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ABSTRACT 
 

CANINE FEMORAL DEFORMITIES CAUSING MEDIAL PATELLAR LUXATION CHARACTERIZED AND 
CORRECTED USING COMPUTED TOMOGRAPHY AND THREE-DIMENSIONAL PRINTING 

TECHNOLOGY 
 
Bianca Iannitelli                                                                    Advisors: 
University of Guelph, 2021                                                Dr. Noël Moens 
          Dr. Michelle Oblak 
 
 

Our objectives were to validate a protocol for evaluating femoral alignment in dogs with 

MPL using CT and use it to design and report the accuracy and repeatability of a 3D-printed 

DFWO guide and plate system. The angles evaluated were aLDFA including FVA, FCT, AA, IA and 

NAA. Repeatability for all measurements ranged from moderate (ICC = 0.65) to excellent (ICC = 

0.96). Reliability ranged from good (ICC = 0.79) to excellent (ICC = 0.99). Seven femurs had 

varus/valgus (aLDFA) corrected to 95° and torsion (AA) corrected to 30°. The mean difference 

between the target and achieved was 1.29° (+/-3.58°, p = .085) for aLDFA and 3.43° (+/-5.21°, p 

= .012) for AA. The intraobserver ICCs for aLDFA and AA were 0.865 and 0.817, respectively. The 

measurement protocol was repeatable and reliable and the DFWO system provided accurate 

and repeatable correction of frontal plane deformities but not torsional deformities. 
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CHAPTER 1: LITERATURE REVIEW 
1.1 PATELLAR LUXATION 

 
Patellar luxation, or dislocation of the kneecap from the trochlea, is one of the most 

commonly diagnosed orthopedic diseases affecting the pelvic limbs of dogs today. The patella, 

which is the largest sesamoid bone in the body, is an ossification in the tendon of insertion of 

the muscularis quadriceps femoris, commonly known as the main extensor mechanism of the 

stifle (1,2). The part of the tendon between the distal aspect of the patella and its insertion on 

the tibial tuberosity is known as the patellar ligament (1). The patella acts as a lever arm 

altering the direction of pull of the tendon of the quadriceps, favouring its extension (1). 

Correct alignment of each component of the stifle joint including the quadriceps femoris muscle 

group, the patella, the patellar ligament and its insertion onto the tibial tuberosity, is essential 

for maintaining the normal anatomical position of the patella (Figure 1) (2–4). The result of any 

malalignment of these stifle components can result in medial or lateral forces on the patella 

thereby reducing its stability (3). A normal stifle joint is contingent on a sufficient supply of 

articular cartilage between the patella and the trochlea (1,2). Luxation of the patella results in 

deterioration of this articular cartilage which can lead to an earlier onset of osteoarthritis in 

addition to concerns regarding pain and lameness experienced with this type of orthopedic 

disease (1,2,5–9). 
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Figure 1: Digital rendering of the normal canine stifle anatomy. (10) 

 
Patellar luxation is typically regarded as either a developmental or congenital type of 

orthopedic disease, since most often it occurs early in life and without traumatic incident 

(4,5,11–13). Acquired patellar luxation is most often the result of a traumatic incident and 

therefore more likely to occur unilaterally (14). Luxation of the patella can happen medially or 

laterally and affect either one or both stifles. The heritable basis for the condition is 

corroborated by the overwhelming prevalence in certain breeds of dogs as well as the high 

frequency of bilateral cases (5). Both medial patellar luxation (MPL) and lateral patellar luxation 

(LPL) have been described in breeds of all sizes from toy to giant, with many studies having 

noticed a trend in the distribution of MPL versus LPL depending on the breed size. In one study 

that reviewed 124 cases of patellar luxation, the prevalence of MPL was significantly greater 

than LPL in every breed size category (15). However, the incidence of LPL was found to be 

associated more frequently with larger breed dogs compared to smaller breeds (15). In the 
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same study, it was found that small breeds dogs almost exclusively presented with MPL 

compared to other breed size categories (15). Another study within the same year reiterated 

that the occurrence of MPL was significantly greater (88%) than LPL (12%) in a population of 

109 dogs (163 stifles) (16). They also reported that Labrador Retrievers were the breed most 

affected in the MPL category despite having 62% of their dogs weighing less than 20kg, and 

Cocker Spaniels were the most frequently diagnosed breed in the LPL category (45%) (16). 

However, in a much earlier study that observed 542 dogs with patellar luxation, small breed 

dogs were found to have a risk approximately 12 times that of large breed dogs (17). A 

predisposition for patellar luxation has long been reported for small breed dogs including the 

Boston Terrier, Chihuahua, Miniature Poodle, Pomeranian, Toy Poodle, and the Yorkshire 

Terrier (17,18) Although patellar luxation has traditionally been identified in these smaller 

breeds of dogs, more recently, there has been an increasing prevalence noticed among larger 

breed dogs. In 2006, Gibbons et al. examined the distribution of patellar luxation exclusively 

among 70 large breed dogs and found that 36% of them were Labrador Retrievers and 21% 

were Staffordshire Bull Terriers (7). From 1990 to 2007, data was collected on 3834 Dutch Flat-

Coated Retrievers where 23.6% of that population was discovered to have been affected with 

patellar luxation (14). Sixty-one percent of those affected cases were LPL and 31% were MPL, 

with unilateral and bilateral involvement being almost equal (14). Lavrijsen and colleagues 

noted that the prevalence of patellar luxation increased by 45% in offspring that had one 

affected parent compared to that with two unaffected parents, further confirming the heritable 

nature of the disease (14). 
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The classification of patellar luxation based on severity has long been established by 

Putnam’s (1968) thesis on patellar luxation in the dog which is similar to Singleton (1969). 

Putnam’s grading system is as follows (Figure 2): 

• Grade I: The patella luxates only with applied pressure and will return immediately to its 

normal position once pressure is released (19). 

• Grade II: The patella luxates with applied pressure or by rotating, flexing, or extending 

the stifle. The patella will remain luxated until there is movement of the stifle or manual 

pressure is applied (19). 

• Grade III: The patella is luxated most of the time but can be returned to its normal 

position with manually applied pressure or manipulation of the stifle (19). 

• Grade IV: The patella is permanently luxated and cannot be returned to its normal 

position even with manually applied pressure or manipulation of the stifle (19). 

 

 

Figure 2: Artist rendering of patellar luxation grading. (20) 
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1.2 CORRECTING PATELLAR LUXATION 
 

Several different surgical techniques have been used in the past in an effort to correct 

patellar luxation, the most appropriate of which would depend on a combination of patient-

related factors including the size and weight of the dog, grade of luxation, and degree of 

osteoarthritis already affecting the joint (16). Most of these techniques involve the realignment 

of the extensor mechanism (quadriceps) of the stifle joint at the level of the tibia and in some 

cases, deepening the trochlear sulcus in order to restore the functional outcome of the limb 

(2,6,21). This has typically been achieved through local methods including trochlear wedge or 

block recession, medial capsular or “soft tissue” release, lateral joint capsule and fascia lata 

imbrication, and for the most commonly identified skeletal abnormality, tibial tuberosity 

transposition (2,6,22,23). These surgical techniques which have historically been used on small 

breed dogs to correct patellar luxation have also been performed on large breed dogs (7). Using 

these techniques, the frequency of patellar re-luxation has ranged between 8% and 50% and 

has been reported to occur more often in larger breed dogs (6,7,16,23,24). When the surgical 

correction fails, it becomes extremely frustrating and discouraging for the owner and patient. 

The reason for this failure is likely due to a gap in knowledge regarding the pathogenesis of 

canine patellar luxation and a partial understanding of all the deformities and anomalies that 

are present in each individual dog affected with patellar luxation. 
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1.3 ANATOMIC VARIATIONS ASSOCIATED WITH PATELLAR LUXATION 
 

A number of skeletal abnormalities specific to the femur and tibia have previously been 

thought to be associated with patellar luxation. These anomalies include femoral neck 

retroversion (external torsion) (Figure 3), increased femoral neck anteversion (internal torsion) 

(Figure 3), coxa vara (Figure 4), coxa valga (Figure 4), excessive distal femoral varus (Figure 5), 

excessive distal femoral valgus (Figure 5), shallow trochlear sulcus, hypoplasia of the medial or 

lateral femoral condyle, tibial tuberosity displacement, tibial torsion, proximal tibial valgus, 

varus and internal or external rotation of the tibia and pes (2,4,21,23,24). Not all of the 

aforementioned deformities are present in patients with patellar luxation and many of these 

deformities have been evaluated based on the examination of radiographs. Although some of 

the measurements could be achieved with reasonable accuracy and repeatability on 

radiographs, others were difficult to achieve, particularly in bones with deformities. With the 

recent development of 3D imaging, these deformities can be analyzed and quantified with 

much greater precision and accuracy, in all three planes: sagittal, transverse and frontal (Figure 

6).  

The sagittal plane deformities include procurvatum and recurvatum, primarily associated 

with forelimbs. The transverse plane deformities include internal or external torsional 

deformities when they occur within the bone or internal or external rotations when they occur 

at the level of the joint.  Such deformities include increased anteversion or retroversion of the 

femoral neck, femoral and/or tibial torsion as well as rotation of the tibia and pes relative to 

the femur. The frontal plane deformities include coxa vara or coxa valga at the level of the 
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femoral neck, genu valgum and genu varum at the level of the knee and varus or valgus 

deformities of the femur.  

It has been described that in most canine femora between 4 and 8 degrees of normal 

femoral varus exists (22,25,26). This small degree of varus has also been shown to vary both 

within and between breeds of dogs (25). Yasukawa and colleagues evaluated femoral and tibial 

alignment on 35 hindlimbs of Toy Poodles and discovered that Toy Poodles with grade IV MPL 

had significant femoral varus deformity, femoral neck retroversion (external torsion), medial 

displacement of their tibial tuberosity, internal torsion of their proximal tibia, and hypoplasia of 

the patella compared to Toy Poodles with grade II MPL and those without MPL (11). Frontal 

plane deformities in humans, including femoral varus greater than 15 degrees or femoral valgus 

greater than 10 degrees, have been proven to accelerate cartilage loss within the stifle joint, as 

a result of stifle joint obliquity and the inability to compensate for the deformity (27). The limit 

of tolerability for varus or valgus deformity in humans however cannot be directly translated to 

dogs, due to their differences in locomotion and the angle at which the femur sits relative to 

the tibia (femorotibial contact). In such cases where excessive femoral varus deformity is a 

contributing factor for MPL in dogs, the magnitude of deformity requiring correction has not 

been well-defined for all breeds (22,24). Normal femoral angles calculated using CT are few and 

far between compared to those measured using traditional radiographs. The only breed-specific 

normal values using CT which have been reported on to date include those for toy poodles, 

chihuahuas, English bulldogs and English Staffordshire bull terriers (3,11,28,29). Normal values 

for a small breed dog, such as the toy poodle or chihuahua, cannot be translated to larger 

breed dogs as variations exist between breeds and between individuals within breeds. With the 
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prevalence of patellar luxation increasing in large breed dogs, future studies are required to 

establish large breed-specific normal values based on CT and replace the inaccurate values 

previously obtained from radiographs. Based on the normal radiographic reference range, the 

current recommendation for surgical correction of MPL in large breed dogs such as the 

Labrador retriever, is made when the femoral varus angle exceeds 10 to 12 degrees or when 

the anatomical lateral distal femoral angle (aLDFA) exceeds 100°-102° (Figure 7) 

(6,22,24,26,30,31). It has been suggested that for dogs with unilateral luxation, the femoral 

varus angle (FVA = aLDFA - 90°) of the unaffected limb could perhaps provide the normal values 

for comparison in order to determine the need for surgical correction (6). Failure to surgically 

correct excessive femoral varus in large breed dogs has been  demonstrated as a cause for 

patellar re-luxation postoperatively (6,26).  

