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Tensile properties of healing flexor tendons were gxamined
) <€

in 30 chickens during the first 30 days after a surgical .
_ b A

division and repair of the profundus tendon in the middle toe

of each foot. Commencing om the 4th postoperative day, one

¢
\

foot was managed by a twice daily, five-minute session of

controlled passive motion. The contralateral foot remained
° \ ' ' ¢

¢ted as a matched control, . i
.

§ix chicMens were then sacrificed at each of 5, randomly

‘assigne ntervalg (10, 15, 20, 25 and 30 days): The
repaired tendons uere then dissectea out andvimugdiateiy deep
frozen until tensile testing;r-Prior ‘to teneilg testing all‘
tendons were thawed\in saline and measured for cross- ¢
sectional area. All testing was, oonduoted on a specially
adapted Instron testing apparatus, at a strain rate of 2. 34
oﬁ/min, and under standardized environmental conditlons

.o

(37°c, >98% /RH) . . S o ) \

Results/of the 2 x 5 (treatuent condition by healing'
'~period) analysis of variance showed: (1) significantly
greater values for the trediment group for load, etress and
energy absorbed to rupture, p< 05. (2) a significdnt P
'increaee in matirial stiffness and etrese, and a signifioant
,decreae’/in etrain; for both’ treatment groupe across the 20-
day healing pdt*od examined, p< .05; and (3) no significant
'difference between the groupe in rate of change for any of
the tensile propertiee examined, pP< .05. ’

\
- iv‘
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' Fin@ingp'from this study suppbft the role of controlled
passive mdtion in improving the structural and material
tensile properties of healing chicken flexor tendons during
the inig;al thirty ﬁostoperative days. Clinically this
suggests, that the use of early controlled passive motion
following primary tendon reééir should similarly improve the
early functional tensile properties in healing human flexor

~ »

tendons. v -
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Chapter I

INTRODUCTION

Background to the problem N

~

Tethering of a primarily repaired flexor tendon to the
surrounding fibro-osseous tunnel in the finger presents a
-significant clinical problem. - Adherence of the tendon limits
the tendon's ability to glidé, which results»in decreased
finger active range of motion ;ollowing primary surgical
repair. With maximal functional recovery being a defined
rehabilitation goal, establishing an effective ﬁean§_for
overéominb the restrictive 1nf1uence of this adherent scar is
of considerable importance. V' | |

Surgical management of flexor tendon in}uries in the
fibro-osseous tunnel has been a subject of discussion in the
medical litefature for some time. Bunnel]l (1918), described
this region as "no-mans-lan®" anq advocated secondary Qendon
grafting procedures for injuries in this region. 1In the past
twenty years, however, the surgical'trend has shifted away
from secondary tendon grafting towards primary tendon repair
of acute flexor tendon injuries in the fibro-osseous‘tunnel
(Verdan, ™60 & 1972).

Kleinert and Verdan (1983), reported on a study involving
E an unspecified number of ézandinavian'patients. They
describe 63% good to excellent results with primﬁry tendon

repairg as compared to 35% good to.excellent results with

»
-

) § , \1 #‘3 4’ . s - —

~N :
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2 .
tendon grafting in the fibré-osseous tunnel. Other clinical
studies have reported comQZrable good to excellent results
following primary tendon repair (Green & Niebauer, 1974;
Kleinert, Kutz & Cohen, 1975; Strickland & Glogovoc, 1980).
Although this trend towards primary repair of flexor tendons
in the fibro-osseous tunnel seems to be supported by these
reported clinical results, the overall functionar’rgsultg are
stiil less than optimal.

.Many factors have been described.as affecting the ultimate
functional results of primary'tendon repai;s in this region.
Some of these factors are; skill and technique %f the surgeon
(Vérdan, 1972), age of the patient (Amadio'§ Hunter, 1987){
method and type of sﬁturei(xessler &huissaﬁ, 1969; Urbaniak,
C?pill & Mortensen, 1975; Ketchunm, kortiﬁ ; Kappel, 1977;

‘ray & Weeks, 1980), integrity of the blood vascﬁla’r\ systenm
or vincula (Strickland, 1985), iﬂtegrity of the flexor sheath
(Ketchum, 1977 xloine{:t,,Scthelu & Gill, 1981; Strickland,"
1983 & 1§85; Lister, 1985) and the oérly potfopor&tive
management regimes (Strickland & Glogovoc, 1980; Kleinert &
Verdan, 1983).. ‘

Clinical hand theggpists have no control 6var such factors
as age of the pationt, site 5nd type ot‘inﬁury, extent of
damage to the vincula and sheath, and the -k;ll and surgical

techniqun of thc hand surgeon. . Hoy.vor, thc :orapist should

be cognizant of these factors as they affect the .

pqctéprativo management regimes and the ultil‘ti tﬁnctiongl
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result. Conversely, early postoperative ﬁanagement of
primarily repaired flexor tendon injuries is the
resfénsibility of hand therapists and evalﬁétion of the )
effectiveness'and validity of the various‘ea%ly postopegﬁpive
regimes shquld §? critically evaluated by them. l
There are three different apprqgches to the early :

postoperative management of primaraly repaired flexor tendons

described in the literature. ‘Thedd are:

1. Early postoperative immobilization.
2. Early postoperative active mobilization.
3. Early postoperative controlled passive mobilization.

Eatly postogfrative immobilizatiqn has been the
traditional managemént advocated following primarily repair
of flexor tendons in the fibro-osseous tunnel. This regimé‘m
consists of three weeks of immobilization, followed by
graduated active tendon mobilization over the next several
weeks (Mason & Allen, 1941; Peacock, Madden & Trier, 1971).
Flexor tendon injuries managéd in this fashion h;al with
considerable scar and demonstrate a significant loss in
active range of motion in the affected digit (Strickland &
Glogovoé, 1980).

_ Other studies have advocated the use of early
postoperat;ve active tendon mobilization (Lahey, 1923;

Hernandez, Velasce, Rivas & Preciado, 1967; Kessler & Nissam,

1969; Becker, Orak & Duponsell, 1979; Hester, Hill & Nahai,

\ .



4
1985; MacMillan, Sheppard & Dell, 1987). However, because of
such factors as complicated surgical approaches, high ‘
incidence of tendon ruptue and bulgggrepair sites these: »
approaches have failed to develop wide clinical acceptance.%
T use of early po§toper§tivé conérolled passive motion

has g:;L been advocated (Duran & Houser, 1975; Lister,
K;einert, Kutz & Alasoy, 1977). Clinical studies.showing;
improved digital function with early controlled passive
méfion (Sstrickland & Glogovoq,_lQéd; Kld&xert & Verdan, 1983)
have helped to establish élinical acceptanée of this
postoﬁerative management regime. Initial experimental
studies, conduéted primariI; on dog and chicken animal
‘models, have a\po shown some interest%ng resultsf In:
addition to improved tendon eigursion (Young, Weeks & Wray,
1981)", tendons maﬁéqu in this fashion‘have shown evidence of

‘healing through an intrinsic healiné process without scar
formation (Gelberman, Vandebgrg, Manskes I‘Akelon, 1985:_
Nelson, Heipla, Shatfer, Keith, Lacey, Davy & Paxiranduh,
1985). and hdve demonstrated qfeatar rupture strength .o
throuqﬁbutvthe third tb_twclfth wookﬁ(Gclbcrman,'Woo;

. Lothfinger, Akeson & Aniol,’19821 and first to fifth week

(Hitchcoék; Light, Bunch, Knight, Sartori, Patwardhan &

HollYtiold, 1987) of poutopirativn healing.
Two factors have been presented in the liéoratuto‘tha may
contributc to these beneficial oxporincntal cttoctl of early

: controlled passive notion on healing tlcxor tondonl. These



5
factors are; the rdle of dynamic synoviai fluid nutritional -
pathways in healing flexor tendons (McDowell &(Sypder, 1977,
'Weber,'1979‘& 1987),'§nd the effect of applied tensile stress

on the stﬁp@dth of healing connective tissues (M§son‘& Allen,

‘1941f Thorngaéé &'Ferguson, 1958,‘Becker & Diegelmann, 198;):
. The fi;st faqtpr,,fhe importanée of motion for synovial
. fluid diffusion wifhin the fibro-osseous tunnel was fif$t
proposed by McDowell & Schneider (1977). Tendon motion has
since been shéwn experimentally (Weber, i979 & 1987) to |
facilitate the\ﬁiffusion.of fluoresceigwggrked synovial fluid
into the central portion of flexor tendons from the
hYpovascﬁlar régions of the tendon. This.éonceﬁt'of motion
beinq an integral element for flexor tendon nutéﬁtioﬂ in the
fibro-osseous tunnel is impoft&nt when considering the
increased nutritional requiremehts of a healing tendon.
| Injyry and surgical.repgir.can Affect healing potential by
interfering wifh the flexor t;ndon's delicate vascular
integrity within the fiﬁro-osseous tunnel (Matsui, Jaeger, //
Merklin & Hunﬁer, 1987).7 Pogtoperative immobilizationfof
healing flexor tendons can further compromise healingkﬁy’
diminishing the dynamic synovial flu}d difﬁusion pathway
within the tendon.» ﬁherqas, éarly controlled bassivé motion
regimes following primary ﬁendon‘repair‘in the fibro-osseous
tunnel may"ephance‘eariy tendon healingwby improVing this *
dynﬁmic tendon anqyial fluid diffusion nutritional pathﬁay.

The second factor, the beneficial effect of eariy ténsile <

- L 4

<
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stress on the strength of healing flexor tendons was girst
reporﬁed by Mason and Allen (}941); These authors noted that
active mofion initiated at three weeks postoperatively,.
significantly improved the r;pture strength of healing
tendons when conpared to immobili;ed tendons. Thorngate and,
Ferquson (1958), examined the effect of stress on heaiing
apon%uroric wounds in rabbirs and concludedythat aponeurotic
wounc; which heal under tension have a greater bursting
etrengthythan_wounde healing yithout reneion. Gelberman et

T al (1982), examined the tensiie rupture strength of nealin§
fiexor tendons managed by delayed'motion, immobilization, and
early paeeive motion regimes and found that the early

- mobilized groups had.twice the rupture etrength rhroughout
the third to'twelfth postoperative week healing periodsg thar
did the immobilized tendon group. Hitchgock et al k1987);
examined the ‘effect of eerly constrained digital active and
passive motion on the rupture strength of healing flexor -
tendone iy chickens and found eignificantly greater Pupture

estrength for flexor tendons maneged‘b§ early motion
throughout the 5th to 40th.day healing period as como;red.to :
tendons managed with postoperative immobilization. _>' e

In a review article, Bassett (1971), de riped four
possible mechanieme for be&’ficial effeotl of stress on
connective t;ssues. The ?oseible nechenilnl are: |
1. That the nicro-enbironnenteI conditione of the .

&
tiesue, IHCQ as oxygen tenlion and phyeical torcel,

R . Anrke l‘

- : - !



dirﬁ?t the pathway of specialization of
undifferenéiated mesenchymal cells into boﬁé,
caiiilagqur fibrous connective.tissuezgells.
2. That applied physical forces control mazromolecular
orientation by generating piezoelectric forces within
y the connective tissue. .
3. Thaﬁ.stress—induced potential differences on the
surface of collagen fibers may also conttol collagen
fiber bundle aggregation and maturatioy. o
4. That motion-induced electrical streaﬁing~poténtials
v in tendon may massage body fluid through ghe
extracellular matrix.
Bassett (1971), felt that these four factors were evidence
that both nutritional factors and physical forces determipéa

in part the direction of cell specialization and behavior

wi%hin connec;ive tissues.

The previously described findings supportive of Eoth the

" importance of motion for synoviai fluid diffusion within

tendon and the beneficial effect of stress on healing

tendons, suggest that a controlled passive ﬁotion regime

during the early postopeggtjve healing period hés the

potential to play a role in: r _ | |
1. Directing thg nature and rate of early healing

’érocesses. J

rd

2. Enhancing the development of morphological changes

\
-

é
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within the healing tendon that may qontribute to ‘an
enhanced development of its functional tensile

properties.

Statemenﬁ of the probleﬁ

The question of when to commence active tendon
mobilization following primary flexor tendon répaiﬁs that
héve been managed by an ea{}y postoperative controlled
passive motion regimes has hot yet been addressed fully in
the literature. Traditionalh?} active R?ndon mobiiization is
usually commenced at three weeks foliowing an early-
‘bostoperativé immobilization regime for primafy flexor tendon
repair in the fibro-osseous ﬁunnel (Hason.& Allen, 1941; -
Peacock et al, 1991). 1In contrast, when early controlled
paséive motion regimes are utii£29d, initiation 6: active .
motion has not been advocdated until four and one half weeks
(éannon & Strickland, 1985), five and éﬁg half weeK& (Duran,
Houser, Coleman & étover, 19%7), an even up to ten weeks
(Kutz, 1987) ﬁostoperatively. )

The reasons for this delay in activn tendon motion with
early contro;;yd.paslivo motion are unqloar.g caution, for,<
 fear of rupture, has perhaps been advocated on tpo.allunptibn“
that tendons ﬁanagé& by déntrolied pailivc ﬁoticn ho&l"noro
- slowly, and 1) dovclop tensile ctrcng;h norc tlowly than " .

ﬁtchdcns managed by carly postopirhtivc innobilizaticn.

‘The prnvioully nentionod findinq. fcr thc tagoxtanc. og ;;-»”a
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motion for synovial fluid diffusion within tendon, and the
beneficial effect of stress on healing connective tissues,
suggests that the opposite may be true. Tendons managed,zith
controlled passive motion regimes during the early
postoperative healing period have the potential to:
1. Heal with a more efficient early healing process due
to improved synovial fluid nutrition. '

2. Develop morphological changes that facilitate

development ea y”functional tensile material \

pro e to the beneficial effects of stress on

~——

healing connéctive tissues.

9
~

Unfortunately) no studies have been reported that examine
differential effects of early postoperative menagement
regimes on the early material tensile properties of healing

R I 4
flexor tendons.

Objectives of the study
The primary. objective of this study was to compare the

effect of early postoperative controlled passive moti;n and

early postoperative immobilization regimes on the material ~
w tensile properties of heeling chicken flexor tendons during
‘the initial thifty day postoperative - period. More ’
e

»specificafxy, this studijas conducted in a controlled

—

é“‘experimental setting, to examine Egﬁiearly.material tensile
properties (load at initial failure,’stress at initial
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failure, strain to initial failure, material stiffness_and
energy absorbed to initial failure) of surgically divided and
repa}red,chicken flexor tendons at five specific - ‘
postoperative intervals (10, 25, 20, 25‘and 30 days), and to

compare these tensile properties between tendons managed by

~ 4

early postoperative controlled passive motion and tendons .
managed by early postoperative immobilization.

A
Significance of the study

An investigation of specifio material tensile properties

of healing flexor tendons during the early healin yeriod can'

provide important informatfon regarding the development of
functional tensile properties of theshealing tendon. A
‘comparison of these functional tensile propertieslbetween
- - tendons managed with either postoperative,imnopilizationior
early controlled passive motion would also provide important
insights into potential differences in type, rate and N
efficiency of early‘ﬁealing processes of healing\flexor
tendons.‘ . — ‘ | '

With this knowledge of early material teneiie pronertiee
followinq two different early postoperative management ot
regimes, clinicians oan better judge both the propriety of
these regimes and the timing of poetoperative active tendon

mobilization programe



11

Research theory and null hypotheses -

The reported findings for the importance of motion for
synovial fluid diffusion within tendons and the beneficial ‘
effect of stress on healing tendons, suggest tbat controlled
passive motion regimes during the early postoperetive heeling
period would have the potential Eo play a role in:

1. Directing the nature and rate of early healing

processes. o

2. Facilitating the developnent of morohological changes

within the heal’ing tendons that contribute to the

development of functional tensile properties of the

-

healing flexor‘tendon.r . N
/ o+
Based on these reported findings of beneficial effects of

. ¥
\early controkied passive motion on flexor tendon healing, a

comparison of early postoperative material- tensile properties
of healing flexor tendons ‘managed by either early

postoperative imﬁobilization or early postoperative,
'controlled passive motion, should reflect potential
‘ differences {’ﬁtype, rate and efficiency of early healing

processes. - o . |

[
-The specific research null hypotheses for an analeis of

variance of the effects oﬁ-treetment condition ,(early
postoperative immobilizetion vs eerly postoperative f
cohtrolled pessive motion) and healing period (10, 15 20, 25

»

and 30 days) on the material tensile‘propertiescef the
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healing chicken flexor tendons were: ' ‘ . - i\
. A

1. Treatment effect: That the early controiled
motion tendon treatment group would not have eignifi;;ntly
different values for any of the tensiie properties
examined when compared to the early postoperative

‘ immobilization tendon treatment group.

‘2. Healing effect: That tendons in Hoth the early
postoperative immobilization and the early controlled
passive %otion treatment groups_would show no significant
change'aorgee the five healing periods examined in any of

— . °

the material tensile properties..

3. -Interaction gggegt: That the early controlled paesive\
motion tendon ‘treatment group would ‘not have a '
signiffé?hﬁ\y different rate of change in any ot the .
tensile propertiel examined as compared&to the early |

postoperative immobilization treatment qroup

N L
Delimitations " |
Theré are eeveral accepted clinical approaches to eurgical
repaig of lacerated thxor tendons in the fibro-oaeeoua'
tunnel in the human finger.r This etudy utilized a strictly i}1 B
.controlled surgical divieion and repair that replioatgg the-f:f]f?
‘ clinically\ideal primary ourgical repair (Strieﬁland, 1985;,’5_;_,'
of an unconplicated Flexor Digitorun Profundul tendoh

1aceration at the I.Ffl of the dlltal onc quarter ot the L

e
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préximal phalanx in the fibro-osseous tunnel of the human

Ll .
fingér. .

Tensile properties of tendons vary significantly with
environmental tesging conditions, strain rate, and the
agesactivity levéi/ and sex of the test specimen (Galante,
1967; viidik, 1973; fipton, Matthes, Maynard & Carey, 1975;
Noyes & Grood, 1976). This study was conducted only on young
mature white leghorn roosters of the same genetic breeding
pool and siﬁilar age (27 - 31 weeks). All chickens were
limited to cage activity only for one week prior to surgery.
All tendons underwent a uniaxial tensile test under the same
environmental conditions (37° C, >98§ R. H.) and strain rate
(2.54 cm/min; 100% specimen elongation/min).

