -l- - 1 .-l-22 408 1 .000 

65 -0. 5 1 7  2 . 8 1 -l- -0. 1 84 -l-08 1 .000 
70 3 .090 2 . 8 1 -l- 1 .098 408 1 .000 
75 3 .5 7 7  2 . 8 1 -l- 1 .27 1 408 1 .000 
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80 5 . 590 2 . 8 1 4  1 .986 408 1 .000 

90 1 .497 2 . 8 1 4  0 .532 408 1 .000 
90 60 -5.498 2 . 8 1 4  - 1 .954 408 1 .000 

65 -2 .0 1 4  2 . 8 1 4  -0. 7 1 6  408 1 .000 

70 1 . 593 2 . 8 1 4  0.566 408 1 . 000 
75 2.079 2 . 8 1 4  0 .739 408 1 .000 
80 4.093 2 . 8 1 4  l .  454 408 1 .000 

85 - U97 2 . 8 1 4  -0.532 408 1 .000 

Based on estimated margmal means 

a. Adjustment for multiple comparisons: Bonferroni 
An estimate of the modified population marginal mean ( I )  
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2 . 1 .2 Angle  at one level of group 
Pairwise comparisons to compare angle while holding group (non-exercise) constant when ROI's are in a 
palmar position. 

Dependent Variable: l\1EAN 
(I )  ANGLE (J) ANGLE Mean Difference Std. Error T value Degrees of Significance• 

( l-J) freedom 
60 65 1 .859 1 . 780 1 .044 408 1 .000 

70 5 . 340 1 . 780 3 . 000 408 0.060 
75 7.68 1 1 . 780 4. 3 16 408 <0.00 1 
80 1 0.323  1 . 780 5 . 800 408 <0.00 1 
85 4 . 1 68 1 . 780 2 . 342 408 0.4 1 3  
90 5 . 1 25 1 . 780 2 . 879 408 0 .088 

65 60 - 1 .859 1 . 780 - 1 .044 408 1 .000 
70 3 .48 1 1 . 780 1 . 956 408 1 .000 
75 5 .822 1 . 780 3 . 2 7 1  408 0 .024 
80 8 .464 1 . 780 4 .756 408 <0.00 1 
85 2.309 1 . 780 1 .297 408 1 .000 

90 3 . 266 1 . 780 1 .835 408 1 .000 
70 60 -5 . 340 1 . 780 -3 .000 408 0.060 

65 -3 .48 1 1 . 780 - I .  956 408 1 .000 
75 2 .34 1 1 . 780 1 . 3 1 6  408 1 .000 
80 4 . 983 1 . 780 2 . 800 408 0. 1 1 2 

85 - 1 . 1 72 1 . 780 -0.658 408 1 .000 
90 -0.2 1 5  1 . 780 -0. 1 2 1  408 1 .000 

75 60 -7.68 1 1 . 780 -4. 3 1 6  408 <0.00 1 
65 -5 . 822 1 . 780 -3 .27 1 408 0.024 
70 -2 . 3 4 1 1 . 780 - 1 . 3 1 6  408 1 .000 

80 2 .642 1 . 780 1 .484 408 1 .000 
85 -3 . 5 1 3  1 . 780 - 1 .974 408 1 .000 
90 -2 . 5 56 1 . 780 - 1 4 36 408 1 .000 

80 60 - 10 . 323 1 . 780 -5 . 800 408 <0.00 1 
6 5  -8.464 1 . 780 -4. 756 408 <0.00 1 

70 -4. 983 1 .780 -2.800 408 0. 1 1 2 
75  -2.642 1 . 780 - 1 .484 408 1 .000 
85 -6 . 1 55 1 . 780 -3 .458 408 0.0 1 3  
90 -5 . 1 98 1 . 780 -2 .92 1 408 0.077 

85 60 -4 . 1 68 1 . 780 -2 .342 408 0 .4 1 3  

65 -2. 309 1 . 780 - 1 .297 408 1 .000 
70 1 . 1 72 1 . 780 0.658 408 1 .000 
75 3 . 5 1 3  1 . 780 1 . 974 408 1 .000 
80 6 . 1 55 1 .  780 3 .458 408 0 0 1 3  