 

Figure 3: Artist rendering of increased femoral neck anteversion and retroversion (associated angles are not specific to animals). 
(32). 

 

Figure 4: Artist rendering of coxa vara and coxa valga of the hip (associated angles are not specific to animals). (33) 
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Figure 5: Artist rendering of varus and valgus deformities in humans that have the same principles in dogs. (34) 

 

 

Figure 6: Digital renderings from Horos of the three distinct planes for analyzing limb deformities: sagittal, transverse and 
frontal, respectively. 
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Figure 7: Measurement of aLDFA using the proximal anatomical axis (commonly identified using one-half and one-third the 
length of the femur) and the distal joint orientation line (which contacts the most caudal points of the femoral condyles). (31) 
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1.4 CORRECTING EXCESSIVE FEMORAL VARUS DEFORMITY 
 

Excessive femoral varus and femoral torsion can be surgically corrected by performing a 

distal femoral ostectomy or osteotomy (DFO), to restore joint and quadriceps mechanism 

alignment and restore functional outcome of the limb for dogs with patellar luxation (22,35). 

Tibial tuberosity transposition has been extensively used for realignment of the quadriceps 

mechanism but has failed to address some of the obvious bone deformities and does not 

always result in proper tracking of the patella, resulting in high re-luxation rates. With the 

advent of 3D imaging and a better understanding of the pathophysiology of patellar luxation, 

femoral and tibial osteotomies with or without tibial tuberosity transposition are now more 

frequently used for a more thorough realignment of the quadriceps mechanism and correction 

of patellar luxation (35). A DFO can either be performed with an opening wedge (OWO) or 

closing wedge (CWO) technique (Figure 8). The number of degrees of femoral varus planning to 

be corrected determines the exact degree of wedge that should be removed (if performing a 

CWO – Figure 9) or the number of degrees to open/lengthen the bone creating a gap (if 

performing an OWO) in order to achieve the desired FVA. Once the ostectomy or osteotomy 

has been made, the proximal and distal segments of the femur can be rotated about its axis in 

order to correct torsional deformity, if present also. For many veterinary orthopedic surgeons 

today, a CWO is the preferred method because it provides the most bone-to-bone contact 

between the fragments and affords the greatest interfragmentary stability. Because slight 

shortening of the bone occurs with CWO, opening wedge osteotomies may still be preferred if 

maintaining or restoring limb length is considered essential. An OWO would require the use of 

either locking bridge plates or an external fixation system to maintain appropriate reduction 
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and stability required for healing. Delayed healing is frequently observed following OWO, due 

to the gap left between the fragments (36–38). DeTora and Boudrieau performed a CWO on 3 

out of 5 canine femurs and an OWO on the remaining two, and found the rate of radiographic 

healing to be much faster (8-12 weeks) for the CWO procedure compared to OWO procedure 

(26-113 weeks) (36). The use of external fixators is also associated with significantly increased 

post-operative care and complications such as premature bone-pin loosening and  pin tract 

infection (38–40). In humans, Sherman and Cabanela report an incidence rate of deep infection 

observed in high tibial CWO from 0% to 4% compared to an incidence rate of 25% to 50% in 

cases where external fixators were used in medial OWO. (41). 

 Jigs or reduction devices have been used to assist and facilitate CWO or OWO procedures. 

Panichi and colleagues described the use of a novel deformity reduction device (DRD) which 

aids in the stabilization of the bone segments by acting as a temporary external fixator to 

maintain proper limb alignment during plate application (Figure 10) (35). This novel DRD was 

designed to overcome the limitations of using the more traditional tibial plateau levelling 

osteotomy (TPLO) jig (35). Olimpo and his team compared the use of the DRD to the Slocum 

TPLO jig for both CWO and OWO procedures using 100 solid foam femoral models based off of 

a normal canine femur from a 25kg dog with an aLDFA of 94° and a femoral torsion angle (FTA) 

of 25. Three different models were created with specific deformities known to contribute to 

MPL: excessive distal femoral varus of 19°, external torsion of 15°, and a model with combined 

excessive distal femoral varus and external torsion (42). Their team found that both jig type and 

osteotomy type significantly affected post-correctional alignment in all models. The novel DRD 

was the most reliable for achieving the post-correction target aLDFA in each category, however, 



 

 

 

13 

resulted in an under correction of the FTA for both CWO and OWO procedures on models with 

varus and torsion, along with the Slocum jig (42). Based upon a few recent breed-specific 

studies, frontal plane deformities such as excessive varus or valgus resulting in patellar luxation 

are often accompanied by a varying degree of external torsion, femoral neck retroversion 

specifically (11,28,29). This is important to keep in mind if either of these jig types are going to 

be used for correction on patients with bi-planar deformities. 

 

Figure 8: Digital rendering of an opening wedge osteotomy (OWO) versus a closing wedge osteotomy (CWO), where alpha is the 
angle of correction.(43) 
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Figure 9: Digital rendering of a lateral distal closing wedge ostectomy (CWO) on a canine femur. (44) 

 

 
Figure 10: Lateral distal closing wedge ostectomy on a canine femur using the novel deformity reduction device (DRD) in the 

treatment of excessive distal femoral varus. (35) 
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1.5 CENTRE OF ROTATION OF ANGULATION (CORA) 
 

Improving limb and joint alignment, as described in human orthopedics, relies heavily on 

the use of the centre of rotation of angulation (CORA) methodology. With regard to patellar 

luxation, the CORA methodology defines the stifle joint’s normal relationship relative to the 

anatomical and mechanical axes of the femur and to the mechanical axis of the tibia (35,45). 

During the planning stages of limb deformity correction, the CORA method determines the 

geometric location of that deformity and determines at which point the bone should be cut and 

rotated about in order to attain an ideal correction (45). The axis of rotation used during the 

actual osteotomy or ostectomy procedure is referred to as the angulation correction axis (ACA) 

(45). Dror Paley’s working group described three essential osteotomy rules about the 

interaction of ACA and CORA depending on osteotomy or ostectomy location (45,46). 

1. If the osteotomy or ostectomy is performed at the same level where the ACA 

passes through the CORA, angular correction (of varus or valgus) will result in 

perfect primary deformity correction without causing a secondary translational 

deformity (45,46). 

Figure 11: Digital rendering of the proper alignment when the osteotomy or ostectomy is made at the same level where the ACA 
passes through the CORA. (45) 
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2. If the osteotomy or ostectomy is performed at another level than where the ACA 

passes through CORA but falls on the transversal bisector line (tBL), alignment 

can still be restored but with a secondary translation of the proximal and distal 

ends of the bone (45,46). Increasing the distance between the CORA/ACA and 

the osteotomy or ostectomy location will increase the degree of translation 

between proximal and distal ends of the bone (45,46). 

 

Figure 12: Digital rendering of the proper alignment but with secondary translation when the osteotomy or ostectomy is made 
at another level than where the ACA passes through the CORA but falls on the tBL. (45) 

 
3. If the osteotomy or ostectomy is performed where the ACA does not pass 

through CORA on the tBL, malalignment with a secondary translation of the 

proximal and distal ends of the bone will occur (45,46). The proximal and distal 

ends of the bone will be parallel to each other however, because of the 

translation, this is considered mechanically incorrect (45,46). 
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Figure 13: Digital rendering of the malalignment with secondary translation when the osteotomy or ostectomy is made where 
the ACA does not pass through the CORA on the tBL. (45) 
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1.6 MEASURING FEMORAL ALIGNMENT 
 

Advanced diagnostic imaging plays a pivotal role in assessing severe angular limb 

deformities (ALD). Previously, traditional radiography was the most common imaging tool used 

in practice for evaluating these particular bone deformities. However, for dogs with severe 

angular limb deformities, proper radiographic positioning is not always possible due to the 

multi-planar aspect of the deformities and its effect on the accuracy of the measurements 

required for pre-surgical planning (36). Obtaining accurate preoperative measurements is 

crucial for appropriate surgical correction and radiographs have proven to be exceedingly 

unreliable in instances where complex angular and torsional deformities are present (36,47). 

Since traditional radiographs are extremely sensitive to rotational malpositioning, computed 

tomography (CT) is now recognized as the gold standard for imaging patients with angular limb 

deformities (11,28,34,48). 

Pre-surgical measurements for most femoral ALD correction for patellar luxation include 

calculation of the anatomical lateral distal femoral angle (aLDFA), the femoral varus angle 

(FVA), the inclination of the femoral head angle (IFA), and the anteversion angle (AA). The 

aLDFA is the angle measured between the proximal anatomical axis (PAA) of the femur in the 

frontal plane and the distal joint orientation line (Figure 14). Several authors have described 

slightly different methods for determining the PAA, the effects of which will be discussed in the 

next section. The most common method for defining the PAA of the femur was described by 

Tomlinson and colleagues in 2007, which uses one-third and one-half of the full length of the 

femur as anatomical markers (25). This particular approach for establishing the anatomical axis 

has frequently been used throughout the clinical veterinary literature for determining the 
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aLDFA and FVA (11,23,28,47). Using anatomical landmarks in the proximal one-half of the 

femur is the only option for cases where the distal half is severely deformed. Dudley et al. 

described his protocol for determining the PAA by identifying three points distal to the lesser 

trochanter, approximately 1 cm apart (30). Using two observers with different experience 

levels, a comparison was made between these two methods and both were found to have 

excellent intra-observer and inter-observer variability, yet fewer authors have utilized Dudley’s 

method over Tomlinson’s method (31). In one study that did use Dudley’s method, the authors 

ended up rejecting their initial hypothesis that femoral varus would be increased in a 

population of English Staffordshire Bull Terriers with MPL of grade II/IV or higher, which is 

contradictory to the current body of evidence that supports increased femoral varus or valgus 

as a contributing factor for patellar luxation in large breed dogs (3). It should be noted that of 

the ten affected limbs in their study, two had grade II MPL, eight had grade III MPL and there 

were no cases of grade IV MPL (3). It could be argued that perhaps higher grades of MPL in this 

particular breed is exclusively related to femoral neck retroversion (external torsion) with no 

involvement in the frontal plane. This would contradict findings amongst other breeds with 

similar higher grades of MPL. 