Tensile properties of tendon will also change with
temporal changes in material compositiogvof é‘g:ZZaling
tendon. This study only examined the changes iﬁ.tensiie

4 - .
properties of healing chicken flexor tendons during the early

10 to 30 day postoperative healing period.

Limitations
) , <
In this study a chicken toe animal model was selected
-because of the anatomical similarities between chicken toe

‘and human finger flexor mechanisms (Farkas, Thomson & Martin,

1974).:@§1though the chicken toe ahatomy has a similar
intima%é‘tendoh/tibro-osseous synovial sheath arrangement and

¢%sc§1ar supply as the human finger, it differs both in the

« .
53
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size and number of tendons (3 vs 2) found in the digit
(Figures 1.1, 1.2 and 1.3).

Application of these experimental findings to other than
the experimental setting may also be limited by possible
physiological differences in the healing processes between
chickens agd humans. Unfortunately, a direct examination of
the early‘tenstie/g}operties of healing human flexor tendon

is not, possible. *

Operational definitions - A\

4

Eibro-osseous'tunnélg A specialized thickening of the
deep volar coﬁnective tissue layer in the fiﬁger,-originating
from either side of the deep bony tissue and surrounding the
flexor tendons. The fibro-ossegua tunnel forms a close
fittiny specialized sheath thro;gh which the flexor tendons
pass. The outer surfhce has a series of thickened connective
tissu; bands that act as ‘pulleys and keep the tendons in
close contact with the underlying bone at'all times. The
inner surface’ of the sheath, and the outer surface of the
flexor tendons, are each covered by a layer of synovial.

" membrane. The synovial fluid produced by this membrane acts
botﬁ as an important source of nutrition for the ;‘n?on‘ and
as a lubricating‘fluid to alloy‘frictioh free motion of the

L Y

tendons within the sheath.

mlmumnﬂnmi& The initjal, thru to four

week period following surgery.e This period corresponds with
Y - . ‘ N —_/ )
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Patella

Tibia
: FDP muscle mass

Tarso-Metatarsus

Figure 1.1: Chicken Leg - Osseous Anatomy

and Flexor Digitorum Profundus Muscle.

L g
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Figure 1.2: Chicken Digital F}exor Mechanism (Volar view)
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A

the inflammatory and fibroblastic phases of connective tissue
healing.
Controlled passive mobilization: Movement of the flexor

L 4
tendon through closely monitored passive joint range of

motion exercises.

Attive tendon mobilization: Movement of the flexor tendon

through Pctivefmuscle contraction exercises,

Tensile properties: The mechanical properties (eg.‘
strength and stiffnesg) of the tendon, demonstrated,through a
uniaxial tensile test.

ngg; The amount of tensile load (grams) applied to the
tendon speciﬁen at any given time during the ten;ile test.

;;éss: The internal resistance of the tendon to Sn
épplied load (grams) per unit area (square millimeters)

Strain: The relative displacement of two points in the
tendon per unit separation. ' Presented in this paper as
percentage of total specimen length;

Stiffness: A measure of the raté of deformation of the
tendon-in relation to the tendon's rate of change in load
bearing capabilities.. Detéﬁmined'by‘dividing stress by
strain.

Ini;igl_;giln:g; The initial point on the load /
elongation curve that domonstratcd a 10-: 1n ability of th-
tendon to resist the applind load.

nnmy_nmmuummnm A measure of th‘ ‘
incrgy ;tored in the tondon. This is ncacurod by dotornininq

)
r . . f
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the area under the load / elongation curve from the point of
initial strain up to the point of strain to initial failure.
Energy absorbed is a function of both the stiffness and

strength of the tendon.

Elastic strain: Deformation of the tendon that is

compdetely and immediately recovered when the tensile load is

removed.
&

~

Visco—glastis strain;: Deformation of'the tendon that is

- -

completely recovered over a period of timekfollowing removal

-of the tensile 1053.

Plastic strain: Deformation of the tendon that is

permanently maintained following removal of the tensile load.



Chapter II

. LITERATURE REVIEW

Surgical management

Effective surgioal management of acute flexor-tendon
lacerations in-the fibro-osseous tunnel of the finger has
been a subject of discussion, in the medical literature for
some time. Predictably poor functional results following
primery tendon repair of flexor tendons in the fibro-osseous
tunnel led Bunnell (1918) to deecribe this region as '"no-
mans-land". Bunnel} advocated secondary tendon graftingA
procedures for flexor tendan injﬁried in this region. He
felt that better surgical conditions with secondary grafting
procedures would result in less postoperative ecarring and
ultimately lead to better clinical results.

More recently, Verdan (1960 & 1972) has advocated the
return to primary tendon'reﬁair'of acute flexor tendon
lacerations'in what he Qescribed_as'zone II'flexor‘tepdon
injuries. ’Verdah-(l972), felt that rasuitgiof primary flexor
tendon repairs ih:ZOne II were primaril&-dependent upon the
' meticulous~s%rgical technique or,"knowledqeeblo and skilled"
surgeons. | h ”

Zone Ii;flexor tendon injories have since been goro
preciseiy definedv(kleinert, Kﬁtz, thbell & uartihez, 1967
Strickland, 1983) as the portion of the fibro-osseous tunnel

between the first annular pulley and the 1ﬂsertion of thc

- 20
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Flexor Digitorum Sublimus (FDS) tendop into the middle
phalanx. Zone Ii is the region in the finger in which both

. flexor tendons run intimately within tgt restrictive fibro-

- osseous tunnel and adhesive scar formation with tendon
healing has its most restrictive influence w%thin this
region.

Kleinert and Verdan (1983), reported on a Scandinavian
series of patients (u?specified number) and described 63%
good tc excellent results with primary tendon repairs as
compared to 35% good to excellent results with tendon

~“grafting in zone II of the fibroé-osseous tunnel; Other
clinical studies have reéorted comparable good to excellent
results following primary flexor tendon repair in zone II
(Greeh & Niebauer, 1954; Kleineft, Kutz & Cohen, 1975;

"~ Strickland & Glogovoc, 1980). Although th}s tr;nd towards
primary repair of flexor tendons in zone IT injuries in the
fibro-osseous tuhﬁel seens }o‘be supported by these improved
clinical results, the ultimate functional recovery of the

" affected digits is still less than 6ptima1.

Besides meticulous surgical technique (Verdan, 1972),
other factors have been deséribed as affecting the ultimate
functional recovery of primary tgndon repairs in zone I§.
’Some of these other factors are, age of tha patient (Amadlo &
Hunter, 1987), method and type of suture (Kessler & lesan,‘

1969; Urbaniak, Cahill & Mortensen, 1975; Ketchum, Mortin &

Kappel, 1977: Wray & Weeks, 1980), integrity of the blood
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vascular_systém or vincula (Strickland, 1985), integrity of
the flexor sheath (Ketchunmn, 1977; Kleinert et'al, 1981;
Stric&land, 1983 & 1985; Lister, 1985) énd, early
postoperative manageﬁent regimes (Strickland & Glogovoc, *
1980; Kleinert & Verdan, 1983). “ |

Strick;and (1985) and Kleinert and Cash (1987), summarize
itmportant ;echnical coﬁ;iderations of a primary surgical
repair of a clean, uncomplicated laceration of a FDP tendon
'in zone II of the finger. ‘;ome factors these authors stress
. are the imgortance of surgical repair by a'knowledgeable
surgeon, use of loupe magnification, adequate surgical
exposure and atraum;tic technique. These authors also’
disqpss the consideration of placing the suture in the
avascular, volar portion of the tendon to avoid - further
damage to the vascula{ supply of the tendon.

A technique of tgnddn sdkuring_that’is widely accepted for
the repair of flexor tendons in zone II i;.algb described by
Strickland (1985) (Figure 2.1).“‘Tha suturing technique
involves a Tajima (1984) modification of ;'Kosilqr & Nissan
(1969) grasping suture, ir which the knot 1s.located:qt the
site of laceration.4 Thé repair é&chniquo doscribad by'
-Strickland (1985) also includa- his own modification, in
which . the suture knnt is huried,bctwcon the two onds of the
tendon by a small 6-0. running opit.ncn suture.

Lister (1985), -tro-scn tho ;nportancc of tandon lhcath

tlosure in light of the. rcportcd qxporin.ntal tindinqu of thc[

-
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Technique. (Adapted from: Strickland,

1985)".
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importance of synovial fluid nutr}tion for flexor tendons in
the fibro-osseous tunnel of the finger. He describes in
detail the surgical techniques for ensuring preservation5and
repair of the flexor tendon'sheath during a primany repair of
a flexor t‘endon . |
\ﬁ&n summary, the surgical trend of the past'zo years away'
from secondary tendoB grafting procedures, towards primary
tendon repairs for acute flexor tendon lacerations in the
fibro-osseous tunnel of the finger, appears to be supported
‘by'the reported clinical findings;of improted\;unctional
recovery of th# digit with primary tendon repair. . However,
the ultimate functional recovery of the affected digit is
still less than optimal. ' - - S

Many factors have been'identified as affecting the .
ultimate functionai\recovery of the affected digit. Clinical
hand therapists have no control over many of the factbrs
‘descrioed, such- as age of the pat}ent, site and type of
_ injury, extent of damage to the vincula and s eath, and the
skill and surgical technique of the hand surg on. However,
the therapist should be cognizant of thesa factors as they

may affect postoperative management regimes and the ultimate
\ ”

functional result. '

~ Barly postoperative "nanagenent | L ~ /
In contrast to _the nunerous zactorn that are outaide the '

\

control of the hand therapiat, aanaqmnt of the early -

%
LA
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postoperative treatment regimes is the responsibility of théﬁﬁmq

.
hand therapist. For this reason, evaluation as to the '

effectiveness and'validity of the various approaches to early
postoperative management of these injuries should also:the
therapist's responsibility. Many important clinical .
questions can not be addressed without further experimental

and clinical research conducted to examine the effectiveness

of the different early postoperative management reginmes. o

A universal, or widely accepted approach to the eari}
poetoperetive\management of primarily repaired flexor tendons
in the fibrb-osseo&s tunnel of the fingef has not as yet been
clearly established. Presently there are three anproaches to
the early postoperative management AE these injuries

described. These are:

1. Early postoperative immobilizatlon ' to,
2. Early postoperative active mobilization.
3. Early postoperative controlled passive mobilization.

\
\
\

The ultimate goal’of postoperative management of a -
. primarily repaired flexor tendon in the finger is to maximize
digital functional recovery. Functional return of .the digit
is.dependent upon- more than just a well apprpximat;a and |
fstrongly healed tendon. In order for the digif to functian,,
the healed tendon must also glide freely in the fibro-osseous
tunnel of a mobile and{bupple finger.

Tethering of the healing tendon to-the‘surrounding fibro-

. v i

W
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osseous tunnel foiiowing primary tendon.repdir presents a -
signifi¢ant clinical problem. Prolonged immobiiization and
adhesive scar formation during the early stagee of healing
ultimately leads to tedyced finger function. Therefore;
esteblishment of an early postoperative management regime
that both protects tlie tendon from excessive tensile forces
and reduces the restrictive influence of adherent scar, |
becomes an important rehabilitation‘challenge.

Of the three different approaches to the early
postoperative manhagement following primary tendon repair in
the fibro-osseous tunnel of the“finger,»early‘postoperative
imnobilization has been the traditional manageffent regime
"advocated. The protocol for this regimeshes been“described
by Peacock (1964f and Peacock et al (1971), and is oased on a
"one wound -one scar" concept of flexor tendon healing in the
finger. Peadock (1964) describes the injured flexor tendon
as being part of a multiple tissue wound, in whioh the scar °
.that eventually repairs this wound is, during the early
,stages of inflammation and fibroplasia, one mass of .
reparativé tissue. Peacock et al»(1971) stete, that if this
reparative scar is to deVelop vasculerization and adequate
tensile strength to withstand éetiVe motion, a period of .
~ three weeks ot=postoperetive immobilizetion wel required. ‘
'They also etate, that the procees of lecondery renodelling ofﬁﬂ
ﬂithe reparative scar into tendon like ti-eue centrelly and wi
'nonrestrictive connective tilsue p@ripherelly, wnl dependent é*?

o~
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upon the appropriate and cautious initiation of a graduated

active tendon mobilization following the three week period of

immobilization.

-

The postoperative management regime described by Peacock
et al (1971), requires that the hand and wrist are
immobilized in a bulky compressive dressing with the wrist
pesitioned in neutral or slight flexion and the metacarpal
pﬂPlangeal (MCP) and interphalangeal (IP) joints flexed to
relieve tension across the repair site. The hand is left
immobilized in this position for three weeks. Following
removal of the dressing, a program of unresisted active
blocked proximal IP joint motion, and passive digital flexion
exercises are commenced. Over a period of the next few weeks
a program of full Fctive, passive, and r;sisted flex%gn&!gd
extens{pn exercises are gradually introduced. ‘ H

Other studies have advocated the use of early
postoperative active tendon mobilization regimes. These
studies have either attempted to increase the st}ength of

tendon repair by altering the suturing tecHniéue at the site

of laceration (Lahey, 1923; Hernandez et al, 1967 Kessler &

- Nissam, 1969; Becker et al, 1979), or attempted to avoid

tension at the repdir site by internally splintindgthe

repaired don with a suture that graéps the tendon

proxim'fly in the palm, passes through the.fibro-osseous
tunnel}%o approximate the lacerated tendon and then passes
distally through the distal Epalanx (Hester, 1984; MacMillan

ﬂ N

\



(J .

. 28
et al, 1987). Due to such factors as complicated su%gical
approaches, high incidence of tendon ruptures and bulky
repair sites with these approaches, éarly postoperative ///
active mobilization regimes have failed to develop wide
clinical acceptance.

The concgpt of early postoperative controlled passive
motion following primary fléxor tendon :epair was first
introduced by Young and Harmon in 1960. However, it was not
until fifteen.years later that this concept was popularized
(Kleinert, Kutz & Cq#gﬁ, 1975). Thére are two approgcnab éo
early controlled passive motion described in the literature.

The first method #f early controlled passive motion
described, utilizes elastic band traction attached tp the
finger tip of the repaired digit. This regime ié similar to
the method described by Young and Harmon (1930) but has been
modified by Kleinert et al (1975) and Lister et al (1977).
Postoperatively, the hand is immobilized in a dorsal splint
that holds the wrists and MCP joints in a flexed position.
The splint is fabricated with a dorsal finger portion that
allows full IP extension. The rubber band attached to the
finger tip is fixated pf&?imally at the wrist and holds the
relaxed finger in a flexed position.‘ Commencing on thoothird
to fifth postoperaéive day, full active finger extension is
starﬁfd and repeated six to digh%ctimol, six times dadly.
The rubber band traction pasi}vcly.floxcc the finger

following each active finger extension exercise.. After three
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weeks, the dorsal splint is removed and the rubber band

TN
traction remains in place. Active extension exercises are

continued, but active flexion is dis¢ouraged until six weeks
(Cénnon & Strickland, 1985).

The second method of early controlled passive motion was
first described by buran and Houser (1975) and later modiried
by Strickland aﬁa Glogovoc (1980). The modification involves
» f IP joint extension

a position of rest between exercises

ratHer than utilizing an elastic band trection that was

initially described by Duran and Housar (1975 With this
method of early controlled passive motion, the hand is
immobilized péstoperatively in a dorsal splint that holds the .
wrist in slight flexion, the MCP joints in 50 degrees_ of
flexion aqﬁ the IP joints in extension. Commencing on the
third to fifth postoperative day, the patient is instructed
to twice dai}y remove the volar finger straps that immobilize
the IP's and perform, within the confines of the spiipt,
eight repetitions each of full distal IP, éroximal Ip #nd
composite (MCP, PIP and DIP) digital passive flexion and
extension range of motion exercises. Active flexion and
extension exercises are cqmmenced after four and a half
weeks, and the splint 'is discontinued at six wéeks-(Cannoq &
Strickland, 198S5).

Verification of passive tendon glidingﬁﬁithin‘theyfibro-

osseous canal when using early controlled passive motion

regimes in humans was established clinically by Duran and
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Houser in 1975, and later experimentally substantiated and

’/Y

quantified in animals (McGrouther & Ahmed, 1981; Gelbermen,
| Botte, Spiegelman & Akeson, 1986). Isolated passive joint
motion allows independent tendon gliding of the tendon that
inserts onto the distal phalanx of the joint being moved.
Composite passive digit motion allows maximal gliding of the:
whole flexor mechanism in relatioﬁ to the sheath, whereas,
comb}ned pa;;ive DIP and PIP motion allows maximal
differential excursion between the two tendoqs inserting into
the distal two phalanges.

’ Clinical studies shoﬁing improved digital function with
eafly postoperative controlled passive motion (Strickland &
Elogovoc, 1980, Kleinert @& Verdan, 1583) have helped to
establish clinical acceptance of these early postoperative
regimes. Exper}mental‘studies have also shown some
interesting results. In addition to improved tendon
excursion (Young et al, 1981), te%dons managed in thi;
fashion have alsg\shsan evidence of healing through aﬁ
intrinsic healing process wfkhout scar gorma;ion (Gelberman
et al, 1985; Nelson et al, 1985) gPd have demonstrgted
evidence of greater rupture load throughout the third to
twelfth (Gelberman et al, 1982) and first to sixth (Hitchcock
et al, 1987) postoporqti§¢ weeks, wvhen compared to tendons
managed bf early postoporﬁtivc immobilization.

Early controlled palliv; motion regimes brcﬁontl;

described, delay initiation of active tendon motion longer
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than the three weeks that has been traditionally described
when early postoperative immobilization is utilized. The
‘reason for this delay in active tendon motion with early
controlled passive motion is unclear. Caut%ga, for fear of
rupture, has been advocated perhaps on the assumption that
tendons managed by controlled passive motion heal more slowly
and, thereforé, develop tensile strength more slowly than
tendons managed by early postoperative immobilization. This
has nqt been adequately explored in the 1iteraturé. Evidgnce
of greategﬁrupture‘strength with early controlled passive
motion regimes during the late (Gelberman et al, 1982) and
early (Hitchcock et al, 1987) ﬁfstoperative héai}nb periods

f',
suggests the opposite may be true.

