MORPHOMETRIC ASSESSMENT OF THE PROXIMA L PORTION OF
THE TIBIA IN DOGSWITH AND WITHOUT CRANIAL CRUCIATE

LIGAMENT RUPTURE
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Basad on the clinical observation that dogs with a steep tibial plateau sope had variable tibial morphology, we
hypothesized that these dogs could be further characterized using measurements developed by examining
computer generated models of specific proximal tibial malformations. A 3D tibial model was created from a
normal canine tibia. The model was manipulated to reproduce two specific proximal tibial anomalies repre-
senting deformities originating from the tibial plateau or the proximal tibial shaft. Data from these models were
used to create specific measurements that would characterize the shape of these anomalies. These measurements
included the diaphyseal tibial axis (DTA)/proximal tibial axis (PTA) angle, which debned the orientation of the
proximal portion of the shaft in relation to the tibial mid-shaft. These measurements were then made on
radiographs of dogs with and without cranial cruciate ligament (CCL) rupture. M oddls with tibial plateau and
proximal shaft deformities had a steep tibial plateau sope (TPS). M odels with proximal shaft deformity had a
markedly increased DTA/PTA angle. The model with a 101 proximal shaft deformity had a DTA/PTA angle
of 11.231 Six dogs (9.0%) had a DTA/PTA angle larger than 11.231 (range, 11.4P13.91). Dogs in this group
had ruptured CCL and a steep TPS. Dogs with CCL rupture had higher TPS (mean, 31.8! 4.11) and DTA/
PTA angle (mean, 6.0! 3.31) than dogs without CCL rupture (means, 23.6! 341 and 4.1! 2.21, respec-
tively). Dogs with proximal shaft deformity represented a distinct group, which could not be identiled using the
magnitude of the TPS alone. Characterizing more precisely the shape of the proximal portion of the tibia in
dogs contributes to our understanding of the pathogenesis of seep TPS and may facilitate the optimization of
the surgical management of dogswith CCL rupture. Veterinary Radiology & Ultrasound, Vol. 47, No. 2, 2006,

pp 136-141.
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I ntroduction

RANIAL CRUCIATE LIGAMENT (CCL) rupture is a com-

mon orthopedic problem in dogs.* CCL rupture oc-
curs as a consguence of chronic biochemical or
mechanical degenerative proceses or, less commonly, af-
ter acute trauma.?> CCL injuries have been associated with
age, vascular disorders, body condition, and immune-me-
diated arthropathies.*® Mechanically, CCL injuries have
been associated with a narrow trochlear notch and steep
tibial plateau sope (TPS).*® Some reports state that the
TPS is steeper in dogs with CCL injuries than in dogs
without injuries, while other reports disagree.**** Increased
TPS has been hypothesized to lead to CCL injury through
anincreasein cranial tibial thrust.*? Eventhough no causal
relationship between a stegp TPSand CCL injury has been
proven, the correlation of dope and cranial thrust has been
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conbrmed experimentally.®® To our knowledge there has
been no assessment of the specific morphologic changes
presen in canine tibiae with a steg TPS.

The impetus for this study was the observation that the
shape of the proximal portion of the tibia varies in dogs
with CCL rupture and a stegp TPS (Fig. 1). Thesediffer-
ences in shape could result from a number of developmen-
tal problems such as having abnormal longitudinal growth
of specific agects of the tibia. We used predctive modes
to investigate whether spedfic angular deformities mim-
icking growth anomalies of the tibial plateau or the prox-
imal tibial shaft would match the shape of the tibia of
specific groups of dogswith CCL rupture. One deformity
could potertially result from premature closure of the cau-
dal aspect of the tibial physs (tibial plateau deformity).
Another deformity could reault from plastic deformation
of the proximal portion of the tibia in relation to its mid-
shaft (proximal shaft deformity). In the absence of spedfic
information regarding these deformities we created com-
puter modds of canine tibiae with intertional deformities
conbned to the tibial plateau or involving the entire
proximal shaft of the tibia. We made specific measure-
ments of anatomic features on these predctive models and
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Fig. 1. Medio-lateral tibial radiographs from a control dog (A: tibial plateau slope (TPS), 21.31; diaphysed tibial axis (DTA)/proximal tibial axis (PTA),
4.11), a dog with a steep TPSwithout proximal shaft deformity (B: TPS, 33.21; DTA/PTA, 1.71), and a dog with a stegp TPS and proximal shaft deformity (C:

TPS, 37.21; DTA/PTA, 13.91). See text for abbrewvations.

compared these with similar measurements made on dogs
with and without CCL injuries.