The second component necessary for determining the aLDFA is establishing the distal joint 

orientation line, which is a line drawn contacting the most distal aspects of the medial and 

lateral femoral condyles as they appear in the frontal plane (25). How distal the medial and 

lateral condyles appear in the frontal plane is influenced by the degree of caudal femoral 

inclination with respect to vertical, which will also be discussed in the next section. Similar to 

the measurement of aLDFA is the mechanical lateral distal femoral angle (mLDFA), which is the 
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angle formed, also in the frontal plane, by the mechanical axis of the femur and the distal joint 

orientation line (Figure 14). The mechanical axis of any long bone is always defined as the line 

that connects the center of the proximal joint to the center of the distal joint (Figure 14) (34). In 

regard to the femur, the proximal joint is identified as the center of the femoral head and the 

distal joint is the articulating center of the stifle (34). With frontal plane deformities, the loading 

distribution is disproportionate across the stifle joint when the limb is in a weight bearing 

position (49). Since full limb weight bearing radiographs are obtainable in humans, the mLDFA 

is almost exclusively used for assessing and surgical planning of lower limb deformities (45). 

Obtaining full limb weight bearing radiographs in order to accurately measure mLDFA is not 

feasible in the canine patient due to the lack of compliance and increased radiation exposure, 

which is the basis for using aLDFA as an alternative. The FVA is calculated simply by subtracting 

90° from the measured aLDFA (Figure 14). In 2016, Yasukawa and his team found that both 

aLDFA and FVA calculated using CT, which are indices for frontal plane deformities such as 

excessive varus or valgus, were significantly higher for a group of Toy Poodles with grade IV 

MPL compared to the normal and grade II groups. In 2017, Lusetti et al. and Phetkaew et al. had 

similar significant results using CT with their work on English Bulldogs and Chihuahuas, 

respectively (28,29). Newman and Voss (2017) did not have the same findings in their 

population of English Staffordshire Bull Terriers and rejected their hypothesis that femoral 

varus would be increased in relation to higher grades of MPL (3). Explanations for this disparity 

may be due to the different methodology for calculating aLDFA (Dudley vs. Tomlinson method), 

the inclination of the femur in the sagittal plane, the fact that they had no dogs with grade IV 
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MPL in their study, or this specific breed of dog develops deformities other than varus which 

result in MPL. 

The IFA is the angle measured between the PAA of the femur and the axis of the femoral 

neck in order to determine if coxa vara or coxa valga of the hip, another frontal plane 

deformity, is present (Figure 14). The most common method for defining the IFA was described 

in 1979 by Hauptman and colleagues, which continues to be used today (50). Hauptman et al. 

evaluated two methods (A and B – Figure 15) for establishing the axis of the femoral neck in 

order to calculate IFA, which yielded significantly different overall means (Method A: 146.2°; 

Method B: 129.4°) for a population of 108 large breed dogs used in their study (50). At the time, 

the authors believed method A to be more accurate and more representative of the IFA, 

however, method B is the one that continues to be used today and is actually more in line with 

other reported values of IFA using radiographs (50). In the same study mentioned previously by 

Yasukawa et al., there was no significant difference found between Toy Poodles with grade IV 

MPL and the normal or grade II groups for IFA, meaning that coxa vara or valga were not 

associated with MPL in this particular group of dogs (11). Similarly, no significant differences in 

IFA were found among the English bulldog, chihuahua, or English Staffordshire bull terrier 

groups (3,28,29). This is contrary to Putnam’s initial hypothesis that a change in neck inclination 

was one of the primary deformities observed in relation to patellar luxation (19). 

The AA is the angle measured between the axis of the femoral neck and the transcondylar 

axis in order to identify whether deformities in the transverse plane, anteversion or 

retroversion, are present (Figure 16). The earliest report of this measurement being used in 

dogs was in 1973 by Nunamaker and Newton. Using radiographs made with the femoral shaft 
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positioned perpendicular to the film, a line was drawn through the axis of the femoral neck 

bisecting the head (51). Authors have continued to use this method and have adapted its use 

for measuring AA using CT as well. Barnes et al. described their own method using CT by first 

identifying the center of the femoral head using a circle of best fit (23). The femoral head line 

was extended through the centre of the femoral head until it crossed through the intersection 

of the PAA and the transcondylar axis (23). The Barnes et al. method is different because the 

femoral head line does not necessarily bisect the middle of the femoral neck like Nunamaker 

and Newton’s method. Increased femoral neck anteversion and retroversion are 

interchangeable terms for internal or external torsion, given that the landmarks for determining 

AA are at complete opposite ends of the femur. The definition of torsion is the state of being 

twisted from one end of an object relative to the other about its longitudinal axis, which is why 

the term “rotation” is no longer appropriate for describing transverse plane deformities. 

Yasukawa et al. found that among their population of Toy Poodles, the AA was significantly 

lower for the grade IV MPL group compared to the normal and grade II groups, meaning that 

femoral neck retroversion (external torsion) was associated with MPL in this specific group of 

dogs (11). The same significant decrease in AA was found for English Staffordshire bull terriers 

but not for English bulldogs or chihuahuas (3,28,29). The AA is the most widely used 

measurement for assessing femoral torsion because of the difficulty on identifying landmarks 

on the femur that could differentiate between anteversion and torsion. A fairly novel 

measurement was introduced in 2009 for assessing femoral torsion in a population of Labrador 

retrievers with and without cranial cruciate ligament deficiency. The method uses the lesser 

and greater trochanters of the femur as the proximal anatomical landmarks, allowing 
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differentiation of proximal femoral torsion (from the femoral head and neck to the 

intertrochanteric line) and distal femoral torsion (from the intertrochanteric line to the distal 

femur) as opposed to assessing torsion across the entire femur (Figure 17) (52). This method 

was used in Newman and Voss’ 2017 study evaluating the femoral conformation of English 

Staffordshire bull terriers, however its repeatability and reliability have yet to be reviewed. 

Because the vastus muscle group attaches proximally onto the femur (Figure 18), being able to 

differentiate between proximal and distal torsion could have significant implications in 

determining the major contributing factors for the misalignment of the quadriceps mechanism 

causing patellar luxation, but requires further investigation including the establishment of 

normal breed-specific values. 

 

 

Figure 14: Identifying the proximal anatomical axis, mechanical axis and the distal joint orientation line for the measurement of: 
the anatomical lateral distal femoral angle (aLDFA), mechcanical lateral distal femoral angle (mLDFA), inclination of the femoral 

head angle (IFA) and femoral varus angle (FVA). (11,34) 
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Figure 15: Hauptman et al. methods for establishing the axis of the femoral neck to calculate the inclination of the femoral neck. 
(50) 

 

 

Figure 16: Identifying the femoral neck axis and the condylar axis for the measurement of the anteversion angle. (11,34) 
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A  B  
 

Figure 17: A. Identifying the greater and lesser trochanters of the femur in the transverse plane for the measurement of the 
femoral condyle trochanteric angle (FCT). B. Visual comparison between the FCT and AA measurement landmarks. (Digital 

rendering created by N. Moens) 

 
 

 
 

Figure 18: Digital renderings from Horos™ and a photograph of a canine femur showing the point of attachment of the vastus 
muscle group on the proximal aspect of the femur. (Images provided by N. Moens) 
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1.7 REPEATABILITY AND RELIABILITY OF FEMORAL ALIGNMENT MEASUREMENTS 
 

A standardized method for assessing limb alignment has been described in human 

orthopedic medicine and adopted for use in animals, with minor modifications to address 

anatomical differences. Measurements evaluating frontal plane deformities in dogs including 

excessive femoral varus or valgus, have consistently proven to be the most reliable and 

repeatable using CT reconstructed images, despite the subtle variation in methodology 

between authors (23,31,53). However, as reliable and repeatable as values obtained from one 

method might be, they might not be directly comparable to values obtained from another 

measurement approach. At this point, there is no universally approved method for calculating 

femoral alignment on CT images in animals. In 2018, Longo and associates investigated a novel 

measurement protocol using automated computation of three common femoral angles in a 

CAD software from CT 3D reconstructions which provided the highest repeatability and 

reliability over radiographs and CT (Figure 19) (54). Their study showed tremendous promise for 

being recognized as the gold standard for measuring femoral angles but would require breed-

specific studies in order to be clinically applicable.  

Different studies use different positioning of the femur to determine aLDFA. Newman 

and Voss (2017), Yasukawa et al. (2016), Lusetti et al. (2017) and Barnes et al. (2015) measure 

aLDFA or FVA in the true frontal plane, without inclining the femur. Oxley et al. (2013) describes 

a method using 15 degrees of caudal femoral inclination while Dudley et al. (2006) and 

Swiderski et al. (2008) make their measurements with a caudal femoral inclination of 25 

degrees but do not provide explanation as to why 25 degrees was chosen. It would make sense 

to calculate aLDFA using the distal point of contact of the femur with the tibia in a standing 
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position as it is those points that will dictate the orientation of the tibia relative to the femur 

when the animal is in a weight bearing position. To prove that femoral inclination did have an 

effect on aLDFA measurements, Miles et al. (2015) reviewed four femoral axis methods and 

reported that the combined effects of changing the definition of the PAA and changing the 

degree of caudal inclination of the distal femur when measuring aLDFA on radiographs will 

result in different changes in aLDFA values of up to +/- 2.6°. These changes are sufficient 

enough to have some implications in the selection of candidates for corrective osteotomies and 

determination of the magnitude of correction (31). Another working group reported similar 

findings in respect to caudal inclination of the distal femur, stating that elevations greater than 

5° had a significant effect on measuring aLDFA (55). However, this study was also done using 

radiographs and had only one observer that made measurements once, which questions the 

validity. Oxley and colleagues described a novel CT protocol for measuring femoral varus 

wherein they incorporated a 15° caudal inclination, with respect to vertical, of the distal femur 

before measuring the aLDFA in order to re-create femorotibial contact points of a dog in a 

normal standing posture (Figure 20) (53). This methodology, which is arguably the most 

clinically relevant way of measuring femoral varus, was shown to be highly repeatable for three 

observers (98.2%, 93.7%, & 97.4%) and highly reliable between observers (97.6%) (53). All three 

observers in this study however, were boarded orthopedic surgeons with ample experience and 

it’s not surprising that they were able to produce remarkable results with their novel protocol. 