’ ///

I
-

Tendon healing - ,

Specific mechanisms involved in the process of. tendon
healing have not been clearly established in the literature.
There are two different viewpoints presented. One view

expresses the opinion that tendon healing is dggpndéht on an

extrinsic aling process of ingrowth of granulafion tissue

from surroung ng tissues. The other viewpoint suggests that’
. - ‘
tendons have

by tendon ¢

e ability to heal through an intrinsic process

1 proliferation. -
The fprocess of extrinsic healing in flexor tendons was .
clez;l described by Potenza in 1962. Potenza (1962) =

reviewed the histological processes involved during\the
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initial 128 days of healing in immobilized dog flexor
tendons. He described an early process of inflammation
followed by a prolifergéign of granulation tissue from
surrounding tissues. He also noted that intrinsic tendon
tenocytes remained inactive throughout the total healing
period. Mason and Shearon (1932) and Skoog and Persson
(1954) had previously described similar processes. HoweVér,
these studies were not conducted on flexon tendons in a :
syniovial environﬁent.

Lindsay and Thomson (1959), and Lindsay and Birch (1964),
described morphological changes of healing flexor tendons
éuring the first four weeks of healing. He outlines a
process of epitenon fibroblast-proliferat;bn that commences
on %he second day, followed by migration, proliferation and
matﬁration of these epitenon cells into the central portion
of the tendon over the next two weeks. Linds;§ and Birch )
(1564), also described a proliferation of intrinsic endoténoﬁ
fibroblasts, however, he described ﬁhei£ contribution as
minimal and not commencing until the third week.

Other authors have since demonstrated exporimentally an
ability of flexor tendons_in a synovial fluid environment to
heal intrinsically. This process invo;?el a dominant
participation of intrinsic tendon cells in the healing
process, and suggésts that the ingrowth of tho;adhcront scar
from surrounding tissuos may not be an esscntial element of

glexor tendon hea%ing.'
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Lundborg (1976) and Lundborg and Rank (1978), demonstrated
intrinsic heali;g in repaired flexor tendons isolated in the
synovial environmental of rabbit knee joints. These same
authors, in a later -study (iundborg et al, 1985) were again
able to demonstrate this intrinsic healing potential in
flexor tendons, without possible contamination of the
synovial environment by extrinsic fibroblasts, by sealing
repaired flexor tendons in synovial ch;mbers'and placing them
in thengubcutaneous tissues of rabbits' back. Many other
authors have also demonstrated experimentally similar
intrinsic healing potentials of repaired flexor tendons
(Matthews & Richards, 1976; McDowell & Snyder, 1977;
Matthews, 1979; Becker, Graham, Cohen & Diegelman, 1981;
Graham, Becker, Cohen, Merritt & Diegelman, 1984; Manske &
Lesker,\l984; Gelberman, Manske & Vandeberg,\1984).

Ketchum (1977) and Lundborg and Rank (1987), reviewed the
processes of flexor tendon healing and concluded that primary
tendon healing can occur through either intrinsic or .
extrinsic healing processes. They state that a key factor in
determining the primary direction of the flexor tendon
healing towards regeneration (or exirinsic healing) or
towards the more primitive reparative process of healiﬂg by
scar tissue (extrinsie healing), is the nﬁtritional supply of
the repaired t®ndon during the égr;y postoperative-healihg
period.. '

Nutrition of the flexor tendon in the fibro-osseous tunnel
|

o

-~
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of the human finger has been demonstrated through both
vascular perfusion and synovial fluid diffusion pathw&ys.

The extent to which each source supplies the nutritional
need$ of flexor tendéns in the fibro-osseous tunnel of thé
finger has received considerable study.. Manske and Lesker
(1985) and Hunter (1987),‘both provide excellent reviews on
work conducted on thé vascular anatomy of the flexor tendons
im™ the finger. In summary, fhe Flexor Digitorum Profundus
(FDP) tendon can be described as having two separate
intrinsic systems of vascular supply.f'The proximai vascular
supply of longitudinally oriented vessels 4s derived from °*
paraténdinous vessels and the distal vascular supply of
cdmplex, segment&lly arranged, dorsal v;scular loops, derived
from specialized mesotenon vascular channelé.called vincula.
The Fwo intrinsic FDP vascular systems becom; demarcateduﬁt
thé base of the proximal phalanx. The digtal intrinsic
vascular arcades are found only in the dorsal‘portion of the
tendon and do not pass through the fascicular bundles. As
well, the distal intrinsic vascular arcade supply is
segmental and highly variable, both between people and within
the same person as he or she ages.: After the ‘third decade,
areas of intrinsic avascularity in the FDP tondon:incroal;.
Uniqueness of the intrinsic vascular arrangcmcnt and areas
of avascularity within the distal portion of the FDP tcndon,
have suggested to many invcutigatcr- that fluxor tondond

within this region may be noro dopondent on lynqvinl,tluid
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diffusion than vascular peffusion. .

Manske and associates (1978 & 1983), investigated the
uptake of titrated proline through vascular perfusion and
synovial diffusion pathways in various experimental animal
models (dog, ;;ﬁkey, rabbit and chicken), and demonstrated a
Eredominate role of synovial diffusion in flexor tendon
nutrition. A system of loﬁgitudinally arranged channéls
'running within the intrafascicular bunglekmyf the tendon
described by Edwards (1946)-\ and ‘Brokis (1953), led McDowell
and Snyder (1977) to present a synovial fluid diffusion
theory for flexor ten@on nutrition. These authors noted that
the vascular arterial loops were similar to the vascular
loops found in synovial membranes *f joints and sugéested
that these Végsels produced synovidl fluid that could be
diffused 3ithiﬁ the tendon substance. McDowell and Snyder
(1977) equated this“diffusion process to, the dynamic synovial
diffusion within the cartilage of joints. They éostulated
that dynamic diffusion of synovial fluid within the tendon
was dependent upon a-pumping action generated by the
repetitive loading and unloading of the tendon with
distraction and relaxation with tepsile loading, and = -

j-ilking action produced when the Jindon glides over hard
| surfaces such as the tendon sheath pulley system.

Weber (1979 & 1987), has since demqﬁétrated.
experimentally, that tendon motion %ﬁhggégd the diffusion of

fluorescein marked synovial fluid from the avascular dorsal

y
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regﬁon of the tendon, into the central region of 'the flexor
tendon. Like Mc¢Dowell & Snyder (1977), Weber (1987), also
postulated a dynamic pumping action for diffusion of .synovial
fluid within the tendon. |

It appears frqp the literature that both vascular
perfusion and synovial diffusion play a role in flexor tendon
nutrition in the fibro-osseous tunnel of the finger. The |
more recent literature suggests, however, that dynamic
© synovial fluid diffusion plays the predominant rdle. The
concept of motion being an integral componentigor synovial
fluid diffusion is also important when considering the
increasod nutritional demands of a healing tendon.

Injury and surgical repair can affect the healing

/

potential of the flexor tendon in the fibro-osseous tunnel by
interfering with the delicate v&;cular anatomy 1& this region
(Matsui«et.al, 1987). Postoperative.immobilization of a
repaired flexor tendon can further compromise the tendons
nutritional suﬁbly by,diminisoipg the effectiveness of the
dynamic synovial fluid‘ditfusion punmp. . R
-One possible mechanish for the reLorted beneficial
clinicdl and.ekp;}imental effects of oafly controiled paili;;
motion on healing tloxor tendons, is inprovod lynovial fluid
nutrition during the early healinq poriod. Inprovod T
nutrition during the early hnalinq poriod with controllcd
passive motion, could concéivably intlucnco tho okrly h.aling

'procoss towardl a more oftioiont and/or intrin ic hoaling

~ .

‘.
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process.” With this improved nutrition, examination of
specific early tensile properties of healing flexor tendons

managed by controlled passive motion should reflect an:

improved healing potential over immobilized tendons.
Colel
‘Tensile p;operties of normal tendon

Tensile propezfigs of tendon are measured by a uniaxiail

wd
&6h the tendon specimen is elongated at a

s L\"
tensile teseégn‘
constant rate

—

force. The tensile properties exhibited by tendon are

Y changes in length plotted against loading

related to the structural design of-the tissue matrix.

Besides water, which accountg for 2/3 6f tendon's overall
mass, the primary structural cdﬁpqgeﬁt of tendon is collagen.
Collagen constitutes approximatg;i;ijﬁléf the tendons dry
mass. The remaining portion ofséﬁéifégggﬁ-tissue matrix is
composed of elastin fibers, élycosaminéélycans and otﬁerf
substances such as enzymes, leCoproteins'and lipoproteins
(Frank, Amiel, Woo & AKeson, 1984). |

The tendon's primary (ﬁnction can be defined as a
transmitter of tensile forces generated by.tpe muscle to the
mobile bony elements. A structural deﬁign that facilitites
this jforce transmission is important and ;he parallel
arrangement éf'denseiy accumulated collagen fibers within the
tendon fulfills this functional need. .

Nimni (1983), describes fha primary role of collageﬁ as a

resister or transmitter of tensile forces and describeé the
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complex arrangement of organized tropocollagen protein®”

macromolecules in collagen fibers. Each tropocollagen

molecule is formed by a triple helical arrangement of complex '

amino acid-chains. Tne hierarchical arrangement of ‘these
tropocollagen molecules first into microfibfils; by an end-
to-end andAlateral 1/4'staggered aggregation, followed by )
‘further parallel aggregation of these microfibrils into
collagen fibrils constitutes the primaréestructural
arrangement of collagen. Further aggregation of collagen
fibrils into fibril bundles forﬁ;;ihe collagen fiber within a’
connective tissue matrix (Figﬁre 2.2). Thie hierarchical,
parallel arrangement of tfopocollagen molecules within the
collagen fiber allows for development o&f an organlzed
arrangement of aovalent bonds within and between the |

tropocollagen molecules (Figure 2.3 ). Each one of these

- covalent bonds is ext;emely strong and provides a eigngﬁicant‘

‘resistance of the collagen fiber to tensile loade and
[ chemical denaturation (Viidik 1973) .
\\*:7 The further organization of collagen finere into a
den;ely organized, parallel hierarchical arrangement within
the connective tissue matrix is what dietinguiehei tendons
and 1igaments from other connective tieeuee, and providel
‘them with a structure suited to the trenemillion and
resietance of large tensile forcee.‘ Butler. Grood and Noyee
(1978), describe the ultraetructure of tendon.; CQlleqen _'
tibers and ‘a tew eupporting tenooytel ere forled into prinary

L \
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tendon bundlds called fascicles and are surroundedle loosely
organized connective tissue sheath called the endotenon. The
fascicles are then grouped and held together within another
loosely organized sheath of connective-tissue called the
epitenon, whiaa.condenses peripherally to form the external
surface of the tendon (Figure 2.4). Butler et al (1978), also
describe a typical crimped or waveform pattern of ‘the primary
fiber bundles found within the tendon. viidik (1973), states
this crimp waveform is caused by the collagen fibers bonding
w1th other tendon tissue matrix macromolecules such as J

¢

elsstin >

L]

4

A typical load / elongation tensile testing curve for
tendon has been‘described by Butler et»al 51978) (Figure
2.5). The unieiial tensile test curve for tendon has three
' regions. The initial region has.been referred to as the | ‘.
'toe—region' and is characterized by a curvi 1inear (convex .
towards the x-axis) minimal increase in load as the tendon
specimen is elongated to approximately 3%, During this "7
initial region of tendon elongation the tendon collagen |
fibers are stretched from a resting crimped pattern. It the',
load is released during this initial elongation region tne
tendon/ﬁili behave in an elastic taehion and return
immediately to its original resting length _

The second’ region ot tﬂe curve deecribed by Butler et al
(1978) ' is reﬁreeented by a rapid linear increeae in leed

.During this linear r;gion ef tendon elongetion, the perellel
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oriented collagen fibers are undergoing a physical
elonéation. Nimni (1983), also describes an actual
microfailure of some of the shorter collagen fibers loaded
during this region of tendon elongation. If the load is
released during this region of elongation, the tendon will
behave in a visco-elastic manner and take time'to return to
its original resting length. (

The third region of the curve described by Butler et al

(1978), is the failure region. This failure region is
characterized by another curvi-linean (convex away fiom the
x-axis) increase in load. Gradually the load bearing
capability of the tendon begins to plateau, or decrease
slightly, before the tendon specimen fractures. Specific
failure and fracture characteristics of t;ndon have not been
described. However, tensile material properties during the
initial curvi-linear portion of this failure region‘have been
summarizedlﬂy Butler et al (1978). The point of change from
the second linear region of the curve to the thfgd curvi-
linear region is referred to as the yield point. Perﬁhngnt,
or plastic structural changes occur in the substance of the
tendon, if the tendon is strained beyond this yield point.
If the load'ic released during this initial failure rogiqn,
the tendon specimen never repurﬁs co?plctcly back to its
original resting length. ’ o

Butler et al (1978), lllo‘dcscriﬁod the need to

standardize the load / elongation curve by dividing the load

r
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bf the cross section area of the tendon and plotting this
curve against the percentage of elongation of the tendon
specimen. This standardization procedure is necessarx.in
order to compare tensile properties between tendons, as the
overall structural tensiie characﬁeristics of the tendon
specimen will change with differences in width and length of
tendon specimen tested. Hhis standardized tensile curve is
called a stress-strain cur&e.

Various material tensile properties of the tendon can be
determined from the stress-strain curve. Maximum stress and
strain to failure, material stiffness and energy absorbed to
fajilure are some of the.more common material properties
determinéd frqm the stresg-strain curve. Stress and strain
values are determined by éxtrapolating X and y co-ordinates
at the point of failure. Energy absorbed to failure is
determined by calculating the area under the curve and a
value for material stiffness can be determined by calculating
Young's modulus of elasticity (stress/strain) (Butler et al,

78). . * °

ported values for normal tendon material properties vary
ewhat in the ljiterature. Reported maximum strain values
for human SQndon range between 10 andils% (Elliott, 1965 &
1967; Harkness, 1968). Elliott (1967), states that tendon
requires ; stress of 10kg/mm? to acheive a strain of 5%.
Harkness (1968), describes a stress value ranging of 5 =~

10kg/mm2 to acheive .a strain of 6%. Yamada (1970), describes

N
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a maximum stress value of 50 - 1_00N/mm2 (5.1 - 10.2 kg/mmz).
Gordon (1984), describek\q\naximum stress of 82N/mm2
(8.4kg/mm?) .

Reported values for specific material properties of tendon
are somewhat misleading, as these values may vary depending
on such things as tensile testing strain rate, environmental
conditions, technical problems with gripping, cross sectional
area and strain measurement procedures and differences in the
age, sex and activity level of the donor specimen.

Tensile material properties for tendons vary due to
differences in strain rates, as tendons are a composite
material that is primarily visco-elastic in nature. Visco-
elastic materials demonstrate time-dependent material
properties. Some of these time-dependent characteristics
(Viidik, 1973; Butler et al, '1978) are: ’

1. Force relaxation, in which'a constant elongation
maintained over a period of time causes the tendon to
demonstrate‘a progressive decrease in the loaQ'
required to maintain the elongation.

2. Creep, in which a constant load is applied over time
and the tendon demonstrates a‘progressive‘increase in
elongation. A ,

3. Strain rate sensitivity, in which maximum ltresf r—\\

A energy absorbed tq ‘failure, and material ltiffnoll

increase as thc rate of tendon elongation incrcauol,

whereas, maximum strain'decroasos. This tunctiqnal

.4 " | Vo . '
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characteristic of strain rate sensitivity in tendon,
means that tendon becomes more stiff and behaves in a
more elastic manner when it is(strained at a fast

(
rate.- At fast strain rates tendons develop greaﬁsg

¥

strength capabilities but lose their capacity to

"
withstand significant deformation.

e

vVariations in environmental testing conditions will also

affect the material properties of tendon. Changes in the

N

environmental temperature and relative humidity have been v

shown to alter the material properties of the tendon being

\

teéaed (Galante, 1967;.Warren, Lehmann & Koblanski, 1971;

viidik, 1973). Methods of preservation of tendon have also

been shown to alter the tensile properties of tendon. .
Embalmed tendons show a significant increase in tensile

strength (Blanton & Biggs, 1970), wheréaéj«g;ndons that have
3

A"

been frozen have shown no signifiéant change in their
material properties (Ridge & Wright, 1965; Galante, 1967).
N
viidik (19755, reviews some of the technical difficulties -

A Y

encountered when<§?ying to tesF a gliﬁﬁéry, flexibple,

4

-

testihg a fresh .tendon specimeﬁ is designing a

’ : T
compressible mate¥ial sucq as tendon. The major hurdle to
ov. ome

lamp that holds the specimen firml* enough’ to avoid
slippage, but not sq firm aslto cause specimen failyre in the
clamp. -Some moditications to ¢ amps described by VAidik
4
(1973), have been theﬂ"' of wgdged clamp that raduaﬁys

-
.



46
the pressure within the grips, wrapping the tendon with wire
or surfacing the clamp jaws with a rough material to increase
the coefficient of friction between the tendon and the clamo,
and rounding of the clamp jaw edges to avoid a stress
concentration at the edge of the clamp jaw. '

Other technical difficulties are\encountered when tyying

\

to measure the cross-sectional area® and strain of the tendon
specimen. Ellis (1968), discusges the reliability and
validity of different cross se:Zional area ?pa;urement
techniques (caliper measures, histologicel section, dry
specimen weight/unit length and shadow contour
reconstruction). Ellis (1968), concluded that a shadow
contour reconstruction method,was~;\$ most valid approach for
direct measurement of a fresh, moist, compressible specimen.. {
However, the reliability of the shadow contour method ‘in his
investigaéion was less than was a measurement of dry specimen
weight/unit length. A problem discussed by Viidik (1973),
with the validity of dry specimen weight as it correlates to.l
cross-sectional area is thht it is_only appropriate when,the St
specific gravity of the total speci en is constant._;', B '
viidik (1973), also discusses.th difficulty with 5
determining an initial strain Value té‘\ tendon when the e
- strain of the specimen is indirectly deternined by neaeurinéﬂ‘:
the distance between the two clempe. This approech is enly
valia if there is no slippage of the ﬁendon epeoinen in the

I

grips and the specimen is preloeded to a etenderdized value-'i

R
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prior to the commencement of the test. As well, yith the
commencement of the test, there is a time delay during which
the compliance in the testing apparatus is absorbed prior to
the test specimen beigg loaded at a constant strain rate

(Vrijhoef & Driessens, 1971). Therefore, the initial portion

oot

of the load / elongation’curye is representative of this
machine / specimen interaction and is not truiy
representative of the material properties of the tendon being
tested.