Materials and Methods
Predictive Modeling

A left tibia of a skeletally mature dog with a disease-free
stif3e joint served asthe basis for the modd. The tibia was
imaged usng computed tomography and 5/4mm hélical
captulre retro-remngructed into 1mm dices (CT Sytec
SRi)." The image data were imported, edited, and
recongructed into a 3D model usng Mimics from
Materialize and a threedimensional surface modd of the
tibia was creaed.w Suface markers corresponding to spe-
cific anatomic landmarks were placed on the tibia (Fig. 2).
The model was manipulatedto smulate two specific types
of growth anomalies. The brst deformity was created to
reproduce the deformity that would result from premature
closure of the caudal agect of the medial tibial condyle, in
the absence of other tibial anomalies. We created two cau-
dal tibial plateau deformities by angling the medial tibial
condyle by 101 and 151 This was achieved by viewing the

* General Electric Company, Fairbed, CT.
wSdidWorks v 2003E2004, SolidWorks Corporation, Concord, MA

bonefrom its medial surface, removing 101and 151 wedges
of bone originating at the cranial aspect of the medial tibial
condyle and directed caudo-distally, and pivoting the prox-
imal portion of the tibia onto the shaft. The second de-
formity was creaed to reproduce the malformation that
would result from premature closure of the caudal agect
of the proximal tibial physisasawhole, leading to a caudal
proximal shaft deformity. We created two proximal shaft
deformities by angling the proximal portion of the tibia by
101and 151 Thiswas creaed by viewing the bone from its
medial surface, removing 101 and 151 wedges of bone
originating immedately distal to the insertion of the pa-
tellar ligament and direded caudo-distally, and pivoting
the proximal portion of the tibia onto the shaft. The soft-
ware enabled the generation of these models while main-
taining the locaion of the specific anatomic surface
markers. The 3D models were made semi-transparent to
enable visualization of occluded markers. Ther medial as
pectswere depicted in two-dimensional imagescorregond-
ing to the radiographic positioning of our patients and
controls. The relative positions of the marked anatomic
landmarks were recorded (Fig. 2).

The following measuremerts were applied to each of
these bve modes (control, tibial plateau deformity 101,
tibial plateau deformity 151, proximal shaft deformity 101,
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Fig. 2. Lateral and cranio-caudal (inset A) tibial modd with surface
markers includes the distal patellar ligamert insertion (1), proximal patellar
ligament insetion (2), cranial agect of the medial tibial condyle (3), inter-
condylar eminerce (4), caudal agoect of the lateral tibial condyle (5), caudal
agect of themedial tibial condyle (6), proximal aspect of the Phula (7), distal
agect of the bbula (8), and center of the talus (9). The modd is semi-
trangarent and may be used as an alternative to a radiographic projection.
Insd B is a partial view of an identical modé after removal of a 101 wedge
from the proximal portion of the tibial shaft. The 101 proximal shaft de-
formity is creded by matching thecut surfaces.Inse C is a partial viewof the
initial model after removal of a 101 wedge from the medial tibial
condyle. The 101 tibial plateau deformity is creded by matching the cut
sufaces.

and proximal shaft deformity 151) as viewed from a seami-
transparent medial to lateral orientation, mimicking a
medio-lateral radiographic projection. The TPSwas meas-
uredusing a linetangent to thelinear portion of the medial
tibial condyle ™ The diaphyseal tibial axis (DTA ), debned
asa line connecting the mid-point betweenthe cranial and
caudal cortex at 50% and thedistal 75% tibial shaft length,
was drawn. The tibial plateau orientation (TPO ), debned
asthe angle between the DT A and the line tangent to the
linear portion of the medial tibial condyle, was recrded.
The proximal tibial axis (PTA), debned asthe line joining
the cranio-caudal midpoint at the distal aspect of the tibial
cres measured along a line perpendicular to the DTA
and the cranial aspect of the medial tibial condyle, was
drawn. The angle between DTA and PTA was measured