Barnes et al. also used three observers in their repeatability study however, they incorporated a 

non-veterinarian observer with little knowledge of veterinary anatomy in order to demonstrate 

the strength of their measurement protocol despite variations in observer training (23). Only 
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one observer in this study, a small animal orthopedic surgeon, repeated the protocol in 

triplicate while the remaining two observers only yielded one set of measurements each (23). 

The repeatability of aLDFA for the one observer was comparable to Oxley et al. (91.0%) 

however, the reliability between observers was far less (84.0%) (23). It should also be noted 

that the protocol for measuring aLDFA by Barnes et al. did not incorporate a 15° caudal 

inclination. Studies which measure aLDFA in the frontal plane without incorporating caudal 

inclination should be questioned since this method appears to measure the angle at the level of 

the trochlear ridges rather than the distal femoral joint line, due to the curvature of the femur 

in some dogs (3,28). 

Measurements evaluating frontal plane deformities of the femoral head and neck, 

including coxa vara and coxa valga, have received less attention regarding their repeatability 

and reliability. This may be due to the fact that CT based measurements of femoral neck 

inclination appear to be uncorrelated to the development of patellar luxation, as was once 

thought (3,11,19). Despite this, Longo et al. (2018) evaluated the repeatability and reliability of 

the femoral neck angle (FNA) using radiographs, CT and an automated CAD (aCAD) method 

(Figure 19). The aCAD method showed excellent repeatability and reproducibility however, the 

same measurement made using radiographs had the lowest repeatability and the lowest 

reproducibility using CT images (54). The authors speculate that their aCAD method must 

measure different parameters than the manual methods and while this information is relevant, 

it does not have significant clinical impact since the parameter is not of high value (54). 

Measurements evaluating transverse plane deformities, including femoral torsion, are 

almost exclusively evaluated in combination with frontal plane deformities due to the high 
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probability that they occur concurrently. Measurements evaluating femoral torsion have 

proven to be a little less straightforward with more variation between authors. The most 

traditional anatomical landmarks for identifying the angle of anteversion are the axis of the 

femoral neck and the transcondylar axis, the line which intersects the most caudal point of the 

medial and lateral femoral condyles (56). Identifying the femoral neck axis first requires the 

location of the center of the femoral head, which can be found using a circle of best fit. Next, 

the width of the femoral neck at its narrowest point is measured and a line is drawn parallel to 

the neck, connecting half its width to the center of the femoral head (51,57). The angle 

between the femoral neck axis and the transcondylar axis measures the neck anteversion angle 

(NAA) (Figure 21). Although identification of the center of the femoral head is relatively 

straightforward, identification of the axis of the femoral neck is significantly more subjective 

than the landmarks used for determining femoral varus, however has been the method 

traditionally used. Instead of using the femoral neck axis, Barnes et al. (2015) used a line 

crossing the center of the femoral head and the PAA of the femur in the transverse plane. The 

angle between that line and the transcondylar axis measures the anteversion angle (AA) (Figure 

22). This method has the advantage of using landmarks that seem to be more reliable than 

those for identifying the femoral neck axis. Barnes et al. evaluated the repeatability and 

reproducibility of their modified AA measurement using only the centre of the femoral head as 

a landmark and found it to be highly repeatable for one observer (96%) and highly reliable 

between three observers (92%) (23).  
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Figure 19: Longo et al. measurement comparison of aLDFA, femoral neck angle (FNA) and femoral torsion angle (FTA) between 
radiographic (A), CT (B) and automated CAD methods (C). (54) 

 

 
 

Figure 20: Oxley et al. method incorporating a 15° caudal inclination before measuring femoral varus. (53)  
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Figure 21: Identifying the femoral neck axis in the transverse plane for the measurement of the neck anteversion angle (NAA). 
(11) 

 

 

Figure 22: Identifying a line that crosses through the center of the femoral head and the PAA of the femur in the transverse 
plane for the measurement of the anteversion angle (AA) (23). 

  

Through the surgical manipulation of the angles mentioned above, limb and joint 

alignment can be improved in order to correct patellar luxation. Identifying the appropriate 

angles and performing a CWO can be challenging with the current manual methodologies. 

Three-dimensional (3D) printing technology, which has paved the way for the development of 

patient-specific surgical cutting guides, may help to improve this accuracy. 

 

NAA 
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1.8 THREE-DIMENSIONAL PRINTING 
 

Three-dimensional (3D)printing technology was first established in the early 1980s by 

Charles Hull, an engineering physicist from the University of Colorado (58). This technology has 

since found applications across a wide variety of industries including architectural, consumer 

goods, industrial, food, private and government defense, even art and fashion (58). Despite its 

discovery almost 40 years ago, 3D-printing is only now beginning to revolutionize the world of 

veterinary medical research and teaching, partly due to the slower evolution of advanced 

imaging use, such as CT or magnetic resonance imaging (MRI), in animals (59). Other terms 

used for 3D-printing include rapid prototyping, solid-freeform technology or additive 

manufacturing, which are used interchangeably throughout the literature. 3D-printing 

technology is considered revolutionary because it overcomes the limitations of viewing 3D 

images of a patient on a flat computer screen by transforming them into 3D objects that 

medical professionals can actually hold in their hands (60). In some instances where the goal is 

to create a custom cutting guide or plate, the use of 3D-printed anatomy is just a formality 

since digital 3D files can be used to facilitate mock surgeries without ever needing to print an 

anatomical model. The ability to translate files from a computer-aided design (CAD) software 

program into 3D-printed objects is also thanks to Charles Hull, who developed the .STL 

(Standard Triangle Language) file format (58). 3D-printed models have successfully been used 

as aids in the rehearsal of various human and veterinary medical procedures, the applications 

of which have proven to save a considerable amount of intraoperative time by improving 

surgical efficiency and providing the surgical team with the ability to recognize any unexpected 

issues preoperatively before ever entering the operating room (36,61–66). In addition to their 
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importance as a pre-surgical planning tool, they hold tremendous value in their ability to be 

used as a visual aid to explain the procedure to the patient or pet owner. Today, 3D-printed 

models are most commonly used in veterinary medicine to assist in maxillofacial surgeries, 

however within the last 15 years, have shown to be very useful in the planning of complicated 

corrective osteotomies, ostectomies and arthrodesis procedures (36,59,61–65,67,68). The 

increasing willingness of pet owners to pursue advanced surgical care has veterinary 

professionals determined to compete with the level of care already recognized in human 

medicine (59). Only in conjunction with advanced imaging like CT or MRI, can additive 

manufacturing, a 3D-printing technology, be used to create full-size and anatomically correct 

models of actual patient bones, the accuracy of which is essential (36,69). Despite its 

innovation, 3D-printing accuracy can be compromised due to errors introduced at the various 

stages of model building (69). Miguel and colleagues found that the standard building process 

overestimated the actual size of three human cadaveric phalanges they replicated via 3D-

printing (69). In their attempt to extrapolate their findings to mandibles, they found that 

segmentation threshold and triangulation resolution were critical factors in the overestimation 

of actual size, which were concentrated at areas with high curvatures (69). In an earlier study 

that evaluated replica variability of a cadaveric femur from a Basset hound fabricated via 3D-

printing, they reported that their 3D-printed models underestimated bone length and width as 

well as femoral head diameter and overestimated cortical thickness (70). Despite this, they 

wrote that the outside dimensions of 3D-printed models have clinically acceptable accuracy, an 

overgeneralization based on only one size of femur (70). This was rectified however in a 

subsequent report on accuracy and repeatability of long-bone replicas by two of the same 
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authors, where they evaluated a feline femur, a medium-breed canine radius and a large-breed 

canine tibia using both low-end and high-end commercially available 3D-printers (71). Both low-

end and high-end 3D-printers were able to replicate all three long-bones with high repeatability 

however, the dimensions for the large-breed canine tibia were overestimated by approximately 

1% (71). In the author’s opinion, this small overestimation of length for large-breed long-bones 

would unlikely affect the clinical outcome but, is important to keep in mind as a potential 

limiting factor for this method of surgical planning (71). With CT-derived replicas of long-bones 

being highly repeatable, this technology provides a unique opportunity to practice and repeat a 

procedure on the same exact patient anatomy as many times as required, something which 

otherwise could not be done using cadaver limbs. 

Furthermore, the 3D-printing process allows the creation of patient specific guides that 

could facilitate cutting, drilling and even reduction of the bone segments. Metal printing also 

allows the creation of patient specific surgical grade metal implants that can facilitate reduction 

and stabilization of the bone fragments. Identifying the appropriate angles and degree of 

rotation required for performing a corrective osteotomy on a complicated limb deformity can 

be very challenging with the current manual methodologies. The traditional techniques for 

manually measuring angles intraoperatively have been shown to cause high variability with 

respect to postoperative limb and joint alignment (72). Surgical cutting guides would offer 

better control of intraoperative alignment in order to increase accuracy and and reduce 

variability postoperatively.  
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1.9 PATIENT-SPECIFIC CUTTING GUIDES 
 

Patient-specific cutting guides (PSCGs) have quickly gained popularity in veterinary 

orthopedics. Patient-specific osteotomy or ostectomy and reduction guide systems, which 

incorporate the exact location to cut or degree of wedge and rotation required for the 

individual patient, are already being sold commercially and are being used by veterinary 

orthopedic specialists around the world (62,68,73). PSCGs have proven to be highly accurate 

and precise in human orthopedics, however the veterinary literature which could provide full 

validation of their use is lacking (63,65,74–76). The few reports that exist within the veterinary 

literature with regards to surgical guides are mostly individual case reports, mainly involving 

forelimb deformities, which have claimed to produce more accurate results than if performed 

using manual techniques.  

In one of the earliest case reports on a 6 year-old chihuahua with an antebrachial 

deformity, wedge osteotomy planes were first identified and generated using 3D CT 

reconstruction in a CAD software program (62). A stereolithographic (SLA) model, including the 

wedge osteotomy planes, was made and polymethylmethacrylate (PMMA) was adhered to 

either side of these cutting planes which were then cold sterilized to be used as their surgical 

guides for their closing wedge ostectomy (Figure 23) (62). The authors reported that their 

simple guide method improved surgical accuracy however, there was no mention of what the 

preoperative alignment measurements were for the medial proximal radial angle (MPRA), the 

lateral distal radial angle (LDRA), the proximal cranial radial angle (PCRA) and the distal cranial 

radial angle (DCRA) or how many degrees of each were intended to correct (62). The authors 

simply stated that the postoperative measurements for the mean frontal and sagittal plane 
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angles fell within the previously reported normal ranges, which makes it difficult for the reader 

to determine how accurate the correction was (62). Despite the fact that this patient had a 

successful outcome with significant improvement in use of the limb, reporting that the method 

of surgical correction was more accurate for treating angular limb deformities was premature 

since there was no statistical analysis performed to evaluate how well the target was met (62).  