Other authors have demonstrated that the' tensile
properties of tendon vary with the age, sex and activity

level of the specimen donor. Noyes and Grood (1976),

demonstrated that older ligament specimens show a lower

‘stirfness 229/haximdh stress and strain than do younger .

specimens. .Tipton;_Matthes, Maynard and catkey (1975),

“demonstrated that tendons and ligaments were stronger and

larger following long term -physical activity. As well,

: 'hormonel changes with aging~and sex differenoes have also

been pnown to affect the‘materiai properties of normal tendon
(Bootﬁ &‘Tibton, 1970). ;"

From reviewing ‘the 1iteratufe i the area of normal

‘tensile propertiesaof tendon, it can be seen that there is

.

grea; variability in the reported tendon tensile material

’

-,'*properties'reported in the Iiterature. These reported

'difﬁerences may be due to such factors as different strain

;rates, environmental testing conditions, testing procedures

4

e . "
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and differences in the age, sex and activity level of the
donor specimen in the various studies examined. Attempts to
control factors that may affeét tensile properties of tendon
should be included and digcussed in any study examining
tensile properties of tendon.

(-
(/Tensile properties of healing téndon o
Tensile properties of healing tendon have re;eived limited
experimental inveétigation. Mason and Allep (1941); in theié L
classic study on dog éxtensor CErpi radialis ;endons{ were g
the fifst.to investigate tensile‘strenthtgains of healing
tendons. They defined three phases in'te;aon healing'fg
determined by tensile strength.change;. The first phase
lasted five days and was characterized by a rapid diminution
iQ,;BFength. The second phase demonstrated a progressive /
increase in tensile strength which reached a plateau at about
sixtegn days. The third phase showed a secondary rise in
strength commencing on the 19th to 21st day{f‘Tﬁbse same
authors also pote that three phases 9f tensile strength gains
.correlated with the three phases of.connecﬁivo tissue Healin§
(inflammation, fibroplasia, maturatioﬂ)( As well, Mason and
Allen (1941), describe: an increase in scarring and adhesions
in healin dons that commence active tendon mobilization
‘prior to Z:: weeks; but a significant improvement in
rupture strength.gains in tendons that commence active tendon ¥

motion after three weeks of immobilization.
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Madden and Peacock (197}); examined healing derm%l ’
connective tissue wounds and demonstrated a correlation
during the initial three weeks of hﬁiling between the
accumulation of collggen in the wound &hd its breaking
strength. However; §:Ler three weeks the collagen content
stabilized aﬁd the bre?king strength of the wound continued
to rise. These authors attributed this secondary rise in
strength to‘avsécondary remodelling and maturation of the
collagen matrix in the scar. "

Hirsh (1975), examined tensile stren?th gains in healing
rabbit achilles tendon and demonstrated that the breaking
strength of immobilized tendons did not exceed maximal muscle
power until 8 weeks postoperatively and reached only 50% of
normal strength at 24 weeks. Findings from this study
suggest fhat healing im@obilized tendons develop strength
slowly and support the ¢ontension of Peacock et al (1971),
that ‘resisfed muscler of the immobilized tendon should be
approached with caution.

Goldin (1980), conducted an excellent study on immobilized
healing rabbit tendon. ‘Goldin (l§80), concurrently measuréd
biémechanical,‘biochemical and structur&l changes in healing
tendons between the Sth‘aﬁa 1.th days of healing. The author
described a histological process of extrinsic|scar
proliferation across the repair gap. as well,'h§ measured

isometric thermal shrinkage properties of the healing tendon

and assessed hydroxyproline, uronic4acid'and hexdgamine

-
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levels of the healing tendons. Goldin (1980), concluded that
the physical and mechanical changes during the 5th to 13th
day were\gound to occur concurrently with the biosynthesis of
both collagen snd tissue glycosaminoacid (GAG) content of the
.healing wound. He felt that the restorationrkf form and
function of the healing tendon depended on the total
integration of all the structural components of the healing .
tendon and not just the collagen content of the wound.

Forrest (1983), in his review article on connective tissue
healing states that early tensile strength gains of healing
scar tissue has little to do with the formation of immature
collagen fibers in the wound. Forrest described a network of
myofibroblasts, reticulin, and fibronectin in the early
healing wound granulation tissue that Me felt could be
responsible for early tensile strength of healing connective
tissue wounds. ~ ‘

It appeers from these reported investigations on tensile
strength gains 1n/heeling tendons, that immobilized tendons
demonstrate a slow increases in tensile strength, espegially
during the initial three postoperative weeks. What has not
been clearly described is what factors, or tissue.cbmponents; *
contribute to the early tensile strehgth_ga;ns in healing
tendons. |
« Some reports in the literature suggelt that the
'raoplioation of limitea tensile strelnes acrosl a healing |

conn:ctive tissue wound will enhance its ten-ile ltrenqth -
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gain. Maéon and Allen (1941/, were the first to note thaé
active tendon motion commenced at three weeks significantly
improved the rupture strength in healing tendons. Thorngate
ané Ferguson (1958), examined the effect of tensile stress on
healing aponeurotic wounds in rabbits. These authors noted
that tension produced orientation of collaoen fibers in the
direction of stress in aponeurotic wounds healed under
tension between the 7th to 21st days, and that wounds healed
under tension had a greater bursting strength than did wounds
that did not heai under tension. -

Farkas, Herbert and James (1979), investigated the effects
of intermittent active tendon mobilization commenced on the
18th day on the healing strength of chicken flexor tendons.
Although, these authors found no difference in tensile
strength at 35 days between tendons that commenced active
motion at 18 daYs as compared to 25 days, they were able to
demonstrate a four times greater tensile strengfh at 35 days
for both, active tendon mobilization groups when compared to
the continuous immobilization group.

Gelberman et al (1982), oompared the maximal tensile load
at failure o? healing ceoine flexor tendons, between tendons
managed by poetoperatiye immobilization and tendons manageo
by an early controlled passive'motion regime. These authors
demonstrated a significant difference between the two

- management regimes in maximal load at failure during the 3rd

to 12th postoperative weeks.. Unfortunately, these authors

—
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only examined the overall rupture load of the healing tendon
© during the ljter stage of scar maturation. Differences in
specific tensile material properties during the earlier
fibroplasia phase‘bf tendon healing were not examined.
Becker and Diegelmann (1984), demonstrated enhanced
intrinsic tendon fibroplasia anu fibroblastic orientation
~along lines of tension in an in vitro examination of‘healing
flexor tendons during the initial 14 days ofwhealing.
Gelberman et al (1985) and Nelson et al (1985),/3130
demonstrated histological evidence of an enqanced intrinsic
epitenon fibroblast proliferation and migration in repaired . __
flexor tendons during the initial two poetoperative weeks,
for healing flexor tendons managed with an.immediate
postoperative controlled paesive notion regime. Findings
from these histological studies suggest tHat early tensile
stresses may facilitate the intrinsic healing potential of
flexor tendons.
A moreé recent study by Hitchcock et al (1987), published
after the’ completion of this study, examined the effect of
» imnpdiate constrained digital active and paleive motion on
l"?ﬁz overall rupture tolerance of healing chicken tlexor J
tendone during the initial five to forty day healinq period.
These authors demonstrated a significaﬁt ditterence in
rupture load throughout this early poltoperative healing
‘period, between tendons manaqed by poetoperativc

immobilization and early poetopefhtive oonetrained active and
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passive motion.. Findings from this study proQide supponz for
the éffeotiveneéh of early controlled stresses across healing
flexor tendons in increasing the overall rupture tolerance of
the tendon during the eﬁrly fibrop1a51a phase of healing
Unfortunately, these authers did not examine the other .
material properties of’ the healing tendons during this early
postoperative healing period..

Bassett (1971), in an extensive review article on tne
effects of stress on connective tissue, describes four.
factors that may be significant when considering the effect
of stress on healing flexor tendons. First, he cited his own
work (Bassett, 1962), in which he stated that all connective
tissues are derived from the same undifferentiated
mesenchymal cells and that their pathway of development
depends on the microenvironment that;the cell is.exposed to.
In this study he exposed mesenchymav cells to compression or
tension forces at highoor low oxygen tensions and found that
compression and high oxygen produced bone, compression and
low oxygen produced cartilage and tension and nigh‘oxygen
proegced fibrous tissue. \ ..

A second factor described by Bassett (1971), is ‘the role
physical forces play in the orientation of connective tissue
macro-molecules. Bassett (1971) noted that Gayda'described
electric potentials in connective tissues as early as'léiz

and postulated that these electric potentials were due to

biezociectricity. Piezoelectricity is produced when scome

/.
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crystalline-like materials are stressed. Collagen is °
crystalline in nature and has the potential to produce these
electrical potentials when stressed. The electrical
potential or charge produced is proportional to éhe magnitude
of deformation of the crystal. Bassett (1971) again cited
his own wcrk (Bassett, 1962 & 1964), in which he demonstrated
that weak electrical currents passed th;/ugh connective
tissues caused orientation of the collagen fibers in the
direction of the force potential.

Arthfrd factor described by Bessett (1971), relates to a
postulated 'auto-control' mechanism within the connecﬁive
tissue. Bassett (19715 felt'that stress induced electrical
charges oztthe surface of collagen. fibers directed the
' aggregatio; and eventual maturation of collagen fiber bundles
within the conqective tissue by selectively repelllng or
attracting adjacent collagen fibers. ‘ '

'. Finally; Baseett (1971) citee:the work of Anderson k196§),
in which the author noFed thefpreeence of motion lnducec'
streaming potentials within tendon. 'ana;tt (1917)
postulated that these streamiﬁgvpotentiale are generated by
hydraul cally induced charde separatione and repredent a

massaginq of hody fluid throuqh the cxtracellular matrix of

the hyppvascplar tendon tiqan. Ballott (1971), concluded by‘,!

stating that aii—four of thoee~tactoro do-crlbod were
evidence that both nutritional factorl and phy-ical £orcos
determined in part the direction ot cell cpccialization and



behavior within connective tissues.

Findings of the beneficial gffects cf stress on healing
ccnnective tissues, suggest another possible mechanism for
the reported beneficial effects of early postoperative
controlled passive motion on healing flexor tendons. If
early‘controlléd passive motion regim;s following primary
repair of flexor tendons w‘n the fibro-osseous tunnel
produce a tensile {orce across the healing tendon callus,
then this force should:

1. Stimu%ate the production, orieﬁtatiog and aggregation
of cgilagen fibers within the tendon callus along gpe
lines of stress-induced piezoelectric forces.

T 2. Enhance the diffusion of synovial fluid with the
healing tendon by generating streaming potentials
within the tendon.

» . -

Both of these factors mehtioned ahove should enhance the
early heallng potential of a flexor tendon managed by én
early bostoperative controlled passive motion p;ogiém and,
therefore, should also be reflected in an examination of the
specific material tensile properties of the healing tendon;

\



Chapter III

MATERIALS AND METHODS

Experimental design

A 2 x 5 (treatment condition x healing period) factorial
design, with one between subject factor (healing period: 10,
15, 20, 25, and 30 aays) and one within subject factor
(treatment condition: immobilization vs controlled pa55139
motion) was utilized in this study (Edwards, 1972).

Thirty experimental white Leghorn thickens were initially
assigned at random to one of five groups. Designation of
treatment foot and immobilization foot was alternated betwegn
chickens within these ini£a1 five groups. 'The five initial
groups werelthen randomly assigned’to one of five designated
healing periods (10, 15, 20, 25 and 30 days) (Figure 3.1).
In this experimental design, each chicken acted as its' own

matched control for the experimental treatment conditions

(immobilization vs controlled passive motion) under study. »

Pre-ope}ative management

Chickens were housed and maintainedain individual (18" x
24" -x 24"Y cages, one week prior to surgery, in the small
animal care £acility of the Surgical/Medical Research
Institute (SMRI) on the seventh floor of the o - ¢
Dentistry/Pharmacy Building on tha‘Uniéor;ity of Alberta |

. campus. This one week acclimatization period allowed the
[ ¥ .

\)
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chickens the opportunity to become accustomed to their new

. ~

environment and also controlled, to a certain extent, the¢
activity level of each chicken prior to surgery.

Chickens previously purchased and awaiting surgery, were
housed and maintained as a group .at the University of
, Albefta, Ellersli® farm. SﬁRI provides seven day per week
animal care; in compliance with the guidelines of the Can;dian
Council on Rnimal Care and the regul;tions enacted under

Section 50 of the Universities Act.

Each individua¥/cage was made of stainless steel and had a

N &

metal grid floor. The cages were contained\in one room (10
X 12') on three mobile carts that couia hold up to six
individual cages each.

Each chicken had free access to food (Masterfeed, 16%
prdtein poultry pellets) and water (containing N&?hifurizone
Powder, NF). During the one week acclimatization period the
chickens were handled twice daily. During»the handling the
chickens were weighed, given water (approx. 10 cc) and fed
water soaked pellét food balls (approx. 50 grams).
Supplemental feeding was included to ensure adequate
nutrition during the acclimatization and early-post-operative
periods, as the chickens tended to respond to the change in
their environment by becoming lethargic fz:Jllcopinq most of
the day. Plates 3.1 and‘3.2 demonstrate e supplemental

feeding activities. Chickens were also monitored closely for

any signs or symptoms of disease during this one week
< . : ' .



THE QUALITY OF THIS MICROFICHE
1S HEAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

UNFORTUNATELY TH COLOURED
ILLUSTRATIONS OF /THIS THESIS
CAN ONLY YIELD DIFFERENT TONES
OF GREY.

QUALITE DE CETTE MICROFICHE

PEND GRANDEMENT DE LA QUALITE DE LA
THESE SOUMISE AU MICROFILMAGE.

}
MALHEUREUSEMENT, LES DIFFERENTES
ILLUSTRATIONS EN COULEURS DE CETTE
THESE NE PEUVENT DONNER QUE DES
TEINTES DE GRIS.

\ o
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Plate 3.2: Supplimental Water
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acclimatization period. '

One day prior to surgery, each chicken was fitted with

bilateral custom made thermoplastic splints and plagter casts

to immobilize the feet and hock joints and then pliced Iqto a
custom made foam-padded suspension jacket.

A position of postoperative immobilization f the chicken
leg was established, that replicated the DuranlHousar /
Strickland éostoperative immobilization positAon in humans
(wrist flexion, metacarpal phalangeal flgxion, ahd
interphalangeal extension). Postoperative immobilization
relieves tension across t site by bringing the
flexor muscle/tendon mass into a shortened position. 1In
order to replicate this shorten;d and immobilized position in
the chicken it was necessary to devise a system that
immobilized the hock (ankle) joint in 60° of plantarflexion,
the metatarso-phalangeal (MTP) joints in full flexion and the
inter-phalangeal (IP) joints in full extepsion. See Figure
3.2, for a comparison of the positions of postoperative
immobilization in a person-and in a chicken.

The hock joint was immobilized with four layers of fast
- drying plaster caétiﬁg material (Gypsona) wrapped over a‘
double layer of cotton gauze (Tubinet, size 12; Seton Ltd.,
Oldham, England). The caét extended from approximately the
aistal.1/4 of the calf to the~§roxima1 1/4 of the metatarsal
bonq. | |

The foot was immobilized in full MTP flexion and IP
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extension with custom fit thermoplastic splints (San-Splint
XR; Smith & Nephew Inc., Lachine, Quebec). The splints were
lined with .3cm thick adhesive p;dding (San-liner; Smith &
Nephew Inc., Lachine, Quebec). The splint fit around 2/3 of’
circumference of the distal 1/2 of the metatarsal, and
incorporated a hole for the dew claw. This ensured the
splint yould not rotate out of position. The splint then
extended dorsally over the toes and held the toes in MTP
flexion and IP flexion. The splint was maintained in
position by removable, reuseable, one inch self adherent
elastic wrap (Coban self adherent wrap; 3M, Surg/Med
’Division, St. Paul, MN) Plate 3.3 shows the cast and splint
. immobilization of the hock and féot. | |

With this position of immobilization for the hock joint
and foet, an orthotic system was unable to be established
"that both allowed the chicken the ability to safely aﬁbulate
and sleep. It wae found that as long as the hock joint was'
immobilized in plantarflexion, the chickens were unable to
safely maintain their balance while weigﬁt bearing through
the lower extremitiee, - Therefore, a system of 4-point
suspension that prevented weight bearing through‘Fhe lower
extremities was devised (Plate 3. 4) *This 4-point suspension
sy'm ‘provided for'a safe and stable means of lower |
extremity postoperative immobilization, while at the same
time allowing the chicken ft. mobility ot it- head, nock,

wings and legs. - ) _ G; ‘ - ‘°_ﬂg



-

Plate 3.3: Cast and Splint Immobilization
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Suspension jackets were fabricated out of a double layer
of densely woven, linen/cotton material. The jacket was
patterned wi£:/holes for the legs and wings, and was designed
so that the portion which fit around the abdomen and pelvis
of the chicken was padded with a layer of one-inch dense
foam, quilted between the two layers of cloth. This same
portion of the jacket had holes along the dorsal edges so
that a shoelace could ;é laced through to allow for a custom
fit around each chicken. . An additional pad of two-inch low
density foam padding was placed along the inner central
portion of the jacket to provide extra padding for the breast
and pelvic bones (Figure 3.3). The portion of the jacket
around the thorax was tacked together loosely above the wings
‘and then continued as two dorsal flaps On the four corners
of these flaps, strings w1th_metgl clips were attached as a
‘means of providing a 4-point suspension system. .