(Fig. 3).
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Fig. 3. Medio-lateral rendering of a canine tibia. The morphologic land-
marks and parameters evaluated included: the diaphysed tibial axis (DTARN
a line formed by connecting the midpoint between the cranial and caudal
cortexat 50% and thedistal 75% of thetibial shaft length), the tibial plateau
orientation (TPON angle between DTA and a line tangential to the linear
portion of the medial tibial condyle), the proximal tibial axis (PTA, line
joining the cranio-caudal midpoint at the distal agoect of thetibial crest and
the cranial agpect of the medial tibial condyle . The DT A/PTA angle was
meadured (DTA/PTA).

Animals

Dogswereincluded in this study if a radiograph of their
stiRe joint that included the tarsd joint was present in the
eledronic database of the radiology service at the North
Carolina State University College of Veterinary Medicine
(NCSU-CVM) and if they had known cruciate rupture as
determined by intraoperative bndings or the presnce of
cranial drawer on orthopedic examination. These radio-
graphs were made between N ovember 2002 and Decanber
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2004. Criteria for excluson included the presnce of bone
pathology potentially affecting the tibial shape (i.e., osteo-
sacoma), skeletal immaturity, or incomplete medical or
radiographic records. The age, sex, breed, weight, and cra-
nial cruciate ligament status of the dogs were obtained
retrogpectively from their medicd remrds. Stif3e joint ra-
diographs of 14 skeletally mature dogs with no known or-
thopedc abnormalities used in another study served asthe
control group.*

Radiographic Methods

StiRe radiographs were made with the tif3e and tarsal
joints placed at 901 angles The greater trochanter, lateral
condyle, and lateral malleolus were placed in contact with
thetable. The opposite limb was pulled dightly cranially to
avoid overlap of the stifRe joints. Table top radiographs
were made with an intensity ranging from 2.8 to 3.6 mA/s
and penretrability ranging from 49 to 51kV/p. The same
radiographic views and methods were used for the control
dogs In dogs with bilateral cruciate rupture where radi-
ographs were available for both pevic limbs, one side was
randomly chosen for inclusion in the study.

Radiographic Analysis

The radiographs were digitized using a radiographic
sanner (Lumiscan 75).z Tibial length, debned as the dis-
tance from the most proximal agect of the tibia not in-
cluding the intercondylar eminence to the distal agpect of
the medial malleolus, was recorded on digital and printed
radiographs. The tibial length from each printed radio-
graph was used to cdibrate its corresponding digitized ra-
diograph. Radiographic measurements identical to the
meagurements made on the predictive models were made
by one author (C.S. Osmond) using image analysis soft-
ware (Adobe Photoshop 7.0).y

Analysis of Clinical Population

The clinical population of dogs with CCL rupture was
asessed for the presence of a normal TPS [TPS ™
(mean# 2 SD) TPSeonirol] OF @ steg TPS[TPS4 (mean#
2 SD) TPSeontror; TPS 4 30.36]]. Dogs were debred as
having a proximal shaft deformity if their DT A/PTA angle
was large than the DT A/PTA angle of the 101 proximal
shaft deformity modd (4 11.231).