90 0 .957 1 . 780 0 .538 408 1 .000 
90 60 -5 . 125 1 . 780 -2.879 408 0.088 

65 -3 .266 1 . 780 - 1 .835 408 1 .000 
70 0.2 1 5  1 . 780 0 . 1 2 1 408 1 .000 
75 2 . 556 1 . 780 1 4 3 6  408 1 .000 

80 5 . 1 98 1 . 780 2 .92 1 408 0.077 
85 -0.957 1 .780 -0.538 408 1 .000 

Based on estimated margmal means 

a. Adjustment for multiple comparisons: Bonferroni 
An estimate of the modified population marginal mean ( I )  
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Pairwise comparisons to compare angle while holding group (exercise) constant 

Dependent Variable· "MEAN 
Angle (1) Angle(J)  Mean difference Std Error T Value Degrees of Significancea 

( 1-J) freedom 
60 65 7 .6 1 0  1 . 780 4 .276 408 <0.00 1 

70 1 0.067 1 . 780 5 .656 408 <0.00 1 
75 1 3 .675 1 . 780 7 .684 408 <0.00 1 
80 1 4.785 1 . 780 8 . 307 408 <0 .00 1 
85 9 .50 5  1 . 780 5 . 34 1 408 <0 .00 1 

90 1 1 . 1 83 1 . 780 6 .283 408 <0 .00 1 
65 60 -7.6 1 0  1 . 780 -4 .276 408 <0 .00 1 

70 2 .457 1 . 780 1 . 3 80 408 1 .000 
75 6.065 1 . 780 3 . 408 408 0 .0 1 5  
80 7. 1 75 1 . 780 4 .03 1 408 0 .00 1 

85 1 .895 1 . 780 1 .065 408 1 .000 
90 3 . 573  1 . 780 2 .007 408 0 . 953 

70 60 - 1 0.067 1 . 780 -5.656 408 <0.00 1 
65 -2 .457 1 . 780 - 1 . 3 80 408 1 .000 

75 3 . 608 1 . 780 2 .027 408 0 . 909 

80 4 .7 1 8  1 . 780 2 .65 1 408 0 . 1 75 
85 -0. 562 1 . 780 -0. 3 1 6  408 1 .000 
90 1 . 1 1 6 1 . 780 0.627 408 1 .000 

75  60 - 1 3 . 675 1 . 780 -7.684 408 <0.00 1 

65 -6 .065 1 . 780 -3 .408 408 0 .0 1 5  
70 -3 . 608 1 . 780 -2.027 408 0 . 909 
80 1 . 1 10 1 . 780 0 .624 408 1 .000 

85 -4. 1 70 1 . 780 -2. 3 4 3  408 0 .4 1 2  
90 -2 . 492 1 . 780 - 1 .400 408 1 .000 

80 60 - 1 4 .785 1 . 780 -8 . 307 408 <0.00 1 
65 -7. 1 75 1 . 780 -4 .03 1 408 0 .00 1 
70 -4 . 7 1 8  1 . 780 -2.65 1 408 0 . 1 75 
75 - 1 . 1 1 0 1 . 780 -0 .624 408 1 .000 
85 -5 .280 1 .780 -2 .967 408 0 .067 

90 -3 .603 1 . 780 -2 .024 408 0 .9 1 6  
85 60 -9 .505 1 . 780 -5 .34 1 408 <0.00 I 

65 - 1 .895 1 . 780 - 1 .065 408 1 .000 
70 0 . 562 1 . 780 0 . 3 1 6  408 1 .000 

75 4 . 1 70 1 . 780 2 . 343 408 0.4 1 2  

80 5 . 280 1 . 780 2 . 967 408 0.067 
90 1 .678 1 . 780 0 .943  408 1 .000 

90 60 - 1 1 . 1 83 1 . 780 -6 .283 408 <0.00 1 
65 -3 . 573 1 . 780 -2 .007 408 0 .953  

70 - 1 . 1 1 6  1 . 780 -0.627 408 1 .000 

75 2 .492 1 . 780 1 .400 408 1 .000 
80 3 .603 1 . 780 2 .024 408 0 .9 1 6  
85 - 1 .678 1 . 780 -0.943 408 1 .000 
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2.2 Main effect of ROI 

Pairwise comparisons to compare the main effect of ROI when ROI 's  are in a palmar position. 