Once fitted with the casts, splints and suspension jacket,
the jackets containing the chickens were suspended from the
top grid of the cage. Food and water containers were placed
within easy access. During this 24 hour pre-operative
period ohickens vere monitored closely for any signs of

distress or discomfort and all appropriate adjustments to the

suspension system were made.
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S&mical procedut:e
Immedia;el? prior to surgery each chicken wés weighed and
gently wrapped with a towel and tensor bandage to immobilize .
the wings. The feget were then scrubbed with surgical soap,
rinsed, and then re-scrubbed with a betadine wash. The-two
lateral toes were flexed and held in positdon by a Coban wrap
to keep t'hem(free of the surgical field. The chicken was e
then placed.on the \s\urgicai tabWw®. The table w'as partial’ly
covered with an additional towel and surgical drape to
provide padding for the chicken. The chickens head was
covered by two layers of sterile surgic;al draping to induce
roosting. The drape was loosely fitteld around the head to
provide adequate air for resp'ira.tlion. This procedure induced
roosting im;nediately, and the chickens slept through the rest \
of the surgical procedure without the need for sedation or
general anesthetic. .

Oncae the ro?ster,was sleepiné; the middle toe of each foot
was thoroughly prepped with a betadine scrub. A penrose )
drain tourniquet: was clamped on‘the distd1v1/4 of the
metatarsal. The niddle toe was injected at the level of the .
metatarsal phalangeal joint along the medial neurovascular
bundle with 1% lidocaine with adrenalin (1/100,000A local
anesthetic. The foot was then draped so th:at the‘(id_dle toe
'ﬁas‘the only exposgd’paré ?ith;n'the surgical field.

Witﬁithe aid 6: 4.5x Joupe ﬁaén@ficﬁtion, a 15-blade

'scalpel was used for a medial midlateral incision that
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extended proximally from just distal to the middle
interphalangeal joiﬁf to the base of the seccnd phalanx. The
neurovascular bundle wa% identified and retracted volarly and
the sheath was opened with a longitudinal incision just volar
to the second phalanx and middle interphalangeal joint.
Cautery was used up to this point to ensure a bloodless
field.

At the level just proximal to the middle interph’angeal
joint the volar Flexor Digitorum Sublimus (FDS) tendon,
tendon sheath and overiying skin were retracted to ensure
adequate surgical exposure. The Flexor Digitorum Profundus
(FDP) tendon was then surgically divided with 3, new 15-blade.
The divided tendon was then repaired with a 5-0 Surgilene
suture with a sharp (SBE-2) cuttir‘mg needle. A modified |
Kessler tendon suture was used for t}xc repﬁin (Strickland,
1985). Each tendon was consistently repaired with th; suture
first passing,through the distal stump and both segments of ‘
the repai}' iﬁ the two tendon ends incorporat;d apprr;wximately
1 centimeter of tendon. 'The 'repai.r vas firurisheqby‘_firm’l,y
approximating the tendoun 'ends and tying the repair with six
knots. Following repair of the i:endoh, the skin was clo:_ed

~with a’ 4-@ 'Sur'gil'ene suture. , i -
» Following skin.closure, the middle toe nail was cut jult
distal to the toc pad and dressed with a small picc}o;t L

Gelfoam (Upjohn COt. Don Hilll, Ontario) and. adhesi tape.

. It was neces % trin the- mil to ensure full pauivc .
7 o W0 . e
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digital flexiop. The toe had to be trimmed under tourniquet.
due to small vessels found in the proximal nail. Once the ‘
nail was tyimmed and dressed, the tourniquet was released and
the incision was dressed Qith a light compressive dressing
that consisted of a strip of Sofra-tulle (Ff;mycetin Sulphate
BP 1%, Roussel Canada Inc.; Montreal, Quebec),.two layers of
cotton gauze and Coban. The foot was then placed intd the
previously fabricated thermoplastic splint and wrapped again

in Coban keep the splint in place.

The surgical procedd;e was then repeated on the contra-
lateral foot. For each chicken, both surgical procedures
took a combined t;me of approximately 45 minutes. ﬁollowing ’
the second surgical repair the drapes were removed from the
chickens head. It took approximasely 30 seconds for the |
chicken to fully wake up f;pm(the 45 minute roosting state.
The chickens were then immediaélly given approximately 5cc of
water and placed on a padded table and monitored closely for
approximately 15 minutes to ensure there were no adverse side
effects to the surgical procedure.

'Iﬁ this ségdy attempts were made to control for age, site
and type of ihjury, extent of damage to the vincula and
sheath, and the skill and surgical technique of the hand
surgeon.\‘As weil, ;ftempts were made to replicate the ideal

surgical repair of a clean Flexor Digitorum Profundus

laceration in zone II of the fingir.

w -
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The controlled surgical factors-:were:

1.

All chickens were of similar age and skeletal
maturity.

The level of tendon division was approximately 1
centimeter proximal to the volar plate of the middle
interphalangeal joint, immediately proximal to the
vincula to the profundus tendon at this level
(Figures 1.2 and 1.3). This surgical division
replicated a clean flexor digitorum profundus tendon
laceration at the distal 1/4 of the proximal phalanx,
qui proximal to ths proximal interphalangeal joint
and distal to the bifurcation of the flexor digitorum.
sublimus tendon.

All tendons were divided and repaired by the same .
qualified hand surgeon [J. G. Béagchene, MD,
FRCS(C)].

All tendons-wér; approached utilizing the same o
midlateral incision, and repajired with a modified
Kessler suture (Strickland 1985). The initial pilot
study surgical tripls,_nhgyeqﬂthat a tidy smooth

tendon repair’could be achieved with just A modified

Kessler suture in the sﬂall chicken tendon.

‘1beretore, ﬁ running epitendinous suture was not

ddn‘, as suggested by Striékland (1985), as'this was

felt to introduce unnoco--a:y additional lurgical

-trauma to the tondon.
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5. A separéte surgical closure of the tendon sheath, as
desg¢ribed by Lister (1985), was not utilized in this
study. It was again felt, as a result of\the pilot
study surgical Srials, that there was Qufficient
adherence between the volar skin and tendon sheath by
thick fibrous connective tissue bands, that with
appropriate skin approximation there would be
adequate approximation of the incised flexor sheath
edges to allow healing.
Postoperative management
All chickens were placed back in suspension in their
individual cages within 1/2 to 1 hour following surgery.
During the first 24 hours the chickens were monitoqu closely
and, fed and watered at least twice more during the same ‘day.
During thg second and third postopefative days the
chickens were handled twice daily. The chickens were taken
down from suspension.for at leﬁst 15 minutes, weighed, fed f
and given water. As well, on the third postoperé%ive day the
Y;;iginal postpperative dressings were removed and the
:rgiéal incisions examined. The origindl postoperative
2es=ings‘ were then replaced by a lighter compressive o
dressing that consisted of a single strip of Sofra-tulle held
pYace by Coban. ‘This lighter elastic dressing allowed foé
11 passive digikal range of motion.

.Commihéinq‘oh the fourth postoperative day a twice daily
. N ‘
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five minute session of controlled passive motion was
commgpced. The controlled passive motion sessions were
separated by at least eight hours, and were completed before
nine o'clock in the morning and not commenced again until
after 5 o'clock in the evening. L ‘

A modification of the Durén/Housar-Strickland Pechﬁique.of
controlled passive motion was utilized in this studyf
Validity off a Duraﬁ/Héusar-Strickland techpique of eariy ' ,
controlled passive .motion in the chicken was verified for th:
purposes of this investigation, in a pilot study of x-ray
excursion of imbedded metal wires in the Flexor Digitorum
Profundus and Sublimus tendons at the level Qf surgiéal
repair. Lateral-views of different treatment manipulations

in the chickens' foot were taken .for three different non- N

[4 . h ]

’

experimental chickens. Two of the chickens' feet were

studied 24 hour after surgical imbedding of yires and one was

reviewed igpediately after surgery. | ‘
A measure of the distance of‘tﬁe imbedded wires from a | .v;f.

line drawn perpendicular to the axil of tho hoad of the

s;cbnd phaldni with the foot in the position of - )
immobilization, relative to the wirqsuposition from this same
point of refarance with each of éﬁc phsuivo jbint _ S
. mapipulatiopg was dqtorminqd (Figﬁf‘lq,4). This mcalufo_gt, '~j;
“‘GIEZ_;zgﬁfsion at the level f'rdpair gave an indjcation of' |
the rplativo motion of tho t exor tondons, in rol 'ion to the

head of the cocond phalanx, with pasliv. joint ma




N Figure 3.4% X-ray Excursion Study - Method of
Measurement .of Imbedded Wires.
. , - . a

A .
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During each controlled paesive moticn treatment sessions
‘the chicken was placed on tne weight scale and the Coban'
gressing around the toe portion of the splint was removed-to
allqow access to the middle toe. A metronome was used &o
establish a rate of one stroke per second. This standardized
rate of manipulation was used to ensure a standardized
treatment regime between treatment sessions and between
chickens. For each one second passive joint manipulation
one complete excursion through flexion and extension was
done. Within the five minute treatment session, a total of
300 passive joint manipulations were completed.

The five minute treatment session was divided into six
diffetent passive range of motion manipulations. The six 7

controlled passive motion manipulations utilized in this

study were: (Figure 3.5)

I. Thirty seconds of isolated distal interphalengeal
" (DIP) joint flexion and extensioft. : 1D'

2. Thirty secohds of isoleted«middle interphelangaal
(MIP) joint flexion and extension;

- Thirty seconds of isolated proximal interphalangeal

(PIP) joint flexiqn and extension. . - 1

4. One minute of combined DIP and MIP joint tlexiji!hnd;
extension. Yoo

5. ' Thirty seconds of. combined DIP end HIP joint tlexion

] R - ¥
[

_and extension with the PIP joint_blocked in tlexionn;

[T ~
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6. Two minutes of composite DIP, MIP and PIP flexion and

extension.

Following treatment, chickens were weighed, fed, given

water and then placedvon’a padded towel on the floor for-an"\

’,

additional 10 minutes. The additional 10 minutes gave . the .

r

chickens at least a 15 minute rest from the suspension
system. Chickens continued with this . twice daily handling
and treatment session until sacrlfice.-'“‘ '

& .

Sacrifice and dissection procedures L ;

On the specified day of sacrifiCe eech chicken underwent.
the morning handling and Ereatment session a5 usual At the
time of sacrifice .each chicken was ‘tirst weighed and then‘
snugly wrapped with a tensor bandage around its wings. The ;i
chickens were secrificed by a quick snap end wringing of the |
' The suspensibn jacket was then removed snd rhe chickens~f
were examined tor any pressurf sreas., The ordsr of foot“.
dissection was consistent between chickens, with the riqht
foot always dissected firdt Ths splint and conprsssivs |
i dressings uere ;emoved carefully. The castZGQohg ths o h-m_

'_metatersal was splj,t 1aterally to allow accsss to the wholo |
'_:»meta'parsarl. A" 1ongitudina1 incision along thq !gtcrsl aspnct
uot the tar,so-mstatarus was msde to exposs ths undsrlyinq |

flexor tsndons, “rhe skin and “thick- ssmlon tisxor -nnth wsts
N B !; , v A-"; ' AR

s P - . N 4 - K
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retracted'and the common FDP tendon wae_identified. The FDP
tendon wae found adjacent to the bone and was easily
identified: as it was always joined to the tendon of the
Flexotr Hallicus Longus by thick inter-tendinous bands. These
inter-tendinous bands were severed and the FDP tendon was |
followed first to the hock joint and severed and then
followed distally to just proximal to the MTP joints. At the
leQel just proﬁinal to the MTP joints the FDP tendon divides
into three separate tendons that continue distally into each
of the lateral three digits. The tendon paesing to the
middlebtoe was identified and the remaining two FDP tendons
were severed at the point of division from the ptroximal
commoanDP tendon. The lateral metatarsal incision was then
irrigated with saline and left. |

' Dissection ‘at the level of the toe was thén carried out.
The sutures were removed and the original surgical incision

LY

"was re-opened and extended proximally to({the MTP joint and

distally to the latgral naii bed. The olar skin @long the
whole length of the toe was then cargfully separated from the
. underlying flexor sheath ‘and'r oved. The sheath yas opened

by cutting along'the‘ “Tength of the volar.sq;ﬂece"of the

’i tendon sheath witﬁ'sharp curved séiésors. The sheaAth was

reflected and the two. superficial flexor tendons [Flexor
.Digitorum Perforatus (FDPe) and’Flexbr Digito;um Sublimus

(FDS)] were also cut longitudinally commencing ‘at ‘the )

- ‘P

bifurcatien ot the FDS tendon and. progressing proximally \\”,'N
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‘sheeting end irrigeted with selt:e.' ‘The tendon was held in‘

A 79
through hoth tendons to the 1evel of the planter fat pad. The
two superficial tendons were then completely severed from.
their more proximal portion and‘carefully reflected from the
é ; lying FDP tendon in the toe.

- The distal insertion of the.FDP tendon was then seubred
and dissection of the FDP tendon progressed proximally. The

)
underlying vincula at the level of the DIP joint were cut and

the distal end of the FDP tendon was carefully reflected

'proximally: This procedure exposed the dorsal surfdce of thei

. ‘ P ‘
tendon to the point of surgical repair. The vinculum to the

FDP tendon just distal to the repair site ‘was identified and |
cut. "This procedure freed the FDP tendon except for any ‘
adhesions at the repair site ‘Any adhesions of the tendon
callus to the underlying bone or.lateral slips of the. FDS
tendon ‘were carefully removed with blunt dissection, ensuring
thet the healing'tendon cellus was not disrupted. . -
The freely dissected FDP tendon was then litted from the,;
chickens' foot, placed on a piece of 1cm thick, denee cork

0
place on the cork by two bent pi s at either end of the

”tendon.&s An identifying lebel was also attached to~ the cork. ‘

P

' The cork, lebel end dissected tendon were then immereed in

.liquid nitrogen.

) uanutaeturing Co., Soientitio Brpqupte Divieiom Aehville,

‘ l

Following dissection end immediate freezing, the tendone

were etored et -80°c“in a Revco Ultfe-Low freezer (Rheel:
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" NC). However, prior to storage, the tendons were removed
from the liquid nitrogen and the identifying label was
ramoved. The cork and tendon were'then wrapped tightly in a
double layer of Saranwrap. A further layer ot double
thickness 4x8 cotton gauze was wrapped around the Saranwrap
and then snugly taped with 3 inch adhesive tape. ?The )
identifying label was then re-attached to the outside of the
tendon bundle and the bundle was stored in an a1r tight
‘styrofoam container in the Ultra- LoQ~freeéer
Following the completion of dissectiog and storage of all
,tendonsx the idengifying labels on the tendon bundles were
removed by an indépendent assistant and replaced with a
number written on the ‘outside of the tendon oundle.with_felt'
pen. This procedure ensured that tensile testing and initial
data analysis would be carried out under a blinded condition.
The identifying labels and corresponding number records were
kept in a sealed envelope and were not made aviilable to t.e
author untii the analysis of the tensile testing pen plot

'load/elongation curve for all tendons was complete. -;

Tensile testing procedure !

‘ Froz n tendon bundles were transported fox'tensile teSting
in liqu a nitrogen ‘to the materials testing laboratory in thd.
Chemical/Mineral Engineering Building. Tensile testing of -

all tendone was completed in two consecutive days.

Tendons were. removed from the liquid nitrogen in groups of
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six, Tape/gauze/saran coverings were removed and the cork

and tendon were placed in room temperature saline to thaw for

approximately one minute, The tendons were removed from the.

cork and Pplaced on a saline soaked paper ‘towel beside the

1

appfopriate identifying number. All six tendons were then
covered with another‘layer of saline soaked towel and taken
for cross~sectional area measurements.

s : <.

, R
Cross sectional area measurements were taken using an ’

optical comparitor" (Scherr T’nico, Model 22-1500) (Plate'@
3.5). The optical comparitor reflected a maqnified (le) '
image of the tendon specimen onto a translucent glass screen
(Plate 3.6). The screen had vertical and horizontal lines to
allow for orientation of the reflected tendon specimen”
Tendon specimens were placed in a saline filled petri ?ish on
the optical comparitor platform and-#eld taut for mea ureﬁtnt«

\of the width of the tendon ‘callus. A width measur

the tendo%!callus at the level of repair was.made - _
digital Vernier calipers (Mitutoyo, Model 500 -1£16) . &hese -

" calipers are accurate to within 0. olmm- THe tendén was' then

,rotated 90 degrees and. a second width_measure d? the callus L

~

was taken. Ninety deqree reference peints were determinnd by

R

,using ‘the proximal, rectangular shaped, fibrccartilaqinouc

, end of the tendon specimen as ‘a- guide, The tendonscalluu was
i ) . ;
.measured first with the: wider flat surtace of the - g.74‘ ;5

-

-fibrocartilage‘held-flat.aqeinlt-the beEfbmfot the petri dish —
and then- measured with the ’ 1d- '

o




Plate 3.5:

&

Optical Camparitor
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Plate 3.6: Reflected Tendon Specimen on Optical «
Caparitor Screen
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bottom of the dish.

Following cross sectional area measurement, each tendon
was marked.wiih two fine felt pen dbts. The dots weére marked
2 cm and ;.54 cm from the distal end of the tendon. These
twd dots served'as‘féference Roints to ensure the accuracy of

-

the clampipg procedure of-the tendon. .The more distal dot
marked the)reference point for the 1ower‘;Age.of the upper
clamp and t@e proximal dot marked the referenoeopoiht fa¥ the
upper edge of thgq}ower clamp. The 2.54 cm distanqe between
the two dots corres;onded to the Qauge length of the tendon
specimen to be tested. Tendon specimens were then_prepared
for testing by first attaghing a 10 gram weight to the
proximal fibrocartilaginous end‘of the tendon and then
placing the distel end o; the fendon between a folded, salire
soaked, densely woven, burlap material. The distal fepf pen
dot mark was aligned with the' edde of the burlap material

(Plate 3.7).

>
A\

> Tensile testing was conducted on an Instron (Model Tqa
control panel & Model FB load frame) Materials Testing -
Apparatus that was fitted with a 50kg load cell (Model CM)
and a 1 meter extension bar. The -Instron Material Testing
- Apparatus was calibrated to ASTNM E-4 standards and is
accurate to within +1%. See Plate 3.8.for a set up of the
testing apparetus. B . . !