Statistical Analysis

Therange mean, and standard deviation for TPS, TPO,
and DTA/PTA angle were calculated. Correations be-
tween TPS, TPO, and DTA/PTA angle were determined

zLumisys, Sunnyvale, CA.
yAdobe Systems Inc., M ountain View, CA.
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Tabl el. Measurements of Proximal Tibial Morphology in Unmodibed
and M odibed Models

Mo dels TPS (deg) TPO (deg) DTA/PTA angle (deg)
Unmodibel 281 30.3 7.67
Proximal shaft 101 373 398 1123
Proximal shaft 151 420 44.0 1223
Tibial plateau 101 385 401 8.28
Tibial plateau 151 439 454 8.60

DTA, diaphyseal tibial axis; TPO, tibial plateau orientation; PTA,
proximal tibial axis, TPS, tibial plateau dope.

usng the Pearson correlation matrix. TPS TPO, and
DTA/PTA angle measurenments in dogs with ruptured
CCL and control dogs were compared using the two sam-
ple StudentOs-test with separate variances. Statistical sig-
nificance was set at Po 0.05z

Resuts

TheTPS TPO, and DT A/PTA anglesfor themodesare
listed in Table 1. The DTA/PTA angles were minimally
affected by tibial plateau deformities (o 11 change but
were impacted by proximal shaft deformities(3.5 and 4.51
changes).

Sixty-seven client-owned dogs treated at our veterinary
teaching hospital with cranial cruciate ligament rupture
wereincluded in the study. Their weight ranged from 11to
98kg (mean, 39kg). Their age ranged from 1.4 to 11.2
years (mean, 5.4 years). There was one intact female, 36
neutered females, two intad males, and 28 neutered males.
Breals included Labrador Retriever (n$ 26), Golden Re-
triever (5), German Shepherd dog (4), Rottweiler (3), Boxer
(3), Doberman Pinscher (3), Newfoundland (2) English
Bulldog (2), mixed-breed (2), and one individual from each
of 17 other breeds. The TPSranged from 21.31to 4121
(mean, 31.8! 4.11). TPO ranged from 18.31to 461 (mean,
345! 471). DTA/PTA angle ranged from %3.621 to
13931 (mean, 60! 3.3)).

Fourteen skeletally mature dogs were included in the
control group. The TPS ranged from 15.71to 29.11 (mean,
236! 341). TPO ranged from 17.11 to 30.71 (mean,
251! 3.61). DTA/PTA angle rangedfrom %0.401to 8.661
(mean, 4.1! 2.21).

TheTPS TPO, and DT A/PTA angle between dogs with
ruptured CCL and control dogs differed significantly
(P$ 0.000, 0.000, and 0.010 respectively). The TPS and
TPO were highly correlated (+$ 0.926). There was no re-
lationship between TPSand DTA/PTA (r$ 0.541). Forty-
Pwe of 67 (67%) of patientswith ruptured CCL had a steep
dope (4 30.361). Six of 67 (9%) of dogs with ruptured
CCL had a proximal shaft deformity (debned asa DTA/

zSystat version 11, Richmond, CA.
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Fig. 4. Scattergram of tibial plateau slope and diaphyseal tibial axis
(DTA)/proximal tibial axis (PTA) index for dogs with (& and E ) and
without (' ) cranial cruciate ligament rupture. All dogs with steep DT A/
PTA angles (E ) ruptured their cranial cruciate ligament. The unmodibed
mode isrepresented (& ) and conneded with dotted linesto the modeswith
101 and 151 of tibial plateau angulations (TP 101, TP 151) and 10 and 151
proximal shaft angulations (proximal shaft 101 proximal shaft 151).

PTA angle greaer than 11.231). All dogs with proximal
shaft deformitieshad a steep TPS ranging from 3131 to
39.01 (mean, 36.3! 2.71; Fig. 4). The TPO of these dogs
ranged from 37.81 to 4281 (mean, 403! 2.31). Ther
DTA/PTA angle ranged from 11411 to 13931 (mean,
122! 1.11). With the six dogs with proximal shaft de-
formities excluded from the analysis, no significant differ-
encein DT A/PTA angles between dogswith ruptured CCL
and control dogs remained (P$ 0.061; Fig. 4).

Disaission

The relationship between the shape of the tibia and the
pathogenesis of CCL rupture is complex Although several
authors have described anomalies of the proximal portion
of the tibia, little has been done to charaderize these
anomalies.”™ Most of the discusson has focused on the
potential relationship of the TPS and CCL rupture, 15
radiographic landmarks,** biomedanics™*®3%1" and re-
peatability of measurements.*®*° Our study was prompted
by the observation that dogs with a steep TPS could look
digtinctly different from one another (Fig. 1) and our desre
to determine whether specific anomalies of the proximal
portion of the tibia could be idertibed in our hospital
population.