 
Figure 23: (A) A stereolithographic model created to include the planes used to define the ostectomy wedge. (B) PMMA built up 

on either side of the planes to be used as surgical saw guides. (62) 

 
More recently, a working group with two of the same authors evaluated the use of a 

newly configured 3D-printed guide on six dogs for the correction of antebrachial ALD (Figure 

24). For this study, they established target ranges for MPRA, LDRA, and the sagittal plane angle 

(SPA). Of the seven limbs that were surgically corrected with the 3D-printed guides, five of the 

seven limbs were appropriately corrected in the frontal plane while two of the seven were 

slightly under-corrected (77). Similarly, five of the seven limbs were appropriately corrected in 

the sagittal plane with two of the seven being slightly over-corrected (77). Five limbs had no 

postoperative complications, one required an additional surgery because the rotational 

deformity was poorly resolved, and the other required an external fixator for additional stability 

(77). Despite the use of a guide, they reported similar surgical times compared to conventional 

methods and added that having their guides printed by an outside source presented issues not 
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normally encountered with doing the procedure manually (77). The authors concluded that 

accurate correction of rotational deformity was less than ideal with the guides and would 

require future improvement (77). 

  

Figure 24: Digital renderings of the virtual surgical planning and cutting guide for the correction of an antebrachial ALD (77). 

 
 Another working group evaluating the use of patient-specific surgical guides for 

antebrachial limb deformities had positive clinical outcomes with improved limb use for two 

dogs, one large (19.1kg – Figure 25) and one small (3kg) (78). Preoperative planning involved 

measuring the MPRA and LDRA among other angles, however the computer-simulated 

correction was more subjective, with manual manipulation of the alignment and the use of 

mirror image function for determining the number of degrees for the wedge (78). One 

disadvantage noted in this study using custom guides, which other authors have not frequently 
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reported, is the extensive soft tissue dissection involved with proper placement of the guide. 

Despite this limitation, surgical time was still less compared to conventional methods because 

of the opportunity to pre-contour the implants (78). Clinical outcomes were good for both dogs 

but the recognition of improved alignment on postoperative radiographs did not involve the 

reporting of any measurements, so this study cannot speak towards accuracy. 

   

Figure 25: Digital renderings and photographs of the patient-specific guide for the 19.1kg dog requiring surgical correction of 
excessive antebrachial ALD (78). 

 
 Carwardine et al. (2020) also described the use of 3D-printed patient-specific osteotomy 

guides for the correction of antebrachial limb deformities in four small breed 

chondrodystrophic dogs using previously described methods of measuring frontal plane 

alignment (FPA) and sagittal plane alignment (SPA) (79). Osteotomy guides were created to be 

anatomically contoured to fit the deformed limb (Figure 26a) and the reduction guide and plate 

were anatomically contoured to fit the virtually-corrected limb (Figure 26b) (79). The mean 

difference between the target and actual correction in the frontal and sagittal planes was 3.5° 

and 7.5°, respectively (79). While no statistical significance of these mean differences was 
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reported, the authors note that normal alignment in non-chondrodystrophic breeds can range 

by 8° in the frontal plane and 27° in the sagittal plane, speculating that the degree of error with 

their guide and plating system would be clinically acceptable (79).  

A  B 

Figure 26: Photograph of a 3D-printed osteotomy guide on the deformed limb (A), reduction guide and titanium plate on a 3D-
printed replica of a Welsh Corgi’s forelimb following virtual surgical correction of ALD (B) (79). 

 
In 2008, a working group used CT and CAD software to design and manufacture custom 

cutting and drill guides in order to assess the geometrical and mechanical differences between 

performing a TPLO freehand versus jig-guided (Figure 27) (73). Using ten tibial replicas made via 

rapid prototyping from a 6 year-old Labrador Retriever with cranial cruciate ligament disease, 

these authors found that the jig-guided CWO was significantly more accurate in achieving the 

desired tibial plateau slope (TPS) postoperatively compared to the freehand method (73). Jig-

guided CWO was also discovered to be 36% faster than the freehand method which the authors 

suggested was likely due to the ability to place the jig quickly, faster cutting since alignment of 
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the saw blade did not have to be performed manually and lastly, drill sleeves did not have to be 

used since the drill guides were incorporated into the jig (73). 

 
Figure 27: Photographs of the custom cutting and drill guide on a Labrador Retriever tibial replica used to position the saw blade 

(A) and drill bit (B). (73) 

 
 Hall and colleagues achieved excellent results with their non-slotted 3D-printed DFO 

and reduction guides which they used both in vivo and ex vivo (Figure 28) (80). The authors 

created guides using the FVA and the FTA, a novel method which is defined as the angle 

between the transcondylar axis and a line connecting the most cranial points of the greater 

trochanter and the femoral head (Figure 29). The mean difference between target and achieved 

FVA and FTA in vivo was 2.29° and 1.67°, respectively (80). The mean difference between target 

and achieved FVA and FTA ex vivo was 0.29° and -2.33°, respectively (80). Ex vivo correction of 

femoral torsion was more accurate than in vivo and equally accurate for torsional correction. 

Repeatability was also evaluated between the post-correctional values on the live patient and 

the 3D model and was found to be excellent (80). The authors suggest that a loss of primary 

reduction during plate application, over contouring of the plate, or inaccurate placement of the 
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guides could explain their postoperative FVA results in vivo (80). Another limitation of their 

study was using of a novel method for evaluating torsion, one which has not been properly 

investigated nor was it explained how they chose a target value for the measurement. Despite 

these limitations, the outcome for femoral torsion correction was accurate for both in vivo and 

ex vivo procedures so perhaps there is merit behind this novel measurement. Further 

investigation of this new measurement for evaluating torsion is required.    

 
Figure 28: Digital renderings of the virtually planned DFO and reduction guides (80). 

 
Figure 29: Measurement of the femoral torsion angle (FTA), a novel method which is defined as the angle between the 
transcondylar axis and a line connecting the most cranial points of the greater trochanter and the femoral head (80). 
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 More recently, 3D-printed patient-specific surgical guides have been utilized for 

arthrodesis procedures, a surgical technique which immobilizes a joint by fusing together 

adjacent bones. This type of procedure is technically challenging due to the difficulty of 

achieving optimal contact and alignment (68). Bill Oxley, the founder of Vet3D, described the 

use of a 3D-printed patient-specific osteotomy and reduction guide system for the facilitation 

of a shoulder arthrodesis in a Pekinese (Figure 30) (68). He claims the use of this system made 

for a more accurate humeroscapular reduction and alignment, aided in optimal placement of 

the implant, and decreased his surgical time (68). The term accuracy is used loosely here since 

there was no resulting measurement or specification that conformed to a correct value or 

standard, nor was there a comparison made to a similar unguided procedure. A successful 

clinical outcome using a patient-specific guide on a clinical patient does not automatically 

translate to a more accurate method. This being a non-slotted cutting system, one major 

disadvantage would be that a suboptimal osteotomy occurs if the saw blade is not kept 

perfectly parallel to the guide surface (68). Slotted guides address this issue however, they are 

bulkier and less flexible (68). In addition to this, there is the major issue of biocompatibility of 

the guide material, which is likely to generate microscopic debris during cutting and remain in 

the wound after surgery, potentially resulting in a chronic inflammatory response or an 

infection within the bone if the guide is not properly sterilized with a compatible technique for 

the material used (68). The models in this study were printed using white methacrylate 

photopolymer resin which was cleaned and UV-cured then sterilized using ethylene oxide gas, a 

well-known sterilizing agent (68). Photopolymer resins dominate the market due to their high 

compatibility with SLA 3D printing and their chemical, mechanical and thermal stability making 
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them ideal for orthopedic implants (81). This particular patient regained the ability to walk 

unassisted after only two weeks and at six months post-op was found to have no lameness on 

visual gait assessment with no major complications or injection associated with the methods 

used (68). 

 
Figure 30: Photographs of a custom 3D-printed patient-specific osteotomy and reduction guide system for facilitating a shoulder 

arthrodesis in a Pekinese. (68) 

 
 Patient-specific guides have been more thoroughly investigated by human orthopedic 

studies in comparison to the veterinary literature. One human study evaluated the use of 3D-

printed slotted cutting and locking guides to facilitate medial closing-wedge distal femoral 

ostectomies in 12 patients versus the conventional surgical technique on another 21 patients in 

order to prove accuracy and precision (65). Based on CT scans, measurements of each patient’s 

weight bearing line (WBL) coordinates were used to determine the desired angle of correction 

specific to that patient (65). The guides were designed with two slots to guide the cut planes 

and once the wedge was removed, the proximal and distal ends of the femur could be locked 

together for easier plate application (Figure 31) (65). They found a significant (p = 0.024) 

difference in deviation between the planned and executed WBL coordinates for the 3D-guided 
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group (mean 4.9%) versus the conventional group (7.6%), indicating an increased precision for 

the use of their 3D-printed cutting and locking guides (65). In addition to this, they reported a 

significantly lower surgical time (p < 0.001) and fluoroscopic time (p < 0.001) for the 3D-guided 

group (65). This study did not however report follow-ups with any of these patients, only that 

their 3D cutting and locking guides had excellent patient fit with a more precise outcome for 

medial closing-wedge distal femoral osteotomy (65). 

 
Figure 31: Digital renderings and photographs of one 3D-printed patient-specific cutting and locking guide system for the 

facilitation of a medial closing-wedge distal femoral ostectomy in humans. (65) 

 
 In a similar human orthopedic study, the authors investigated their easy-to-use 3D-

printed patient-specific non-slotted guide to facilitate a lateral opening-wedge distal femoral 

osteotomy on 12 patients and compared results with 20 patients who had the same procedure 

performed with the traditional technique (74). Through the use of CT data and 3D-CAD, an 

accurate reproduction of the location and dimensions of the wedge were made based on 

previous planning in OrthoView™ software (74). The guides were designed as a non-slotted 
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system whereby the surgeon must keep the saw blade parallel to the guide surface for the 

entire duration of the osteotomy (Figure 32) (74). The guides were printed in polylactic acid 

(PLA) and sterilized using ethylene oxide (74). They found a statistically significant difference (p 

= 0.002) between the mean final mechanical axis deviation for the 3D-guided group (0.28°) and 

the traditional group (1.8°), meaning that their use of 3D-printed cutting guides aided in a more 

accurate axial correction of the femur (74). The authors of this research reported similar 

outcomes for surgical and fluoroscopic time as Shi et al. (2019). Significantly less (p < 0.001) 

surgical time and significantly fewer (p < 0.001) fluoroscopic images were required for the 3D-

guided group (74). 