.The Instron load«freme,wes modified with a specially -

designed environnentel‘chaanr (lm x 30cm), to ensure a



Plate 3.7: Tendmn specimen, 10g weight, Burlap wrap
and Felt pen reference points: :
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Plate 3.8:

P

-

e

[

. -

Tensile Testing , Aéparatus:

©

—

. .
‘Set-up
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‘s;andardizéd testing enviromment that replicated internal
body conditions (37degrees\dentigrade‘temperaturei > 98%
relative humidity with ﬁhysioloqic saline). The chamﬁgr was
constructed out of one\inch éfyrofoam and was firmly attached
to the lo$er mobile ba:\sh the Inston machine. ;Temperatﬁre
was feéulated by two 100 watt bﬁlbé dftached to a Precision

a

Scientifig thermometer fegulator. A vaporizer (Life, Model
‘ ’ : R

462) tha mped in normal saline, was attathed by a #wo' inch

was fmonitored ﬁy wet and dry bulb thermdmeteﬁs. A imall fan
was attached to the upper pdrtion 6{ the chamber to ensure‘
air adequatd circulation. The éwo grips and fhe upper load
cell extensiop bar fit within the chamber and weré accessed
ﬁhrough a removable‘qaéxiglasb frong, Sge Plates 3v9 and
3.10 for a set up ofhthe environmental chdmber, with and '
without the grips present.ﬁ ‘

Specially modified Inst;on pneumatic grips wéré_used in
tﬁis study (Plate 3.11). ~ The grips were attdched to a
pressurized air source and closed with a pre-set 90psi
pressure. The metal 4.0 cm x 2.4\cm grips were resurfaced
with a high density 1.5 mm thick gasket rubber. A second -2
mm strip of_ruhber was placed albng the outer edge of one o
surface of beth the ﬁpﬁer and‘lower grips. The additional-‘
rubber stri‘ghad alecnm ipace in the central portion of the‘
T grip gFiQurc 3.6). .The additjional rubber: stripping on the

edge of the grip served two purpeses. The strip itselq

.



" Plate 3.9: Envirermental Chamber with Grips
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. %ate 3.10: Envirotmental Chamber without Grips

.
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Plate. 3.11:
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caused the tquon specimen to be gripped with a graduated
pressure wedge-like grip, whereas the centrellspece,eneured
that there was not a sudden stress concentration on the
tendon at the edge of the grips. Goip modifications were
‘done to minimize the risk of tendon failure in, or at, the
grips. As weli'the tehdon specimen that was placed between
the grips was first placed between'two layer of a burlapa-
material. The burlap wrap modification to the gripping
procedure ensured that there w;s no specimen slippage within
the grips during testing. Wwith gripping, the soft tendon
tissue flowed into the smooth material weave incrqpsing
friction hetween the:clamp and tendon specimen. ~
'Prior to testing, the veporizer”and tempereture reguletor
were turned on for fifteen minutes to allow the environmental
chamber %o reach the desired temperature end relative
humidity testing specjifications. K |

At testing, -the plexiglass front of the chember wee
remowgd and the~wrapped dietel end of the tenqon epecimen-wee
held with fine forceps between the upper clamp grips. The )
tendon specimen was aligned with the ‘distal dot and. edge of
the materia) in line’ with the central portiok of the lower
edge of the upper qrip. The pneumetic valve was then
released ceueing the tendon to be qripped in the upper qrip
The tendon epecimen, and 10 grem weight, were then allawed to
'phang freely between the lower clenp qripe. The 10 qrin |

~vaeight acted both as’a plunb line to eneure a verticel S
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orientation of tne tendon and as a means of preloading the
tendon to a standardized lo'gram load.prior to téeting.
The gaugé lenoth between the grips was then adjusted so
that the.upper edge of the lower clamp was aligned w1th the
second felt pen dot on the teéndon specimen. The more:

*

proximal portion of the tendon.between the lower grips was
then placed,oetween a sec;;d'piece of ,folded burlap material
and the lower gripﬁ were ciosed. The plexiglass front was
¢hen replaced and the tendon\cpecimens was 1eft‘in the
chamber for threekminutes;to reach an equilibrium with the
temperature and relative humidity testing conditions'within'
the environmental chamber. | )

- Tensiie testing for all tendons was conducted at an
'elongation rate of 2.54 cm per minute (100% specimen
elongation / minute) A simdltaneousiﬁoad / elongation pen
plot was recorded on the JInstron strip chart reBorder. The
chart speed was 25.4 cm per minute and the full scale foad
was 5 kilograms. Tensile testingd continued until\ the
tensile Ioad dropped to within 50 grams ‘of the original
baseline. The appropriate tendon identification number was:
then written on the chart for future identification.

A pilot tensile testing study was albo conducted on eight
normal chicken Flexor Digitorum Profundus tendons to .
.determine the normal tensile properties of chicken flexor
tendons tested under the same strain rate (2 54cm/min,

, loo%epecimen etrain/min) and environmental testing conditionsi

. [N
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“area’ for each tendoh spectn.n were recorded on a rav date

fofm (Appendik II) S A: - f», ”».~“
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-(376‘5,'98% R.H.) as -the experimental tendons.

Data ‘presentation and anelysis

b

. i . <
Analysis of the uniaxial tensile testing was based on the

load / elongation curve for each ?hgson. Prior to

' calculation a@f the specific material properties, four

reference points on the plotted curve were determined (Figure
3.7). ‘The first reference mark -was a line extending the
initial baseline load below the curve. The second reference
point defined as the point of initial failure ‘was marked at

the first point on the curve that demonstrated a loss in

.ability-of the tendon tb resist the applied tensile load.
. The third and fourth reference points delineated the extent

of the linear region of the load 7 elongation curve. The

third point was marked onAthe curve where the initial‘

conVexity towards th baseline changed from curvi-lineer to a .

positively sloped linear orientatigp The fourth point,

defined as the;yield point, was marked at the first
1

}deql'ption away from this linear orientation. Using these e

faour referenge points the teénsile properties of the tendon'

strain to initigi failure, maﬂhrial stitfness and enorgy "ff'ni
absorbed\to initia& failure) coald be calculated. The value-
. of each of the tensile prppertios and the cro-s sectionpl

o

o

\

'specimen (load at initial failure, stress at initial failure,_‘?‘
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Load at imitial failure (LIF): LIF was calculafed as the
distance on the load axis (y-axis), between the baseline load?
and load at the point Bf initial failure (Figure 3.8). The
y-axis full scale was a 5 kg load, with each of the small

squares on the graph equivalent to a 50 gram load.

Stress at initial fajilure (SelF): SeIF was calculated by
dividing the load at initial failure value by the cross
sectional area measure for the tendon callus. Cross
sectional area.caléhlations were basgd on the assumption that
the tendon callus was ovoid in shape._ Specifically, ;;e
calculation involved adding the two diameter measures of the
tendon callus and dividiﬂg hy four to get an average radius
measure for the tendon callus. Then using the formula for
area of a circle ¢ rz), the cross sectional area measure was
calculated.

St¥ain at injitial fajlure (SalF): A direct measure of the
tendon specimen strain was not used in this study, In order
to make a meaningful comparison of/strain measures between
tendon spepipens, a standardized p t for eétimatiéh 6: ‘
initial strain was established. By us ng the two reference

~points (3 and 4)7that delineated ;HQ\i near portion'of the -
cdrve, a line of best fit was deterﬁined and extended back to
intersect with the baseline x-axis. SaIF was then dctormingd'
in two ways (Figure 3.8): ' _

1. By calpulaking the distance botwooﬁ-tho'pbint of. ..

intersection of the line of best £it with the x-axis
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Figure .3.8: Tensile Properties Calculation
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and the point of strain at inifiol failure (cf.
Elliott, 1967). This is referred to as strain-a.

2. By calculatingbthe distance between the x-co-ordinate

of the point of deflection of the line of bost fit
‘away from the load -/ elongation curve and the point
of strain at initial falluré (cf. viidik, 1973).
This is referred to as strain-b.

’ '

Distance along the x-axis is proportional to the distance
between the testing apparatus grips, as long as the test
\specimen does not slip in the grips‘during testing. The
ratio of chart speed (10"/min; 25.4 cm/m&n) to specimen

strain rate (1"/min, 2.54 ¢m/min), was 10:1. Therefore, a
distance along the x-axis of 1" (2« 54cm) was equivalent to
(;0% specimen strain, with each of the small squares on the-
r graph equal to 1% spec{men strain. ’\
ug;gzigl_ggizgnggg_iuﬁii The MS of the specimen was J‘L

determined by dividing stress at initial failure by strain to
iﬁitial failure (Wainﬁriqht, Biggs, Currey‘& Gosline, 1976,
PP ? ). sgparafe MS meauure;, otilizing both strain-a and
strain;p oalculations, were determined for each tendon.

Enerqy ®bsorbed to initial failure (EAIF): EAIF to
initial tailure was calculqtiﬁ“by‘dotormining the area under .
the curvo from the point of initial strain-a, to strain at
as}tial tailuro.‘ In this.study snergy ablorbcd vas
d,mornined for the whole specimen and not per unit volun., as
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‘differential processes of energy absorption throughout £he
whole test.specimen (normal tendon vs healing tendon) were
not able té be factored out with calculations.

A Hipad™ digitizer (Houston Instruments, Model DT11AA)
was used to maké this calculation. The mean value o& two
digitized values for each curve was used for this measure.
EAIF, in Joules (Newtons x Mefers), was then calculated with
the known conversion rétio éf 1-10 x 10 square (.5 kg x
2.54cm) on the grasgh paper = tof125 joules / a digitized
value of 598.35 mme.

Data Analysis: Analysis of the data was done on the
University of Alberta mainframe computer, utilizing a
userproc uanova subprogram of the SPSSX statistical software
program.

"A 2 x5 (tfeatment condition x healing period) analysis of
vafiance, with one within subject factof (tréatﬁent ﬁ
condition; controlled passive motion vs immobilization) and
one between subject factor (healing period; 10, 15, 20, 25
and 30 days) was run for: (1) each of the tensile properties
examined (LI?, SelF, SaiF, MS and EAIF) and, (2) for the
cross sectional area measurement of the tendon callus.
Sigﬁt:icant main effects\ior treatment conditioh, healing
period and interaction effects between treatment condition
and healing period were examined for each of these dependent

variables.

" Post hoc analysis for sigﬁificant healing effects was
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conducted with an a priori planned Qrtﬁogonal analysis

100

between days 15 and 25, and days 20 anad 25. These two

\

healing period intervale\were cons"ered a priori, to be gf'
importance when it came to delineating a time period during
which significant healing effects could have clinical ‘
.significance *Significance levels for each analysis of
variance andlplanned orthogonal posthoc analysis were set§ at
alpha equal to or less than .05.

Posthoc analysis for.simnle main effects of controlled
paseite motion vs inmobilizationy at each of the five healing
periods was examined for any significant main treatment
effect found significance level for this analysis was set
" at alpha equal to or less than .01 (.0545) to avoid the
greater p{Qbability of making a type 1 statistical error with

this posthoc multiple cenparison'technique.

-



Chapter IV!

RESULTS AND DISCUSSION i

\

Experimental animal

Thirty mature, white leghorn roosters were‘utilized in
this study conducted to compare the effects~of early
postoperative management regimes on the early tensile
properties of-healing chicken flexor tendons.

Chickens‘were purchased from a local.supplier (FM Farms
Ltd.; Rochester, Alberta) and were all selected from the same
breeding stock. At the time of surgery the rd%sters were
between the ages of 27 to 31 weeks (mean age = 28,77 weeks)
and weighed between 1730 to 2275 Qrams (mean weight = 2003.16
grams) with suspension jackets, casts and splints . (approx.
weight of jacket, casts and spiints - 500 gra;s).

’ Nine chickens were excluded from the study and replaced.
No chickens were excluded due to reasons attributable to the

!
experimental manipulation under investigation Reasons for

exclusion and replacement were:

LY

v

1. Four of the initial fifteen chickens died within
three days of purchase from an illness which caused
severe diarrhea and reéspiratory distress. Another £
chicken from this initial group was sent for

.necrotopsy to invsstigate.the cause of the illness.

3 ¢

Althouqh no specific cause for the illness was found,

’

o}



Surgidil procadure and po-topcrativ. nananInnt .
All’ chicken- tolorutod wnll the 45 ninutc lurgical

™

102
all of the remaining chickens from'the initial
éhipment utilized in the study, and all future
chickens purchased, were placed on prophylacg}c-
antibiotics (Nitrofurazone Powder, NF). The
antibiotic was agminisﬁgred in the ¥rinking water and
commenced on the seventh preoperative day ahd *
continued until sacrifice.

One chicken died at the 18th~post8perative day due to

strangulation on a lace of the suspension jacket.

One chicken wasg .excluded preoperatively due to a

crush injury of the middle toe sustained during cage
cleaning. |

Two chickens were excluded ffom the study at the time

~ of surgery because of concern over a fiulty suture.

The suture éasil§‘attenuated qaring the repair and

*frayed and broke when the knots were tied. Instead

ot repdating the repair and causing further surgical
trauma to the tcndon, cxtra khots wero tied and these
chickens were followed pontaperativcly untii;thc 10th
and 15th postoperativo day healing period-. ' The

tendons were dissect*d out, freah frozen and set

aside for possible histological study or rnliabilityt~

testing of the cross sectional area measure.

© . . «

j\,_;f
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procedure conducted under local anesthetic, and Qere‘glaced
back up in suspension in their individual cages with;n £>2 to
1 hourjtg&low}pg surgery. No chicken Fppea;ed to be in any .
postoperative discomfort or developed any signs of acute
illness. However, all chickens did remain quite lethargic
durihg the first 24 to 36 postoperative hours and slept most
of the day. Following this initial quiet period the chickKens
began to spend more tf;% awake each day and in most instances
.Jbegan to eaé, drink and preen themselves normally within the
first four to seven days.

A small number of the chickens (5 out %f 30; 16.6%) that
not tolerate the suspenﬁion system: These chickens only
occasionally ate 6r drank and had to be maintainéd on
supplemental feeding and watering throughout the toEal
ﬁostoperative treatment period. These same chickens were
also more restless in the(ghspension system and made frequent
attempts to free themselves. ’ .

Reasons for this poor tolerance in some chickéﬁs were
unclear, although it was noted that these same chickens were
also more restless durihg the pre-operative acclimatization
period and may simply have‘been more resflgss chickens due to
organismic variables. A20ﬁher reason fo; this pgstoperétive
restlessness may be thafsthe~suspen§ion jackets did not fit.
propek{z;fnd were uncomfortable. At the time of sacrifice,
the restless chickens were noted to have small friction rubs

along the inner thigh and posteridr axillary regions. Thése
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areas may have been thé source of dis;om:oft, or may have
been caused by the chickens flapping and kicking with
attempts to free themselves. None of the thirty experimental
chickens had any pressure area along a bony prominqnce or
weight bearing area within the jacket; B .

Perhaps pdor tolerance to the suspension syéten could be
avoided in future studies by: l

1. Excluding from surgery the few chickens thaﬁ do noﬁ

sgttle.with pre-operative acclimatization.
2. Re-designing the suspension jacket to provide for a

\

R more customiéed fit for each' individual chicken.

Initial dressing removal | '

‘At the time of initjal dressing reroval it was noted that
no incisf%n had developed .any s}gns of infgction. All
incisions were well approximated and clean. . With some
-dressing removals,theré‘uas some fresh bleeding from the
incision. However, with' 1ight compression all‘evidonge of
bleeding was quickly stoppéd. In apprbximatelj-zst of the
incisions there was alsq some mild-subcutaneous bruilinq
along the incision. Howevar, tharc was no ovidonca in any of
the incisions of any significant anount of postoporatiVo
bleeding. All of tnc tc-t demonstrated brui-ing in the
medial webspace and around tho base of thc notatar-al. These
two sites corra-pcnd to tho lécation of tho local ancstﬁ,@ic

injection and tourniquot plac.n‘nti,
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Controlled passive motion regime

All chickens tolerated the eafly controlled passive motion
toe manipulations without any signs of discomfort. The
chickens had access to food during this time and in most
instances, after the first couple of treatments, ate
throughout the treatment session.

- X-ray excursion'stﬁdy ‘ oy N
Reliability of the results of the x- ray excursion st/dy‘ls
questlonable, as thkere was no standardized p051tloning at the. —
time of x-ray. Therefore, differenoes in wire position
between x-ray views may‘be in part due to dif;er;nt X-ray
angles. However, passive motion of the flexor tendons
relative to the axis of the heed of the second phalanx was
consistently demonstrated with the passive joint .
manipulations in all three chickens studied in‘the’x-ray
excursion study. With oonsideration of the unknown
reliability of this measurement, thege was an average overall
excursion of: .

1. 4 mm for both tendons with comoosite joint flexion.

2. 1.5 mm of maximal diffstential exoursion betweeéh the
o FDP and FDS tendons with combined DIP and MIP passive

flexion (Plates 4.1 and 4. 2). ' <

;3 1 mm for either tendon’ relative to ‘the MIP joint‘witn;

. = any of the isolatsdégo nt motions studied.
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.
Plate 4.1: X-ray of Imbedded Wires: Position of v &
Imobilization . ' ' )

mer———
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Plate 4.2: X-Ray of Imbedded Wires: Position of -7
' DIP and MIP Flexion - '
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/xr \honsistency of flexor tendon excursion'demonstrated .in the!\
dﬁgay excursion study, was felt to be sufficient evideﬁce in |
support of the validi€y of an early COntrolledCyéfﬁive\motion
regime in producing passive flexor tendon excursfon in\the
chicken toe at the level of repair. \ )
Diseection g
At'the time of.dissection all tendons were found to'be
clinically intact. Clinical intactness was defined as
‘clearly approkimated tendon-ends,-with a gap of no greater
than 1.5 mm b&tween the two tendon ends. Etght‘of the-sixty
tendons (13.3%) dissected, were-defined as clinically intact
—~but having poor clinical status. -See Table 1. for a summary
of the poor‘§§atus tendons. 4’ _ f
The eight poor status tendons were soread between the five N
healing periods, with three out ‘of the ‘eight tendoﬁr (37.5%) ;
from the immobilized treatment group end five out of the |
“eight tendons ‘62 .5%) from tﬁe controlled passive motion
"»ftreatnent g;oup. Four of the eight tendons”(503).were not
compfetely ;ppeoximated, they had a éap of less than Lls'mmv B

with the,suture still in both tendon ends.— Two°of the eigﬁt
f‘*

: found only in the proximal tendon stump. Two of the eight

tendons 525%), had a gap of 1ess than 1 5 mm with the suture. .

tendons (25%). were found to be closely approxinated, but. tho
tendon callus was poorly dezined, soft. and ve;y valcular.;f' B
One tendon ‘(imobilizq,d treatnent group / 10 day huunq :

“© . . . 3 .