Computer-generated models were used to mimic two
abnormal shapes of the proximal portion of the tibia.
Thes modéds facilitated the creation of measurements that
could discern dogs with a steep TPS with differing prox-
imal tibial morphologies.

2006

TheDTA waschosen asa primary referencepoint in this
study because it was based solely on the tibial shaft and
would theoretically not be infuenced by deformities of the
proximal or distal portion of the tibia. We designed the
PTA and TPO as measurement methods representing the
orientations of the proximal portion of thetibial shaft and
the medial tibial condyle, repectively. The DTA/PTA an-
gle was designed to assess the angulation of the proximal
tibia in relation to the mid-shaft. In previous reports, the
shape of the proximal portion of the tibia was evaluated
using the TPS.** Our TPS values are similar to those re-
ported in the study where TPS measurements were based
on alinetangential to the medial tibial condyle rather than
those in reports with measurements based on the orienta-
tion of the cranial and caudal extremitiesof medial tibial
condyle!* The strong correlation between the TPO and
TPS suggested that the distal fourth of the tibial shaft has
limited infBuence on tibial shape measuremerts, asthe TPO
was independent from the shape of the distal fourth of the
tibia.

Themodd of 101 proximal shaft deformity wasused asa
template to identify dogswith similar shaft deformities. A
small but significant number of patients with such deform-
ities were identibed. All had cranial cruciate ligament rup-
ture. Dogs with proximal shaft deformity (DTA/PTA
angle 4 11.231) were a distinct group that could not be
idertibed using the magnitude of the TPS alone. Figure 4
shows that dogs with proximal shaft deformities do not
necessarily have the stegpest TPS. Also, we found no sta-
tistical correlation between TPS and DT A/PTA angle. Fi-
nally, when tibiae with proximal shaft deformities were
excluded from our analysis, there was no significant dif-
ference betweenthe DTA/PTA angle of dogswith ruptured
CCL and our control group. Thes data support that a
DTA/PTA angle 4 11231 idertibes a distinct population
of dogswith a proximal tibial morphology that cannot be
idertibed using the TPSalone.

The clinica significance of the ability to identify dogs
with a proximal shaft deformity is not known. However,
the angulation of the proximal portion of the shaft may be
a dgnificant factor predsposing dogs to cranial cruciate
ligament injuries Also, dogswith such tibial shape, may be
better candidates for tibial wedge ostectomies than tibial
plateau leweling osteotomies because wedge ostectomies
would tilt the distal portion of the shaft in relation to the
proximal portion of the shaft whereas tibial plateau os-
teotomies would not.*6202!

Our study had seweral limitations. The size of our sam-
pleswas small. We randomly chose a dog to prepare our
modd without knowing whether or not his tibia would
represert a normal or average tibia. Our model had a TPS
and DTA/PTA anglewithin therangesbut greater than the
means of our control group. The consequences of this
choiceare not known. The predictive models designed for
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this study appeared to fulbl their purposes but we do not
know whether alternative modes and measurement meth-
ods would be better suited to identify specific deformities
of canine tibiae

Deformities of both the tibial plateau and the proximal
shaft of thetibia are factorsleading to the presence of steep
TPS. A subpopulation of patients with CCL injuries had
proximal shaft deformities. The optimal management of
CCL injuries may require the use of several types of cor-
rective osteaomiesaimed at addressing the specific anom-
alies of individual patients.

Conclusion

The morphology of the proximal tibia can be digtinctly
different in dogswith a steep TPS. Using a computer gen-
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erated models, morphologic abnormalities of the proximal
tibiathat could result in a steep TPS were mimicked. Using
these models, a method of measurement was developed
(DTA/PTA angle) that identibed a subpopulation of dogs
with CCL rupture and a stegp TPS. The ability to objec-
tively differertiate dogs with a stegp TPS that have a dis-
tinctly different proximal tibial morphology will facilitate
future studies that may determine if pecific surgica inter-
ventions are indicated for these patierts.
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