Dependent Variabie · MEAN 
ROI ( I )  ROI( J )  Mean Difference ( 1-J) Std error 

I 2 5 .67 1 * 
1 9. I O I *  .) 
� 8.0 I 5* 
5 5 .�33*  

2 l 5 .67 I *  
1 3 .-DO* .. ) 
� 2 . 3H* 
5 0 .238° 

1 I -9. 1 0 1  * .. ) 
2 -3 .�30* 
� - 1085° 

5 -3 .668* 
� I -8 .0  1 5* 

2 -2 . 3��* 
3 I .085° 

5 -2 . 583* 
5 I -5 .�33* 

2 0 .238° 
1 3 .668* ,) 
� 2 .583*  

Based on  estimated margmal means 
* The mean difference is significant at the 0 .5  leYel 
a. Adjustment for multiple comparisons: Bonferroni 

1 .06� 
1 .06� 
I .06� 
1 .06� 
1 .06� 
I . 06� 
106� 
1 .06� 
1 06� 
106� 
1 .06� 
1 .06� 
1 .06� 
I .06� 
1 .06� 
I .06� 
1 .06� 
1 .06� 
1 .06� 
1 .06� 

b. An estimate of the modified population marginal mean ( I )  

1 7 1  

Significance" 
<0 .00 1 
<0 .00 1 
<0.00 1 
<0.00 1 
<0.00 1 
O .OO I 
0 .028 
0 .823 

<O.OO I 
O.O I 

0 . 308 
0 .00 1 

<0.00 1 
0.028 
0 .308 
0 .0 1 6  

<0.00 1 
0.823 
0 00 1 
0.0 1 6  



2 .2 . 1 ROI at one level of group 

Pairwise comparisons comparing ROI means. holding group (non-exercise) constant when ROI's are in a 
palmar position. 

Dependent Yariable: l\1EAN 
ROI ( I )  ROI (j )  mean difference std err t value Degrees of Signifincance• 

( I-J) freedom 
I 2 9 .007 1 . 50-l 5 . 989 .t-08 <0. 00 1 

3 1 0.650 1 . 50-l 7.08 1 .t-08 <0. 00 1 
-l 9 .67-l 1 . 50-l 6 .-t-32 .t-08 <0. 00 1 
5 -0. 5-t-5 1 . 50-l -0 . 362 .t-08 1 .000 

2 1 -9.007 1 . 50-l -5 .989 .t-08 <0. 00 1 
3 1 .6-t-3 1 . 50-l 1 .092 .t-08 1 .000 
-l 0 .667 1 . 50-l 0 .-l.t-3 .t-08 1 .000 
5 -9 .552 1 . 50-l -6 . 3 5 1 .t-08 <0.00 1 

3 I - 1 0 .650 1 . 50-l -7.08 1 .t-08 <0.00 1 
2 - 1 .6-t-3 1 .  50-l - 1 .092 .t-08 1 .000 
-l -0.976 1 . 50-l -0.6-t-9 .t-08 1 .000 
5 - 1 1 . 1 95 1 . 50-l -7.-l.t-3 .t-08 <0.00 1 

-l 1 -9.6 7-l I .  50-l -6.-t-32 .t-08 <0 .00 1 

2 -0.667 1 . 50-l -0 .-l.t-3 .t-08 1 .000 
3 0. 976 1 . 50-l 0 .6-t-9 .t-08 1 .000 
5 - 1 0. 2 1 9  1 . 50-l -6. 795 .t-08 <0 .00 1 

5 I 0. 5-t-5 1 . 50-l 0 .362 .t-08 1 .000 
2 9 .552 1 . 50-l 6 .3 5 1  .t-08 <0 .00 1 
.., 1 1 . 1 95 1 . 50-l 7.-l.t-3 .t-08 <0 00 1 .) 