. o
'
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Table 1.
1 «
Poor Cl}niical Status Tendons at Time of Dissection
Chicken Healing’® Treatment Repair Suture
Number Period Canditian Status Status
¢
27 4 Immobilized attermuated Suture intact
(<1.5mm gap)
11 1 CPM o "
30 3 m " 1"®
\ 30 3 Immobilized " "
Y 5 P &Wn distal
&'sturp
16 3 Imecbilized " e
17 4 ™M approximated  Suture intact
\ (soft,vascular
) callus)
l 22 I,5 CPM " "

109
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period), in a chicken already excluded and repﬁ@ced in the
study due to concern of faulty sutu}e, was found to be no
longer clinically intact at the time of dissection. The
tendon had retracted proximally leaving a gap of
approximately 2 centimeters between the cut tendon ends.
‘There was a large hematoma in the gap®at the time of
dissection. Follow-up investigation of the tendon ends
shé&ed that the suture had failed at the site of knotting and
pulkled out of the proximal tendon stump (Plates 4.3 and 4.4).
This non-experimental tendon was thernly c%}nical rupture in
the study, all of the experimental tendons ciassified as
having poor clinical,status at the time of dissection mét the
requirement of being clinically intact and wefe, therefore,
included in the tensile testing procedures.

The assumption that the inqised tendon sheath eégeu would
be approximated well enough with skin closure to allow for
adequate healing agpearg to have been appropriate. All ‘
flexor tendon sheaths at the time of dissection were found to
be healed at the site of sheath incision. Although it was
i;npossible to tell without histological study, if the sheath
healed by a connective tissue scar or proliferation of
synovial tissue, there was no doubt that there was always a
defined barrier of tissue across the shoath‘inciiipn site

. : : !
that separated the underlying tendons from the overlying

..

subcutaneous connective tissud.
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Plate 4.3: Ruptured Terdon: Proximal Stump
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Plate 4.4:

Ruptured Tendon: Distal Stump

Suture

~
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ard Failed
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Tensile testing

All experimental tendons failed at the repair site with
tensile testing. Following testing, the tendons were removed
from the grips and examined to ensure thét the dots were
aligned with the edge of the.gripped redions to check the
accuracy of the gripping procedure. As well, imprints of the
material weave in the tendon were examined for evidence of
shredding or slippage of the tendon specimen within the grip.,
All tendons were- gripped accurately to within 1 mm of the
reference dots, and no tendon demonstrated any evidence of
failure or slippage in the grip. Therefore, no experimental
tendon specimens were excluded from the study due to
technical difficulties with tensile testing or gripping
procedures.

A summary of the tensile prope:ties of the normal FDP
tendons tested is presented in Table 2. None of the norfal
tendon specimens tested demonstrated any evidegce of slippage
in the gfips. However, of the eight normai tendon specimens

tested, four fajiled at the upper grip and were excluded from
R\ S .

analysis. o .
~ .

Consistency of values for the material properties examined
for the four tendons that did fail between the grips,
suggests that this small sample size was adeduate to
determine baseline normal values for chicken FDP tendons
testeq under the same experimental conditions as the

experimental healing FDP tendons.

113
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Data analysis

The data analysis was conducted on the resu;ts of all
sixty experimental tendons examined in the study. No tendons
were encluded, as all tendons were found to be clinically
intact at the'time of dissection and no tendons were excluded
due to technical difficulties with tensile testing.

}
. ~.

A. lnser:rgser_religpilitx ' »

The inter-rater re{iability coefficients, as determined by
an Inter-class Correlation Coefficientt(ICC) for Load at
Initial Failure (LIF), Cross-sectional area, Strain to
Initial Failure (SaIF) and Energy Absorbed to Initial Failure
(EAIF) measures, were all eqd%l to .9 (Bartko & Carpenter,
1976). See Appendix I. for a summary of the ICC '

calculations.

B. Analysis of variance,
+ Significant differences of p< .05 found with the 2 x5
(treatment condition x healing period) analysis of variance

P

for each dependent variable examined (LIF SeIF, SaIF, MsS,

. EAIF and Cross-sectional area) were:

1. IIQQ&EQBE.QiIQQ_Q_LKl; (Hg: x1= x2)

(1) ° Load at Initial Failure (LIF) .
[E(1,25) = 9.31, R = .005].
(i1) Stress at initial failure (SeIE)
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(E(1,25) = 5.55, p = .03].
(111) Energy absorbed to initial failure (EAIF)

[F(1,25) = 5.56, p = .02].

2. Healing effects (Y): (HO: Y1=_..; Y5)

(1) Stress at initial failure (SeIF)
[E(4,25) = 3.64, p = .02]

(ii) Strain a and\b to initial failure (SaIF)
(E(4,25) = 4.22 and 3.41, p = .01 and .02 .
respectively]. - -

giii) Material stiffness a and b (MS)

[F{4,25) = 6.73 and 6.33, p = .00l and . 003
respectively]. '

3. Inter: on ects i (HO: X1¥l= ... X2Y5)

No significant interaction effects were found. ,

Table 3 summarizes all the F-ratios and probability values
for treatment, healing and interaction efiects for each
dependent variable examined with analysis of variance. Table
4 summarizes a11 dependent variable treatment condition x
healing period cell means. Figures 4.1 and 4.2 graphically
depictg these cell means for significant ANOVA treatment
condition and healing period ettects. T

c é]énggg-gzghgggngf hg.ghgg .ﬁglgii. S

significant cell mean ditterencee ot RS .08 found with a

planned orthogonal posthoc analylis between dayl 15 and 25 :

3
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Tabhle 3.
Cell Mean Values for each Dependent Variable
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Healing Period
Variable/condition 10 days 15 days 20 days 25 days 30 days
/
Load (grams) . . : .
Immob 671.7 859.2 760.0 883.3 1157.5
CmM 795.0 1036.7 1086.7 1541.7 1518.3,
Stress (q/mm?)
Immob : 70.1 69.2 . 76.2 87.4 89.0
CcPM 81.5 76.6 81.7 136.7 130.2
Strain - a(%)
Immob ' 5.8 6.0 6.7 4.7 4.3
CPM 7.8 5.3 5.7 4.9 5.0
Strain - b(%) ‘
Immob 4.9 5.2 4 5.7 3.9 3.7
CPM 6.7 4.4 4.9 4.4 4.3
Stiffness - a
< (g/mm?)
Tmmob 1247.6 1329.1 1199.8 1990.6  2083.4
CPM 961.2 1478.5 1473.1 2891.4 2598.0
Stiffness - b
(g/mm?) ‘ \
Immcb - 1502.7 1550.3 1417.8 2396.1  2310.3
CPM 970.5 1802.8 1757.5 . 3374.4 3108.9
. Energy (Joules) . : ' .
Imob .061.(  .o6s ,-081 .052 .073
CPM . .089 .078 .094 .108 .116
Cross Section (mm2) - ¢
Tmmob ¢ 10.0 . 11.4 9.4 10.7 12.1
CPM " 9.6 14.1 . 13.6 11.3 11.8

-2



Table 4.
. L 3
Analysis of Variance F-ratios and Probability Values for Treatment,
Healing and Interaction Effects .
Treatment Healing Interaction -

Variable Effect Effect Effect
Load .

F-ratio 9.31 1.82 .75

Prob. .005(*) .15 .57
Stress v
# F-ratio - . 5.55 3.64 .90

Prob. .03(*) .02(%) .48
Strain - a -

F-ratio .36 4.22 1.46

Prob. - . .55 .01(*) .24
Strain - b ]

F-ratio .38 3.4) 1.51

Prob. .54 .02(*) .23
Stiffness - a .

F-ratio 2.26 6.73 .91

Prob. .14 .001(*) ..47
Stiffness - b

F-ratio , ) 2.05 6.33 1.05

Prob. .16 - +001(*). .40
Energy

F-ratio 5.56 .26 .47

Prob. .02(*) .89 .75

F-ratio 2.46 .81 1.07

Praob. .13 +53 .39

‘Note: *p <.05°
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and days 20 and 25 for significant healing effects found Xéth
A p)

analysis of variance were:

1. 15 to 25 day healing period:

(1) Stress at initial failure (SeIF) ?
[E(1,25) = 1.09, p = .02].

(ii) Materiai stiffness a and b (M§)
[gelﬁzs) = 9.45 aﬁd~§*64, R = .005 and .007

respectively].

2. 20 to 25 day healing period: o e
a (1) " Stress at initia}l failufe (SeIF)
[E(1,25) = 5.36, p = .03],

(11) strain a and b at -initial failure (SaIF)

(E(1,25) = 4.86 and 4.08, p = .04 and .05
respectively]. )
(iii) Material stiffness a and b (MS) * v

[F(1,25) = 10.72 and 9.96, p = .003 and .004

/ respectively]. ', .
~

Table 5. summarizes all the F-ratios and probability

values for the planned orthogonal analysis for each of the:

significant healing effects found with analysis of Varianteé‘-
. : T

L4

r *®
~

D. : 08 ., 8
Significant éé}l differences og\eé'JOI between the

controlled passive mqtien treatment group and the -{mmobilized



Table 5.

. F-ratio and Probability Values for the Planned Orthogonal Posthoc
" Apalysis of Significant Healing Effects '

,

15 to 25 day 20 to 25 day

Nariable. Healing Period _ Healing Period
Stress : i ' . °

F-ratio ' - 7.9~ ; 5.36
. Prob. o - .01(*) T L03(%)
Strain - a ’ -

F-ratio 1.72 4.86

Prob. S Y . .20 . .04(*)
Strain - b \V ) - A

F-ratio 1.17 4.08

Prob.. . .29 : .05(*)
Stiffness - a | .

F-ratio - < 9.45 10.72

Prob. . . .005{*) .003(*).
Stiffness -b . = T -

F-ratio . ‘ 8.64 . . : 9.96

Prob. '-007 (*) .004(*)

-
Note: * p < .05



treatment

were:

Table 6

the simple

healing period for each of the significant treatment effects ‘.
v

1. 10 day healing period

No significant cell differences

2. 15 day healing period

No significant cell differences

3. 20 day healing period ,

No significant cell differences

4. 25 day healing period

(i) Load at Initial Failure (LIF)
(F(1,25) = 6.72, p = .01)

5. 30 day healing period

No significant cell differences

A ]

found with analysis of variance.

group at the different healing periods examined

summarizes the F-ratios and probability va;ggs for
& 2

main effects posthoc analysis at the 25 day

.8

Wi

L.
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o

Table 6.°

F-ratio and Probability Values for Simple

Main Effects Posthoc Analysis for .

Treatment Effects (25 day Healing Period

25 day
Variable Healing Period
‘Inad
F-ratio 6.72
Prab. .01(*)
Stress
F-ratio 5.09
Prob. .03
E /"'\\,
: F-ratio 3.86 \
Prab. .06
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»
Null hypothese’ discussion
Results of the data analysis will be discussed within the
framework of the specific research null hypotheses of the
study.

A. Treatment effect null hypothesis: ~

S That the early controlled passive motion tendon
- treatment group would not have significantly
k different values for any of the tensile properties
’ examined when compared to the early postoperative
immobilization tendon treatment group.

Results of this study allowed for rejection of the
treatment effect null hypothesis for Load at Initial Failure
(LIF), Stress at Initial Failure (SeIf) and Energy Absorbed
to Initial Failure (EAIF). ’

Findings of a significantly greatér LIF for the controlled ‘
passive motion treatment grdup as cgmpared to the immobilized
treifment group, throughéut the early postoperative 20 day
healing periéd (io days to 30 days) examined in this study,
is consistent with the reported findings of other authors
(Gelberman et al, 1982; Hitchcock et al, {987). .

A consist finding‘in independgnt studies, of an increased
rupture load with early postoperative controlled mobilization
of flexor tendons as compared to immobilized tendons, is
strongly supportive of the validity of this experimental
finding. Experimental evidence of increased fupture‘load in
healing tendons managed with early controlled tendon

mobilization suggests that flexor tgndons managegd cldnically

with an early postoperative controlled tendon mobilizg}ionﬁ
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program, will also have a significantly greater tolerance to
tensile forces throughout the eariy fibroplastic phase (5 to
21 days) of %ealing and cohtinue to demonstrate this.
increased toleranée into the remodelling and maturation (> 21
days) phase of tendon healing. -/“‘

When comparing rupture load (LIF) between two'early
postoperative treatment groups, it is not possible to
diffeifntiate between differences in strength due to true
material differences within the tendon, or differences in
strength due to differences in tendon bulk. Differences in ‘
bulk, or cross sectional area, may then account for part, or
all, of the differences in rupture strength found between the
two treatment groups. The absence of a significant
difference in crossssectidnal area between the two treatment
groups in this study suggests, however, that this is not the
case. T - ,

Comparing SeIf betweén the two different treatment groups
in this study, allowed for a direct comparison of the true
material sQ%enqth of the healing tendons, independenf of the
size of the tendon spgcimen being examined. The finding of a
significantly greater Self gproughout tRe early 20 day
postoperative healing period exanined, tor controllod passive
motion tendons as compa:od to imnobilizod tondonl,‘
demonstrates a greater truc material ltrcnqth of tho healing
tlexor tendons managed with oarly controllod passive motion.

- This tindinq suggests not only that tendons n,naqod

LY



clinically with early controlled passive mofion will
demonstrate a greater tolerance to tensile forces when
compared to immobilized tendons, but also that this increased
tolerance may be due to actual morphological differences
within the healing tendon. To date, snfre have beén no other
studies published that have demonstrated this finding of an
increased material strength in healing flexor tendons managed
with early controlled passive motion as éompared to
immobilized tendons.
The present study dig not directly examine the morphology
of the two different tendon treatment groups studied. .
Therefore, any correlations between morphologicg} differences
and difterenceé in material strength are onfy sp;;ulative.
However, some research supports, in theory, a possible |
relationship between an enhanced material strength and
morphologital differences between the two early postoperative
treatment groups. These morphological differences may be:
1. An enhanced intrinsic fibroplast proliferation within
the tendon (Gelberman et al, 1985, Nelson_et.al,
~ 1985). | ' .
2. Orientation of fibroblasts and collagen along the
lines of tensile stresses generated with earlx”

postoper&tive controlled passivé\hotion (Thorngate,

1958; Bassett, 1971; Becker & Diegelmann, 1984).

Findings from this study also demonstrated A significantly

)
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greater EAIF for early controlled passive motion tendons as
compared to immobilized tendons throughout the 20 day healihg
period. Examination Qf the EAIF at the various healing
ieriods demonstrates(tha€>\gollowing a slight drop in the
EAIF between the 10 to 15 day healing period, the controlled ‘
passive motion tendons show a consistent rise in EAIF
throughout the remainder of the healing period. Convensely,
the immobilized tendons show a drop in EAiF at the 20 day
healing périod.. This differential findi;g for EAIF at the 20
day healing period, may be accounted for by the concomitant
finding .of a signifiéantly greater rupture load (LIF) for the
controlled passive motion treatm;nt group as compared to the
immobilized treatme;t group, at the 25th postoperative day.

'

- Area under the tensile curve (EAIF) is dependent dpon i _
rupture strength (LIF), defoimation at tg}lureb(SaIF) and the
relationship oF rate of development of deformation to .the ~
rate‘of develdpmeng of load bearing capabilities (QS), in the
test specimen. This stud& demonstrated an inverse o
‘relationship between development of,ﬁs and SaIF measurements
in the healing.tlexormtendons,'in.which the MS increased and
the SaIF decreased. Due.to this inversevrelationship between
'MS and $alF, area under the load / olongation curve would bc
expected to decrease as the healinq‘pcriod proqrosloo. '
However, it there was - also a conconitant increase in the v
: strenqth of the';andon during thig same pcriod, as vas ‘
\
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demonstrated with LIF at the 25th day with the early
controlled{passive motion treatmént group, the area under the
tensile curve would be expected to increase.

A possible explanation for the differential findings for
EAIF and LIF-betweén the two treatment groups at the 26 to 25
day healing period, may ge related to differential procesées
of remodelling &nd crosslink maturation of connective tissue
wounds at this point in time. As discussed by Madden and
Peacopck (1971), the attributable rise in tensile strength of
connectiveVtissue'wounds'at this three week healing period is
related to a compléx mechanism of collagen remodelling and ¥
crosslink maturation within the wound. If with early.
controlled passive motion, the fibroblast proliferation‘and
collagen production wit?in the tendon callus is inéluenced by
tensile ;tresses to be laid down in a parallel fashion in
relation to the lines of stress, then the early controlled
passive motion tendons‘would conceivably: |

l. »sNot have to go through the process of,secondary

| remodelling into parallel tendon like tissue and,.
therefore, would prigress directly into crosslink
maturation processes.

2. Demonstrate a more efficient crosslink maturation v

process, through thevéevelopment of an orderly
pattern of inter- and intra-fiber crosslinks within

&h already establdshed Rarallel aggregation of

collagen fibers in the healing callus.
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B. Healing effect null hypothesis:
That tendons in both the early postoperative
immobilization and the early controlled passive
motion treatment groups would show no significant
change across the five healing periods examined in
any of the material tensile properties examined.
Results from the analysis of variance allowed for
rejéction of the healing effect null hypothesis for‘Stress at
Initial Failure (SeIF), Strain to Initial Failure (SaIf) and
Material Stiffness (MS) . \'
Results of the analy51s for saIf and MS, as previously
stated show an inverse relationship between SaIf and MS.
Across the 20 day-healingcperiodﬂexamined in this study, the //’
saIF for both treatment groups decreased significantly,
whereas, MS increased significantly This finding of an
inverse relationship between Ms and,SaIF, as well as, a
»significant increabe in material strength (SeIF) across the
20 day healing period is consistent’with‘what would be
expected to happen to these material‘properties it tqmpol'l
changes in the healing tendon tissue composition are takep

into consider&tion. . ‘ . . ’ L

-
. -

R Conposition of the healing tendon changes trom’a-‘

jpredominantly viscous materi&l composed of as blood clot and
Vinflammatory gxudate during the inflannatdrx phase ‘of healing
(5 to 7 days), to a. more fibrous tissue conpossd primarily of“
collagen ribers and thair suppdtting fibrobla@ts durinq ths°.
'fibroplastio phase of healing (7 to 21 days) (Potsnza, 1962;

Lindsay, 1364) ‘As viscous elements dscrsssi'in the tissus ,d

s . . v, .
- - N . B TS e
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matrix the SalIF would also be expected to decrease. Whereas
as éhe fibrous content increases in the tissue matrix the Ms
and SeIF would be expected to increase (viidik, 1973).