 
Figure 32: Digital rendering of the non-slotted patient-specific surgical guide used to facilitate a lateral opening wedge distal 

femoral osteotomy, in humans, with the aid of four Kirschner wire pins. (74) 

 
Although there are limited case studies that evaluate PSCGs on clinical dogs and have 

demonstrated good results, in the current literature, there is only one other study which has 

investigated repeatability, which was evaluated between attempts both in vivo and ex vivo. The 

advancements in 3D-printing technology present an opportunity to study the repeatability of 

PSCGs since the same anatomy can be reproduced as many times is needed. 
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1.10 PATIENT-SPECIFIC IMPLANTS 
 

Custom patient-specific implants are quickly gaining recognition in veterinary surgery. 

Custom canine implants have been reported on for complex surgical procedures including limb-

sparing surgeries, craniofacial reconstructions, and joint arthroplasty (82,83). Despite the 

benefits of having a precise geometric fit of a custom implant, their use remains something of a 

novelty (83). Similar to the PSCGs, the few reports that exist within the veterinary literature 

with regards to custom implants are case reports, with no population studies or long-term 

assessment available (83). 

Traditionally, in cases undergoing an osteotomy or ostectomy for ALD correction, a 

metal plate will be applied during bone healing (6,22,73). The use of custom limb plates has 

rarely been reported. Currently, the only options are commercially available generic plate 

designs which require time-consuming intraoperative manual contouring. For geometrically 

complex anatomy, the use of generic plates will often result in suboptimal fixation. Pre-

contouring of the plate can be achieved by first performing the correction on a 3D-printed 

model, for which many authors have reported great success by ensuring the same reduction as 

was performed on the model and also by reducing intraoperative time (59,62,68,84). However, 

the fit will never be perfect because the plate was not designed based on that patient’s 

geometry. Alternatively, with the help of CAD software and virtual surgical planning, a patient-

specific implant can be designed that is optimally configured to the 3D geometries of each 

bone, saving a considerable amount of intraoperative time while also increasing the stability of 

the osteotomy (73,85).  

In addition to their custom cutting and drill guides, Marcellin-Little and colleagues also 
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designed and manufactured custom titanium bone plates which they report resulted in less 

surgical time for both freehand and jig-guided groups following the reduction of a TPLO (Figure 

33) (73). Their study did not have a generic plate group for comparison, so they judged their 

surgical time results against one of their previous studies where they performed CWO on 

identical replicas using generic plates. The authors reported a mean duration of 12 minutes 

using custom plates in this study against a mean duration of 24 minutes in the previous study 

(73). These values are not directly comparable given the length of time between both studies, 

the difference in procedure performed and the increased experience of the surgeon which the 

authors acknowledge (73). Despite the stated limitations, the authors  make assumptions about 

the difference in surgical time and attribute the increase in speed to the lack of manual plate 

contouring required with their custom plate (73). 

 

Figure 33: Digital rendering of a custom plate used to reduce a TPLO on a 3D-printed model. (73) 

Two years later, Marcellin-Little and a similar working group manufactured free-form 

biodegradable polycaprolactone (PCL) bone plates for the fixation of a distal femoral physeal 

fracture in a 5-month-old Labrador retriever (Figure 34) (86). The purpose of their study was to 
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test the mechanical properties of the constructs made with these biodegradable plates and 

identify whether such constructs were superior to repairs made using Kirschner wires, 

commercial stainless steel plates, and custom free-form titanium plates on 3D-printed models 

(86). The group had a total of 5 construct types: four Kirschner wires (4KW), commercial 

stainless steel plate (CSP), custom free-form titanium plate (CTP), thick PCL biodegradable plate 

(TKP - 4 mm), and thin PCL biodegradable plate (TNP - 2 mm) (86). A mean stiffness for CTP and 

CSP constructs was identified to be greater than the other three constructs during caudal 

cantilever bending (86). During lateral cantilever bending, TKP was found to have the greatest 

stiffness and for torsional stress, no significant differences were found among any of the 

construct types (86). While the novelty of using a custom patient-specific plate has major 

advantages, in bone fracture cases specifically, the time required for additional imaging, 

planning and printing or manufacturing is not always feasible. 

  

Figure 34: Digital rendering and photograph of the thick PCL biodegradable plate (TKP – 4mm) used for the fixation of a distal 
femoral physeal fracture. (86) 

 
 One major advantage of using custom patient-specific implants is the ability to plan out 

the precise location of each screw, especially in geometrically complex anatomy. In a 2014 case 
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report, Petazzoni and Nicetto describe the use of a custom-made locking plate for pancarpal 

arthrodesis for the treatment of traumatic carpal hyperextension in a 104 kg Mastiff (Figure 35) 

(87). In the authors’ opinion, their custom-made plate provided better stability than a 

commercial plate would have for arthrodesis in a giant breed dog given the size and strength of 

plate required (87). This dog had no postoperative complications and although the custom 

plate proved to be very effective, the cost of manufacturing a patient-specific implant is much 

higher than using a commercial alternative.  

 

Figure 35: Digital rendering of a custom-made locking plate for pancarpal arthrodesis in a 104 kg Mastiff. (87) 

In a study released in 2020, Carwardine and associates investigated the use of custom 

printed titanium bone plates in addition to using 3D-printed patient-specific guides for the 

correction of antebrachial ALD in four small chondrodystrophic breed dogs (79). The bone 

plates were manufactured using electron beam melting and then printed in Ti6Al4V ELI (Extra 

low interstitials) (79). The plates were designed as non-locking to be used with 2.4mm or 

2.7mm stainless steel cortical screws and ranged in thickness from 1.2mm to 3mm (Figure 36) 
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(79). Two cases were reduced with the custom printed plate alone while the other two were 

additionally stabilized with a medially applied commercially available locking compression plate 

(79). Radiographs and clinical assessment were performed 6-8 weeks postoperatively which 

showed no changes to limb alignment or position of the implants for all four cases (79). There 

were no documented postoperative complications with long-term follow-ups ranging from 12-

32 months, at which time owners were asked to complete an orthopedic index survey (79). 

Based on this index, the median score improved by 0.5 points overall with the main presenting 

complaint of buckling over having been resolved in all four dogs (79). This group demonstrated  

in four dogs weighing 8-17kg that custom printed titanium bone plates can be used successfully 

and without complication to surgically correct antebrachial ALD (79). The use of titanium metal 

for internal fixation was introduced in the 1950s and has since been highly reviewed for its 

biocompatibility (88). Its capacity for osseointegration, high fatigue strength and resistance to 

corrosion from body fluids are to credit for its high biocompatibility (88) Despite the successful 

outcome and inherently high fatigue strength of titanium, mechanical loading of custom limb 

plates, which are manufactured using laser sintering, are major factors to consider when 

planning these types of corrections and should be thoroughly investigated prior to use in 

clinical patients. 
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Figure 36: Photographs of a custom printed titanium bone plate on a 3D-printed model and on the actual patient during surgery 

(79). 
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CHAPTER 2: REPEATABILITY AND RELIABILITY OF MEASUREMENTS 
RELATED TO CANINE FEMORAL ALIGNMENT USING COMPUTED 

TOMOGRAPHY: A STUDY OF 11 DOGS 
 
 
Objectives: To describe and validate a protocol for evaluating femoral alignment in dogs with 

and without medial patellar luxation (MPL) using three-dimensional (3D) computed 

tomography (CT) multiplanar reconstructions (MPR). 

Methods: Twenty-two pelvic limbs were assessed. The anatomical lateral distal femoral angle 

(aLDFA), femoral trochanteric angle (FCT), anteversion angle (AA), inclination angle (IA), and 

neck anteversion angle (NAA) were measured by two observers in a DICOM imaging software. 

Intraclass correlation coefficients (ICC) were calculated to assess repeatability and reliability. 

Results: Repeatability for all measurements ranged from moderate (ICC = 0.65) to excellent (ICC 

= 0.96). Reliability for each measurement ranged from good (ICC = 0.79) to excellent (ICC = 

0.99). 

Clinical significance: We have demonstrated a reliable and repeatable protocol for the 

assessment of femoral varus and torsion on CT in dogs with MPL which is important to assess 

accuracy of the procedure and for surgical planning. 

 

 

 

 

 



 

 

 

53 

INTRODUCTION 

The prevalence of patellar luxation has increased considerably over the years, making it 

one of the most commonly diagnosed orthopedic diseases affecting dogs (11,28). Patellar 

luxation is typically regarded as either a developmental or congenital type of orthopedic 

disease, since most often it occurs early in life and without traumatic incident (5,11). The 

heritable basis for the condition is corroborated by the overwhelming prevalence in certain 

breeds of dogs as well as the high frequency of bilateral cases (5,18). Depending on the grade, 

patellar luxation can result in a varying degree of lameness, pain, and an earlier onset of 

degenerative joint disease if left untreated (11,22,28). Although the risk has been reported to 

be higher for small breed dogs, patellar luxation has been described in breeds of all sizes, with 

an increasing prevalence being noticed among larger breed dogs (5,13). 

Several skeletal abnormalities specific to the femur and tibia have previously been 

thought to be associated with patellar luxation. These anomalies include but are not limited to, 

femoral neck retroversion, coxa vara, coxa valga, distal femoral varus, distal femoral valgus, 

external or internal femoral torsion, hypoplasia of the medial femoral condyle, tibial tuberosity 

displacement, and proximal tibial valgus and torsion (2,11,21). While there are conflicting 

reports about which bone deformities are truly associated with patellar luxation in large breed 

dogs, the overall consensus across most studies reports excessive femoral varus or valgus 

deformity as a major contributing factor, except in the case of Newman and Voss (2017) where 

it was not, in a population of English Staffordshire Bull Terriers (3,11,28). Failure to surgically 

correct excessive femoral varus or valgus in large breed dogs has been demonstrated as a cause 

for patellar re-luxation postoperatively (6). Other studies have reported significant differences 
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in the degree of femoral torsion, tibial tuberosity displacement and degree of proximal tibial 

torsion between dogs with and without patellar luxation (3,11,29,89). 

Previously, traditional radiography was the most common imaging tool used in practice 

for evaluating these bone deformities (11). However, for dogs with severe angular limb 

deformities, proper radiographic positioning is not always possible due to their multi-planar 

aspects and can therefore affect the measurements involved with pre-surgical planning (36,47). 

Femoral rotation +/- 5 degrees has been shown to unpredictably increase or decrease the 

radiographic measurement of femoral varus, depending on whether rotation is internal or 

external (47). In an anatomical comparison study on dogs weighing more than 25 kg, 

radiographic measurement of femoral varus was observed to be repeatable and reproducible 

although not accurate when compared against true anatomical measurement of the same 

parameter (26). Advanced imaging such as computed tomography (CT) or magnetic resonance 

imaging (MRI), have proven to overcome these limitations in order to obtain accurate 

preoperative measurements for appropriate surgical correction (47,90). For these reasons, CT is 

now regarded as the gold standard of imaging patients with angular limb deformities (ALD) 

(47,91). 