Based on estunated margmaJ means 
a. Adjustment for multiple comparisons: Bonferron.i 
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3 2 .064 2 . 8 1 4  
4 3 . 780 2 . 8 I 4  
5 1 . 1 45 2 . 8 I 4  

., 1 -8.795 2 . 8 1 4  -' 
2 -2 .064 2 .8 1 4  
4 1 . 7 I6 2 . 8 1 4  
5 -0. 9 I 9  2 . 8 1 4  

4 I - 1 0.5 1 1 2 . 8 1 4  

2 -3 . 780 2 . 8 1 4  
3 - 1 . 7 1 6  2 . 8 1 4  
5 -2 .635 2 . 8 1 4  

5 I -7. 876 2 . 8 1 4  
2 - 1 . 1 45 2 . 8 I 4  
., 0 . 9 I 9  2 . 8 1 4  -' 
4 2 .635  2 . 8 1 4  

75 I 2 5 . 1 92 2 . 8 1 4  
., 7. 306 2 .8 1 4  -' 
4 7 .665 2 . 8 1 4  

5 3 .297 2 . 8 1 4  
2 1 -5 . 1 92 2 .8 1 4  

3 2 . 1 1 5 2 . 8 1 4  
4 2 . 474 2 . 8 1 4  
5 - 1 . 895 2 . 8 1 4  

3 I -7. 306 2 . 8 1 4  
2 -2 . 1 1 5 2 . 8 1 4  
4 0 . 3 59 2 . 8 1 4  
5 -4.009 2 . 8 1 4  

4 I -7 .665 2 . 8 1 4  
2 -2.474 2 . 8 1 4  
., -0 .359  2 . 8 1 4  -' 
5 -4 . 368 2 . 8 1 4  

5 I -3 . 297 2 . 8 1 4  

2 1 . 895 2 . 8 1 4  
., 4.009 2 . 8 1 4  .) 
4 4 . 368 2 . 8 1 4  

80 1 2 3 .04 1 2 . 8 1 4  
3 6 .  740 2 . 8 1 4  

4 5 . 424 2 .8 1 4  
5 2 .229 2 .8 I 4  

2 I -3 .04 1 2 . 8 I 4  
3 3 .699 2 . 8 I 4  
4 2 . 3 83 2 .8 I 4  

5 -0. 8 12 2 . 8 1 4  
3 1 -6. 740 2 . 8 I 4  

2 -3 .699 2 . 8 1 4  
4 - 1 . 3 1 6  2 . 8 1 4  
5 -4 . 5 1 1  2 . 8 1 4  

4 1 -5 .424 2 . 8 I 4  
2 -2 . 383 2 . 8 1 4  
., 1 . 3 16 2 . 8 1 4  .) 
5 -3 . 1 95 2 . 8 I 4  

5 1 -2.229 2 .8 I 4  
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0 .733  
1 . 343 
0 .407 

-3 . 1 25 
-0 . 733  
0 .6 1 0  
-0 .327 
-3 . 73 5  

- 1 .343 
-0. 6 1 0  
-0 .936 
-2 . 799 
-0.407 

0 .327 
0 .936 
1 .845 
2 .596 
2 . 724 
1 . 1 72 

- 1 . 845 
0 .75 1 
0 . 879 
-0 .673 
-2 . 5 96 
-0 .75 1 
0 1 28 
- 1 .425 
-2. 724 
-0.879 
-0 . 1 28 
- 1 . 552 
- 1 . 1 72 

0.673 
1 .425 
1 . 552 
1 .081  
2. 395 

1 . 927 
0 . 792 
- 1 .08 1 
1 . 3 1 4 
0.847 

-0.289 
-2 .395 
- 1 . 3 1 4  
-0.468 
- 1 .603 

- 1 .927 
-0.847 
0 .468 
- 1 . 1 35 

-0. 792 

408 
408 
408 

408 
408 
408 
-W8 
408 

408 
408 
408 
408 
408 

408 
408 
408 
408 
408 

408 
408 
408 
408 
408 

408 
408 
408 
408 
408 
408 
408 
408 
408 

408 
408 
408 
408 
408 
408 
408 
408 
408 
408 

408 
408 
408 
408 
408 

408 
408 
408 
408 

408 

I .OOO 
1 .000 
1 .000 

O.O I 9  
1 000 
1 .000 
I .OOO 
0.002 

1 .000 
1 .000 
1 .000 
0.054 
1 .000 

1 000 
1 .000 
0 .658 
0. ( )98 
0 .067 

1 .000 
0.658 
1 .000 
1 .000 
1 000 

0 .098 
1 .000 
1 .000 
1 .000 
0 .067 
I 000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
0 . 1 7 1  