Delineation in this study, of a significant change in the
material properties SeIF, SaIF and MS, between days 20 and 25
is also consistent with the reported findings in the
literature. A rise in rupture load of healing tendons
between the 19th to 21st postoperati?e days was first
reported by Mason and Allen (1%41), and as described by
Madden and Peacock (1971), correlates with the‘remodelling
and crosslink maturation processes of connective tissue

healing at this same period in time.

! \
C. Inﬁeragtion effect nﬁ;l hypothébis:
4 [ ' * LY
“* That the early controlled passive motion tendon
treatment group would not have a significantly
different rate of change in any of the tensile
pgoperties examined as compared to the early
plstoperative immobilization treatment group.

of the data analysis did not allow for rejegtion
of the intefaction null hfpothesis for any of the dependené
variables examined. " This suggests that early controlled
passive tendon mobilization regimes do not signiti?antly
‘liincrease, or decreasq, the rate of healing of_flexor tendons.
B Therefore, the assumption that early controiled passive
‘

motion tendons heal more slowly than;iﬁmobilizeﬁ:fendons was

[
not substantiated by the findings:of this study.
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Thiebstudy demonstrates that early postoperative
controlled passive motion tendons have boéh an improved
material-tensile strength and a similar rate of healing,
compared to early postoperative immobilized tendons.

Therefore, a reasonable conclusion may be, that if it is
accepted c¥inically safe to institute a protected active
tendon mobilization program following three weeks of early
postoperative immobilization, it should be equally safe to
commence a protected active tendon mobilization program at
this same time period following an early postoperative
controlled passive motion regime.

However, there is a substantial difference in magnityde of
the tensile properties examined between the healing '
experimental FDP tendons at the end ofathe 30 day healing ¢
period and the normal FDP tendons examined in the pilot '
study. See Table 7 for a comparison of these tensile
property values.ﬂ .

Based on the large discrepancy found“in.this study,
between tensile properties values for normal FDP tendons and - o
healing FDP tendone at thirty days, protection oé‘the healing
flexor tendon dqainst excessive stresses and strains dﬁfing
the earay stages of active tendon mobilization should -till
be advocated. It would be advisable, during tho early ltagoa

»

of active tendon mobilization for the clinician to: S
1. } Proooad*cautioucly with qraduation of the aotive

tendon mobilization programl. ';. . . R ,f



Table 7.

3 of ﬂonnal Tensile Property Values at

_ ‘,m\gﬁ& Day Healing Period
Y- R

&”, 2y
'} -
Variable/Condition t Normal
Load
Tmob 4
™ S
Stress .
Imnob ¢ .5
™ .8
Tmnob 17
(&3, 4 20
Stiffness .
Tmmab 4
™ = S
Energy . _
. Immob 12
™ ’ 19
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[ J
Continue with some means. of protective splinting to
guard the’healing tendon against excessive and

" .unexpected strains. T
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Chapter Vv

SUMMARY., CONCLU§IONS AND CLINICAL IMPLICATIONS

Summary
After ‘primary flexor tendon repair in the fibro-
osseous tunnel, active tendon mobilization is usually
commenced ‘at three weeks following an early postoperative
immobilization treatment regineC In“oontrest, when early
postoperative controlled passive\notion\regimes are.utilized,
initiation of active motion has not been advocatedvuntil .
usually four and one half weeks and\even up to ten weéﬁs
postoperatively. | \ .

" \

' \
The reasons for this delay in active-tendon\hotion'with
early controlled passive motion are uncleer{ é%ution, for -

fear of rupture, has been advocated on thexgssump ion that

tendons managed by controlled passive motion‘ 1 moRe a

slowly, and so develop tensile strength more slowly than
endons managed by, early postoperative immobilization>

R ortee findings for the importance of motion for synoVial
flu diffusion within tendon, and the beneficial- effect of "’
stress on healing connective tissues, suggests that the
opposite may be true. Tendons managed with controlled'

passive motion regimes during the early postoperative healing

-period’ have the potential to heal with a more_efficient'early
healing process due to improved synovial fluid nutrition, and

-

‘to develop morphological changes that enhance development of N

135
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early functional tensile material’properties due tovthe
beneficial effects of stress on healingaconnective tissues,

The present study was conducted to compare. the early .
postoperative tensile properties of surgicalily divided an —
repalred chicken Flexor Digitorum Profundus tendons, between
tendons managed by early postoperative immobilization'and
tendons managed by early nostoperative controlléd passiye~
motion. | ' | - . ‘. _

. Data analySis was based ‘on the load / elongation uniaxi;l
tensile test curve for each tendon.‘ Load at Initial Failure“
(LI{), Stress at Initiflfrailure (SeIF), Strain to Initial
Failure (SaIF), Material‘stiffness (Mé), Energy Absorbed to
Initial Failure (EAIF) and cross-sectional'area of' the tehdon
callus, were all analyzed by a 2 x 5 (treatment condition x
healing period) analysis of variance ltatistical procedure
(p<- .05). . ' | SR '
Results included. . ; v
S SO significantly greater<values for Load at Initial
| Failure (LfF), strees at Initial Failure (SeIF) and
Energy Absorbed to . Initial Failure . (EAIF) for the
early controlled passive motion treatment group,
/////_- throughout postoperative days 10 to 30 exanined in B
L this: study.r R ',
,>2._« ﬁor botﬁ trpatnent qroups, acrosl the 10 to 30 day
, healing period exanined, there wal a significant RS
improvement in Haterial Btiftnelc (HB) end Strell et -.,fj

» _— B . .
. N . . .

N
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Initial Failure (SeIF) and a significant decrease in
. \

Strain at Initial Failure (SalF).

Planned orthogonal posthoc analysis further delineated
gignificant changes in tensile property values for SalF, MS
and SelF between days 20 and 25. Simple main effects posthoc
analysis showed a significantly greater value for LIF, for
the early controlled passive motion treatment group as
compared to the immobilized treatment group, at the 25 day

A

healing period.

Conclusions

Based on the results of this study, the following

cqgclusions can be drawn:

1. A significantly éreaterfLoad at Initial Failure for
the controlled passive motion treatment group as
compared to the immobilized treatment_group, was
d;monstrated throughout the 20 day healing period
examined in this study. This finding suggests that
flexor tendons manﬁged clinically with early ’

postoperative controlled passive motion will

demonstfate a greater tgéerpnce to tensile loads

during the 10 to 30 day postoperative healing period.
N ths finding of an increas‘ngppture strength for

e&x;y cbntrolled passive motion tendons is consistent

with other reported experimental studies.
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This study has shown a sigpificantly greater Stress:
at Initial Failure for fhe controlled passive motion
treatment group as compared to the immobilized
treatment group, thfoughout the 20 day healing period
examined. This finding suggests that the controlled
passive motion tendons increased tolerance to tensile
loads may be due to actual morphological, or material
diffe;ences between the two different treatment
conditions examined in this study. However, any
correlations drawn between morphological differences
and differences in material strength are onf&
speculative, as this study did not directly examipe
the morphology of the healing flexor tendons.
During the 10 to 30 day healing period examined in
this study, both treatment groups demonstrated a
significant increase in Stress to Initial Failure‘and
Material Stiffness, and a significanﬁ'decfaase in
Strain to Initial Failure. This finding is
consistent v}ith what would be axpected’ ;:o happen with
these material tensile properties, if the hcal;ng |
tendon callus changes from a visoous mataffii during
the early portion of the heilinq porio& examined, to
a more fibrous material during the later portion of
the healing perisd. _
This study further delineated -ignifiéunt chinqol.iq
the material prépertiss of Stress to Initial Failure,
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Material Stiffness and Strain at Initial Failure, to
between days 20 and 25. This time period correlates
with reports in the literature of a histological
change within the healing tendon from a procesgs of
fibroblast and collagen proliferation, to a‘process
of collagen remode;ling and maturation.
This study demonstr;ted a significantly greater Load
at Initial Failuge for the céntroiled passive motion
treatment group as compared to the immobilized
treatment group, at the 25 day healing'period. As
well, Energy Absorbed to Initial Failure increésed
for the controlled passive motion treatment groups
and decreased for the immobilized treatment group,
between the 20 to 25 day healing period. These
findings suggest a possible morphological difference
in the healing process during the early collagen
remodelling and maturation phase of tendon healing,
between the two treatment grod;s investigated.
This study was unable to demonstrate a significant
difference in rate of change.for any of the tensile
properties examined, between the two treatment groups
investigated in this study. This suggests that early
controlled passive tendon mobilizaﬁion rfgimes éo not
significantly.altef the rate of healing in primarily

repaired flexor tendons. Therefore, the assumption

that early controlled passive motion tendons heal

1



140
q
more slowly than immobilized tendons was not

substantiated by the findings of this stud;.

In a combarison of healing chicken FDP tendon tensile
properéies at the end of the thirty day healing
period examined in this study, with normal chicken
FDP tendon values for these same tensile properties
determined in‘the pilo£ study, it was noted that
there was a very large difference in magnitude ‘
between the values for healing and normal tendons for
both treatment groups investigated in this study.
This suggests that during the ;arly 3tage of collagen
maturation and remodelling that all healing flexor

tendons should still be protectéd against excessive

stresses and strains.

Clinical implications

Bised on the experimental findings on a chicken animal

model, possible clinical implications of this study are:

1.

Tha;\tne’use ot hn early postbﬁerative céntnolled
passive motion treatment regime following primary
flexor tendom repair may'be an effective managehent
reqime,for enhancing the overall rupture tolerance,
and the actual'materialAltr;géth of hialing flexor

tendons in humans during the early pogtoperative

healing period of 10 to 30 days. . . . f—\\

That if 1t»1l considered clinically safe to institute’
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a protected active tendon mobilization program
following three weeks of early postoperative
immobilization, it should be equally safe to commence
a protected active tendon mobilization program at
thisAsame time period following an early (~

postdperative controlled passive motion re

It would be advisable during

active tendon mobilizatigp.

tendon mobilization program, and to continue with

N

some means of protective splinting to guard the

healing tendon against excessive and unexpected

S

v

strains. F
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APPENDIX I. Inte’?—rater reliability coefficients
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A. Raw Data:

156

LOAD , STRAIN ENEREY , AREQ
(g) (%) (Joules) ¢ ()

R /RR /RR LR,
1 1440 | 1500 110.00{10.25 222 212 2.841 2.82
2 825 | 840 5.00| 5.00 057 .055 2.66 | 2.60
3 1140 | 1150 3.000 3.00 |- .038).038 2.31 2.25
4 1315 | 1325 - 5.50| 5.50 </ .105 | .091 7.94 | 7.74
5 1900 | 1900 5.00| 5.00 135 | .123 2.66 | 2.72
6 540 | 575 6.00 s.;; .042 | .041 -l -
7 85| 82 4.50 | 4.50 .051 | .046 -] -
8 1040 | 10254 5.00| 5.00 .066 | .066 -1 -
9 1000 | 1000 6.00] 5.25 .083 | .084 -] -
10 660 | 675 5.50 | 5.00 .049 1 .046 - -

B. Formulas:

1. One-way Anova

N

SS

B .

1=1

- 2 2.
S8, = XY xij - G°/M

SSw_ = SS

- SS.

S B

2 2
Si/“i - G°/M

A

/

bi=Nx#ofraters

df _ =N-1

B

dfw==M-N\

2. Inter—class Correlation Coefficient (ICC)

""B,:' ’y

Mg+ (R- 1) M,

-+



~

C. Calculations (ICC):
1. LOAD (LIF)
;
SSB = 293085.90
SSw = 2862.00
SS,. = 2933721.00
2. STRAIN (SalF)
SSB = 59,215
SSw ‘= 0.469
SST = 59.684
3. ENERGY (EATF)
’ sy = 0.055020
st = (.000239
SST = 0.055259
4. ARFA
SSB. = 44.1346
st = 0.0256
SST = 44.1602

&

325651.0
4

286 .2

7

ICC = 2998

i

6.579

&

0.047

&

ICC = .986

. MSB = 0.0061133
= 0.0000239
IC = .992
MSB = 11.034
MS = = .0032
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Rav Data Sheet - 1

hicken ¢

=0 ® FS
5 5 ow [ Ny

H/P

SkE
D

SoERomor
ct:szgg

.
w o
~N O

"
©o
28

.
o
-~ o

12.47
10.12
14.09

7.23

9.37
14.31
5.393
10.89
11.70
1¢.11
9.48
11.19
8.94
24.53
8.2¢
16.50
9.67
12.62
13.68
20.42
7.76
7.21
18.70
10.03
12.85
17.27
8.91
8.37
13.03
16.11
11.44
12.37
8.76
10.83

‘Load Stress Strain - a
(grams) (g/vm?) M)
Immob CPM Domd CM Immob CPM
175 975 20.84 104.02 &.78 7.50
1775 2620 102.50 182.99 4.25 5.50
710 830 89.69 151.98 4.25 4.00
200 1175 35.61 107.83 4.00 4.50
SO0 740 72.68 63.24 9,00 7.00
290 750 44.68 S3.12 7.2 5.75
250 920 20.77 97.02 4.00 12.50
975 820 89.44 73.28 5.25 4.7S
675 1800 75.69 201.25 5.00 4.75
1150 2150 79.39 87.62 3.00 4.50
1075 450 105.60  S4.59 S.75 5.00
775 2150 125.80 130.2¢ 4.00 5.25
1525 2300 96.33 237.75 4.00 5.25
640 1360 68.28 107.70 3.50 8.00
1025 1325 93.23 96.80 $.25 S.75
420 1375 63.16 67.32 S5.50 .50
775 200 90.08 25.75 3.75 S.S0
715 575 95.18 79.75 7.50 6.00
1450 1750 112.02 93.57 10.00 8.00
1090 1120 97.92 1l11.59 4.00 .4¢.75
1090 1000 79.00 110.14 6.00 S.25
1900 1225 132.68 70.92 5.00 4.7S
910 840 90.17 94.18 3.50 S5.00
790 725 57.85 86.60 5.25 8.50
575 950 46.57 72.85 5.25 5.75
1450 2420 83.59 171.42 4.50 6.50
525 1475 42.10 128.38 5.25 3.25
850 650- 81.99 44.4¢ 8.00 5.50
107S 550 76.32 62.78 9.50 S5.75
S1S 750 79.45 59.20 8.00 4.25
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Raw Data Sheet - 2

Chicken § H/P Strain - b Stiffmess-a Stiffness-b Eneryy
o (%) (3/wm?) (g/wm?) (Joules)
Imcb CPM Immob CPM  Dmmb  CPM Imrob  CRM

1 3 4.00 6.25 438,76 1386.96 521.02 1664.35 .010 .112
2 s 3.50 5.00 2411.90 3327.90 2029.74 3859.98 .114 .197
3 s 3.75  3.00 2110.40 3849.60 2391.79 S132.80 .04¢ .043
4 s 3.75  3.75  890.48 2396.40 949.84 2875.68 .012 .068
s 1 8.00 6.00 807.60 903.54 908.55 1054.13 .072 .06
6 2 5.75 5.00 616.33 923.95 777.11 1062.54 .026 .069
7 1 3.25 11.25 519.28 77.82 639.11 86.24 .012 .146
8 2 4.75  3.75 1704.42 1542.74 1883.83 1954.13 .076 .05)
9 4 4.25 4.25 1513.80 42)6.88 1780.94 4735.34 .049 .11S
10 2 2.50 4.00 2646.40 1947.18 3175.68 2190.57 .038 .l4I
11 1 €.75  4.00 1836.52 1091.84 2223.15 1364.80 .091 .029
12 . 4 3.25 4.75 3170.00 2480.76 1901.54 2741.89 .04l .172
13 4 3.25  4.25 2408.2% 4528.%59 2964.00 $594.1¢ .072  .169
14 1 3.00 7.25 1950.88 1346.33 2276.03 1485.60 .049 .163-
15 4 4.50 4.75 1775.94 1683.60 2071.93 2038.04 .068 .10S
16 3 4.50 4.00 1148.49 1496.07 1403.71 168).08 .028 .089
17 ] 3.25  5.50 2402.27 468.18 2771.85 468.18 .043 .01
18 1 6.25 5.00 1269.13 1329.17 1522.96 595,00 .085 .042
19 3 9.00 7.25 1120.21 1169.86 1244.68 1290.86 .222 .212
20 3 3,25  4.00 2448.12 2349.43 3002.28 2789.9S .057 .075
21 2 5.25. 4.00 1316.68 2098.00 1504.78 2753.62 .091 ,083
22 H 4.25  4.00 2653.62 1493.1¢ 3121.91 1773.10 .13% .069
23 s 2.75 4.00 2576.29 288).62 3278.91 2354.53 .039 .0S? Fl -
2¢ 1 4.00 7.00 1101.98 1018.93 1446.3S 1237.27 .058 .091
2s 2 4.50 4.75 887.18 1267.09 1035.04 1533.85 .039 .08S
26 s 4.00 6.00 1857.62 2637.)2 2089.83 2857.10 .096 .262 i
27 ‘ 4.75  2.75 673.62-3950.28 886.34 4668.51 .04 .066
28 3 7.00 4.50 1049.90 808.02 1199.89 987.58 .107 .041
29 2 8.25 4.75 803.45 1091.91 925.19 1321.79 .136 .039
30 ‘3 7.00 3.2%

”J‘ 1528.40 1115.04 2129.43 .083 .036