Measurements used in the assessment of canine femoral malalignment most commonly 

include the anatomical lateral distal femoral angle (aLDFA) and femoral varus angle (FVA), the 

femoral neck anteversion angle (NAA), and the angle of femoral head inclination (IA). Although 

the names given to these measurements often appear the same throughout the literature, the 

anatomical landmarks used by the author evaluating them are all marginally different. The most 

common method for defining the proximal anatomical axis (PAA) of the femur in order to 
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calculate these angles in dogs was described by Tomlinson and colleagues in 2007, which has 

been shown to have excellent intra-observer repeatability and inter-observer reliability in other 

studies using both radiographs and CT (23,25,31). Using Tomlinson’s method of defining the 

PAA, Oxley and associates incorporated a novel component to the protocol wherein they 

introduced a 15° caudal inclination of the distal femur with respect to vertical before measuring 

the aLDFA in order to mimic femorotibial contact points of a dog in a normal weight-bearing 

position (53). This combined methodology, which is arguably the most clinically relevant way of 

measuring femoral varus in the frontal plane, was shown to be highly repeatable within three 

observers (98.2%, 93.7%, & 97.4%) and highly reliable between observers (97.6%) (53). Miles et 

al. reported that the combined effects of changing the definition of the PAA of the femur and 

changing the degree of caudal inclination of the distal femur when measuring aLDFA and FVA 

on radiographs, will result in different values (+/- 2.6°) which might have disadvantageous 

implications for selecting candidates for corrective osteotomies (31). 

Measurements evaluating transverse plane deformities including femoral torsion, have 

traditionally related anatomical landmarks of the femoral head and neck to the transcondylar 

axis of the distal femur. The first author to propose this in dogs was Nunamaker in 1973 who 

used radiographs to identify the axis of the femoral neck which bisected the femoral head (51). 

Yoshioka and Cooke proposed a similar method in humans, connecting the center of the 

femoral head to the center of the femoral neck at its narrowest width on a transverse CT slice, 

which yielded excellent intra-observer agreement and the highest inter-observer agreement 

compared to five other methods for assessing femoral torsion (57,90). A novel measurement 

used for assessing femoral torsion is the femoral condyle trochanteric angle (FCT). This 
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measurement was first used in 2009 as a method of indication for femoral torsion in Labrador 

retrievers with and without cranial cruciate ligament deficiency, which uses the greater and 

lesser trochanters as the proximal anatomical landmarks instead of the femoral head and neck 

(52). This method was also used in a recent study evaluating the femoral conformation of 

English Staffordshire bull terriers, however its repeatability and reliability have yet to be 

reported (3). Hall et al. more recently reported the use of another novel femoral torsion 

measurement coining it the femoral torsion angle (FTA), defined as the angle between a line 

contacting the most cranial points of the femoral head and greater trochanter and the femoral 

condylar axis (80). Both the FCT and FTA measurements have enormous potential for assessing 

femoral torsion, a major contributing factor for the misalignment of the quadriceps mechanism 

causing patellar luxation, but require further investigation including normal breed-specific 

studies. Measurements evaluating frontal plane deformities of the femoral head and neck, 

including coxa vara and coxa valga, also include the femoral head and neck as landmarks but in 

relation to the PAA, not the transcondylar axis. This simple method was proposed by Hauptman 

in 1979 and continues to be used today (50).  

While we know CT yields more accurate assessment of more extreme limb deformities, 

very few studies have examined the repeatability and reliability of these measurements using 

CT image data. The purpose of this study was to describe and validate a methodology for 

measuring aLDFA and FVA, FCT, AA, IA, and NAA using CT multiplanar reconstructions (MPR) of 

predominantly large breed dog femurs.  
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MATERIALS AND METHODS  

PATIENTS 

 Dogs that presented to the Ontario Veterinary College (OVC) for bilateral CT of the 

hindlimbs were retrospectively identified and records reviewed. 

COMPUTED TOMOGRAPHY 

Computed tomography images of each patient’s pelvic limbs, from pelvis to metatarsals 

were acquired using a GE Lightspeed 16 slice helical scanner (GE Healthcare, Milwaukee, WI, 

USA) with a slice thickness of 0.625 mm, a 0.938:1 pitch, 120 kV and 140 mA. CT image data, in 

DICOM (Digital Imaging and Communications in Medicine) format, was uploaded into Horos 

v2.3.0 (Nimble Co LLC, Annapolis, MD, USA) for further evaluation.  

Measurements were obtained by two observers. Observer 1 was a board-certified 

veterinary orthopedic surgeon, and observer 2 was a non-veterinarian graduate student with 

experience in diagnostic imaging. Observer 1 generated a step-by-step reference manual to be 

used by both observers (APPENDIX). Both observers were aware of patient data but blinded to 

previous measurements for each patient. 

Each measurement was repeated in triplicate for each patient by both observers, on 

separate dates with at least one week in between replicates. These measurements were used 

to evaluate intra-observer variability. All six sets of measurements from both observers were 

used to evaluate inter-observer variability. 

Each femur was isolated using 3D volume rendering (low contrast) of the bone CT 

reconstruction before being converted to 3D-MPR, which allowed for visualization of the femur 

in all three planes: sagittal, transverse, and frontal. 
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An MPR of the femur was oriented in the transverse plane and slice thickness was 

increased until the most caudal points of the femoral condyles were included. With optimal 

slice thickness, the line associated with the frontal plane was rotated so that it contacted the 

most caudal points of the medial and lateral femoral condyles, creating the distal transcondylar 

axis. The center of the femoral head was located in the frontal and sagittal planes using circles 

of best fit and marked with an ROI (region of interest) where it corresponded on the transverse 

plane. 

ANATOMICAL LATERAL DISTAL FEMORAL ANGLE (ALDFA) 

The PAA of the femur was determined according to the Tomlinson method by using two 

points, the first at one-half and the second at one-third the length of the femur (Figure 37a) 

(25). The full length of the femur was measured by drawing a line from the center of the 

femoral head to the most distal point of the femur as observed in the sagittal plane (Figure 

37b). Using this line to locate the one-half and one-third length of the femur in the transverse 

plane, an ROI was placed in the center of the medullary cavity using circles of best fit. 

In the sagittal plane, the distal end of the femur was assigned a caudal inclination of 15° 

with respect to vertical by rotating the frontal plane axis until it contacted the most caudal 

points of the femoral condyles and the back of the femur at the level of the lesser trochanter 

creating the femoral condylar trochanteric axis (FCTA) (Figure 38a) (50). Using the 

corresponding image of the distal femur in the frontal plane, the distal femoral joint line was 

manually drawn (Figure 38b). The PAA of the femur was realigned in both the frontal and 

sagittal planes (Figure 38c). In the frontal plane, the lateral angle between the manually drawn 

distal femoral joint line and the PAA of the femur was recorded as the aLDFA (Figure 38d). 
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A   B  

Figure 37: A. Digital rendering of the Tomlinson method for identifying the PAA of the femur (31). B. Horos 3D digital rendering 
of femur length measured in the sagittal plane. 

 

A  B   
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C   

D  

Figure 38: Anatomical lateral distal femoral angle (aLDFA) measured using CT-MPR in Horos. A. A 15° caudal inclination with 
respect to vertical is made in the sagittal plane using optimal slice thickness to create the femoral condylar trochanteric axis. B 

Using optimal slice thickness, a (green) line is drawn contacting the most distal points of the medial and femoral condyles in the 
frontal plane (distal femoral joint line).  C. Multiplanar reconstructions of the femur (sagittal, transverse and frontal) showing 
realignment of the PAA before measuring aLDFA. D. Reducing slice thickness, the previous line is pasted back and the aLDFA is 

measured between the PAA and the distal femoral joint line on the lateral aspect.  
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FEMORAL VARUS ANGLE (FVA) 

The FVA was identified as the angle between a line perpendicular to the distal femoral 

joint line and the PAA (Figure 39) (53).  

  

Figure 39: Femoral varus angle (FVA) measured between the PAA and the line perpendicular to the distal femoral joint line. 

 
FEMORAL CONDYLE TROCHANTERIC ANGLE (FCT)  

With the PAA of the femur aligned in the frontal and sagittal planes, using optimal slice 

thickness in the transverse plane, ROI’s were made on the most medial aspect of the lesser 

trochanter and the most cranial and lateral aspect of the greater trochanter, comparable to 

that described by Mostafa et al. (Figure 40a) (52). A line was drawn connecting these two points 

and is referred to as the intertrochanteric axis (52). The angle was measured between the 
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intertrochanteric axis (laterally) and the transcondylar axis of the distal femur and was recorded 

as the FCT (Figure 40b).  

A  B  

Figure 40: A. The most medial aspect of the lesser trochanter and the most cranial and lateral aspect of the greater trochanter 
are identified with ROIs. B. Femoral condyle trochanteric angle (FCT) measured between the intertrochanteric axis and the 

transcondylar axis of the distal femur. 

 
ANTEVERSION ANGLE (AA) 

With the PAA of the femur still aligned, the ROI denoting the center of the femoral head 

was found on a single slice using a circle of best fit in the transverse plane (Figure 42a). A line 

was manually drawn through the center of the femoral head and the intersection of the PAA 

and the transcondylar axis of the distal femur, as described by Nunamaker et al. (51). Barnes 

and associates referred to this as the femoral head line (23). The angle was measured between 

the femoral head line and the transcondylar axis of the distal femur and was recorded as the AA 

(Figure 42b).  
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A  B  

Figure 41: A. The center of the femoral head is identified using a circle of best fit. B. Anteversion angle (AA) measured between 
the femoral head line and the transcondylar axis.  

 
INCLINATION ANGLE (IA) 

With the PAA of the femur still aligned, the ROI denoting the center of the femoral head 

was found on a single slice in the frontal plane. Using a modified version of the Hauptman B 

method, a circle of best fit was drawn around the femoral head and the thickness of the 

femoral neck was measured tangent to that circle (Figure 43a) (50). The length of that line was 

retracted halfway while remaining tangent to the circle. A second line was drawn connecting 

the center of the femoral head and half the width of the femoral neck, thereby creating the 

femoral neck axis (Figure 43b). The angle was measured between the femoral neck axis and the 

PAA and was recorded as the IA (Figure 43c). An ROI was made at the intersection of the 

femoral neck axis and the PAA for the next measurement (Figure 43c).  



 

 

 

64 

A  B    

C  

Figure 42: A. A circle of best fit is drawn around the femoral head and the thickness of the femoral neck is measured tangent to 
that circle. B. Half of the full thickness of the femoral neck was used to draw the femoral neck axis. C. Inclination angle (IA) 

measured between the femoral neck axis and the PAA. An ROI is placed at the intersection of the femoral neck axis and the PAA. 