0 . 546 
I .OOO 
I .OOO 
1 .000 
I .OOO 

1 .000 
O. I 7 1  
1 .000 
I .OOO 
1 .000 

0. 546 
1 .000 
1 .000 
1 .000 

1 .000 
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2.3 Main effect of grouJ> 

Pairwise comparison to compare groups when ROI is in palmar position. 

position E;..:ercised ( I )  Non-e;..:ercised (J)  Mean difference Std Error Significance 
( 1-J) 

palmar 1 38 .38 1 20. 1 0  1 8 .28 0.476 <0.00 1 
b. An estimate of the modified populatiOn marginal mean 

2 . 3 . 1 Group at one leYel of angle 

Paim ise comparisons of one group mean against another \Yhile holding angle constant. 

Dependent Variable: MEAN 
ANGLE Mean Difference ( 1-J) Std. E,ror T VALUE Degrees of freedom significance 

60 22 .899 2 . 3 1 8  9.880 408 <0 00 1 
65 1 7. 1 48 2 .3 1 8  7 . 399  408 <0.00 1 
70 1 8 . 1 72 2 . 3 1 8  7 .84 1 408 <0.00 1 
75 1 6.905 2 . 3 1 8  7 .294 408 <0.00 1 
80 1 8.437 2 .3 1 8  7 . 95 5  408 <0 00 1 
85 1 7 . 562 2 .3 1 8  7 . 578 408 <0.00 1 
90 1 6 .842 2 .3 1 8  7 .267 408 <0 00 1 

I = e;..:ercised 
J = non-e;..:ercised 

2 . 3 .2  Group at one leYel of ROI 

PainYise comparisons to compare group means. holding ROI constant \Yhen ROI's are 
in a palmar position. 

Dependent Variable: MEAN 
ROI Mean Difference ( I -] )  Std. Error t Yalue Degrees of freedom significance 

1 - 1 8 .055 1 . 959 -9 . 2 1 8  62 <0.00 1 
2 -24. 726 1 . 959 - 1 2 .623 62 <0.00 1 
� -2 1 . 1 53 I .  959 - 1 0. 799 62 <0.00 1 _, 
4 -2 1 . 3 72 1 .959 - 1 0 .9 1 1  62 <0.00 1 
5 -6.099 1 .959 -3 . 1 1 4 62 0 .003 

I = e;..:ercised 
J = none;..:ercised 
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3. ROI size analYsis 

Tabulated data prior to statistical analysis 

Average of angle 
mean 
radius 60 90 

2 . 5mm 1 3-l.663 1 29 . 2 6 1  
3mm 1 36.-l80 1 2 7 . 8 1 3  

3 . 5mm 1 3 7.8-l7 1 27 . 1 9-l 

3.1 Main effect of radius size 

There is no significant effect of diameter as detennined by a p Yalue of 0.8 1 9  from the analysis of 
variance performed by SPSS .  

3 . 1 . 1  Angle at one leYel of radius 

Paimise comparisons to compare angle means \Yhile holding size of ROI constant. 

Dependent Yariable MEAN 
Radius(1m11) Mean difference Std error T yalue Significance" 

(60° - 90°) 
2 . 5  5 .-lO 1 1 . 275 -l .236 0 .000 
3 8.667 1 . 275 6. 7975 0 000 
3 . 5  1 0 .653 1 . 275 8 .3555 0.000 

3 .  URadii size at one le,·el of angle. 

Paimise comparison to compare ROI size holding angle constant. 

Dependent Yariable·  MEAN 
angle diameters Mean Std error T yalue S ignificance" 

difference 
60 2 . 5Ys3 1 .8 1 7  1 . 275 1 .-l25 0.93 1 

3Ys3 . 5  1 . 368 1 . 275 1 .073 1 .000 
2 5Ys3 . 5  3 . 1 8-l 1 . 275 2 .-l97 0 .078 

90 2 5Ys3 l . -l-l9 1 . 275 1 . 1 36 1 000 
3Ys3 . 5  0 .6 1 9  1 . 275 O.-l85 1 000 
2 .5Ys3 . 5  2 .068 1 . 275 1 .622 0.635 

Based on estimated margmal means 
a. Adjustment for multiple comparisons: Bonferroni 
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