 
NECK ANTEVERSION ANGLE (NAA) 

The ROI point which was made at the intersection of the femoral neck axis and the PAA 

is found in the transverse plane. The transverse axis is rotated to overlap with the femoral neck 

axis which was drawn in the frontal plane (Figure 44a), isolating a single transverse slice (Figure 

44b). Still in the transverse plane, the thickness of the femoral neck was measured at its 

narrowest point. A line was drawn connecting the center of the femoral head and half the 

width of the neck at its narrowest point (Figure 45a). The angle was measured between this 
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new femoral neck axis line and the transcondylar axis and was recorded as the NAA (Figure 

45b). 

A  B  

Figure 43: A. The transverse axis (purple) is rotated to overlap with the femoral neck axis in the frontal plane. B. The 
corresponding transverse slice to image A. 

A  B  

Figure 44: A. The thickness of the femoral neck is measured at its narrowest point and a line is drawn connecting half of this 
width and the center of the femoral head to draw the new femoral nexk axis. B. Neck anteversion angle (NAA) measured 

between the new femoral neck axis and the transcondylar axis. 

 
STATISTICAL ANALYSIS 

Descriptive data were presented as mean (+/-SD). Intra-class correlation coefficients 

(ICC) were calculated for each parameter using the pooled data for all dogs. Based on a 95% 

confidence interval of the ICC estimate, values less than 0.5 indicate poor agreement, values 

between 0.5 and 0.75 indicate moderate agreement, values between 0.75 and 0.9 indicate 

good agreement and values greater than 0.9 indicate excellent agreement (92). Two ICC’s were 
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calculated from the repeated measurements by observer 1 and 2 (repeatability) and one ICC 

was calculated from the repeated measurements by both observers (reproducibility).  
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RESULTS 
 

Clinical records of patients who presented to the Small Animal Clinic at OVC (Guelph, 

Ontario) between January 2014 and March 2018 for bilateral CT of the pelvic limbs were 

included. Two small/medium (<15 Kg) and 9 medium/large (>15 kg) canine patients that had CT 

performed on both pelvic limbs on various dates were included. One dog was excluded for 

having LPL associated with valgus deformity. Eight femurs (4 left, 4 right) from six patients with 

MPL (4 unilateral and 2 bilateral) made up the affected group, 4 contralateral femurs (2 left, 2 

right) from 4 of those 6 dogs with unilateral luxation made up the intermediate group, and 10 

normal femurs from 5 dogs that had CT of the pelvic limbs for reasons not related to orthopedic 

disease made up the control group (N = 22). The distribution of grades were: grade 0 (n = 14), 

grade 1 (n = 1), grade 2 (n = 1), grade 3 (n = 6) and grade 4 (n = 0), based on Putnam’s grading 

system (19). Breeds represented within the affected and intermediate groups were Labrador 

retriever (n = 3), English bulldog (n = 1), French bulldog (n = 1), and beagle mix (n = 1). Breeds 

represented within the normal group were mixed breed (n = 3), German shepherd (n = 1) and 

Doberman pinscher (n = 1). Mean body weight was 27.6 Kg (+/- 9.1).  

Sixty percent (6/10) of intra-observer ICC’s were >0.90 (aLDFA including FVA for 

observer 1 and all 5 parameters for observer 2) indicating excellent repeatability, 30% (3/10) 

were >0.87 (FCT, AA and NAA for observer 1) indicating good repeatability and one was equal 

to 0.65 (IA observer 1) indicating moderate repeatability. Three out of five inter-observer ICC’s 

(aLDFA including FVA, FCT, and AA) were >0.96 indicating excellent reproducibility and two out 

of five (IA and NAA) were >0.79 indicating good reproducibility. Of the five parameters, aLDFA 

had the highest repeatability and reproducibility, while IA had the lowest. The results can be 
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found in Table 1. 

Table 1: Intra- and inter-observer ICCs for aLDFA (including FVA), FCT, AA, IA and NAA. 

 Intra-observer ICC 
(Observer 1) 
with 95% CI 

Intra-observer ICC 
(Observer 2) 
with 95% CI 

Inter-observer ICC  
with 95% CI 

aLDFA (including 
FVA) 

0.90 (0.81 – 0.95) 
(excellent) 

0.91 (0.83 – 0.96)  
(excellent) 

0.98 (0.96 – 0.99) 
(excellent) 

FCT 0.89 (0.79 – 0.95)  
(good) 

0.92 (0.84 – 0.96)  
(excellent) 

0.99 (0.98 – 0.99) 
(excellent) 

AA 0.87 (0.76 – 0.94)  
(good) 

0.96 (0.90 – 0.99)  
(excellent) 

0.96 (0.93 – 0.99) 
(excellent) 

IA 0.65 (0.43 – 0.83)  
(moderate) 

0.93 (0.86 – 0.97)  
(excellent) 

0.79 (0.62 – 0.96) 
(good) 

NAA 0.89 (0.79 – 0.95)  
(good) 

0.96 (0.93 – 0.99)  
(excellent) 

0.89 (0.79 – 0.98) 
(good) 

 

  



 

 

 

69 

DISCUSSION 
 

The measurement protocol described in this paper demonstrated mostly good to excellent 

repeatability for both observers and mostly excellent reproducibility for the assessment of 

canine femoral alignment using MPR-CT on 11 dogs (22 femurs) with and without MPL.  

Typical preoperative planning for a dog with excessive femoral varus deformity resulting in 

MPL requires the calculation of aLDFA (including FVA) and at least one measurement to assess 

femoral torsion (FCT, AA, or NAA), with NAA previously being the most common. Consistent 

with the current body of literature, aLDFA was the only parameter to have excellent 

repeatability for both observers in combination with excellent reproducibility. In one study, a 

comparison of the radiographic measurement of aLDFA obtained using different PAA methods 

was found to have excellent repeatability and reproducibility for all four methods evaluated 

(12/12; ICC’s >0.90) (31). In the same year, Barnes and colleagues evaluated the repeatability 

and reproducibility of aLDFA but from CT multiplanar reconstructions using only the Tomlinson 

PAA method and also found excellent repeatability (ICC = 0.91), however this intra-observer 

variability was based on only one observer’s repeated measurements (23). The same study 

found good reproducibility for aLDFA (ICC = 0.84) however, it was evaluated using only one set 

of measurements from each of their three observers, unlike our study where we included all 

repeated measurements from both of our observers (23). Similar results were found in 2018 by 

Longo et al. with all three intra-observer ICC’s and the inter-observer ICC being greater than 0.9 

for aLDFA measured using CT (54). The same study evaluated a novel 3D-automated CAD 

(aCAD) method for measuring the same angles but based off of the 3D reconstructions of the 

femurs (54). This novel aCAD method provided the highest repeatability and reproducibility 
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(ICC’s > 0.99) compared to radiographs and CT, giving it considerable potential to be the new 

gold standard of measuring femoral alignment (54). 

To our knowledge, there is only one working group that has investigated the repeatability 

and reproducibility of AA and none that have examined FCT, despite being used in other studies 

to establish normal values in certain populations of dogs. Barnes et al. (2015) described a novel 

methodology for the measurement of AA, where instead of measuring the angle between the 

femoral neck axis and the transcondylar axis as was previously described, it was measured 

between a line that connected the centre of the femoral head and the intersection of the PAA 

with the transcondylar axis (23,30,51). Their rationale for adapting this particular 

measurement, and the authors of this paper agree, is that measurement error can easily be 

introduced during the establishment of the femoral neck axis (23). Their repeatability and 

reproducibility of this novel method for measuring AA was found to be excellent (ICC = 0.96; ICC 

= 0.92) but with the same concerns raised previously (23). Therefore, we hypothesized that the 

measurement of AA would be more repeatable and reliable than the measurement of NAA 

which was the reason for including both in the protocol for this paper. Our results suggest that 

in this particular cohort of dogs, NAA which uses the femoral neck axis to assess femoral 

torsion, is equally repeatable yet less reliable than AA. With AA being a more reliable 

measurement, it should be prioritized for evaluating femoral torsion. 

In our study, FCT had good to excellent repeatability and excellent reliability, which shows 

tremendous potential to be able to use the measurement as an evaluator for femoral torsion 

over AA or NAA, given that it eliminates the need for identifying femoral head and neck 

landmarks which have been reported to introduce measurement error. Another novel 
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measurement for assessing femoral torsion was recently described by Hall et al. called the 

femoral torsion angle (FTA), which they used to evaluate accuracy of 3D-printed patient-specific 

distal femoral osteotomy guides on dogs with MPL (80). This newest method for evaluating 

femoral torsion uses the most cranial points of the greater trochanter and femoral head as 

landmarks, offering similar advantages as the FCT measurement, whereby eliminating the need 

for identifying the femoral neck axis (80). As this was the first paper where this measurement 

was described, further investigation of its repeatability and reliability is warranted. While IA has 

been a long-standing parameter in the evaluation of femoral alignment, its clinical significance 

is less than the other parameters and therefore, having the lowest repeatability and reliability 

of the five parameters in this study will have less clinical impact.  

The measurement protocol described was easy to use by both an experienced and non-

experienced person however, given that the results found in this study suggest overall better 

reliability than repeatability for all parameters except aLDFA, the recommendation for the best 

clinical outcome would be to have more than one observer performing these measurements 

during the pre-operative planning phase. 
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CHAPTER 3: DESIGN, ACCURACY AND REPEATABILITY OF PATIENT-
SPECIFIC OSTECTOMY CUTTING AND ROTATIONAL GUIDES AND 

CUSTOM 3D-PRINTED PLATES USING POLYJET 3D-PRINTED FEMUR 
MODELS 

 
 
Objectives: To design and report the accuracy and repeatability of a 3D-printed patient-specific 

distal femoral closing wedge ostectomy (DFCWO) guide and plate system. 

Methods: Varus/valgus (aLDFA) and torsion (AA) were measured on seven femurs. The system 

was designed to achieve a correction target of 95° for aLDFA and 30° for AA. Postoperative 

femoral alignment was compared to the target using CT. Accuracy was tested with a 

significance set at p < 0.05 and repeatability was calculated using ICC. 

Results: The mean difference between the target and achieved was 1.29° (+/-3.58°, p = .085) 

for aLDFA and 3.43° (+/-5.21°, p = .012) for AA. The intraobserver ICCs for aLDFA and AA were 

0.865 and 0.817, respectively. 

Clinical significance: The system provided accurate and repeatable correction of frontal plane 

deformities. Correction of torsional deformities were repeatable but prone to slight, but 

statistically significant, over-correction. Clinical significance of this over-correction is unknown. 

 

 

 
 
 
 
 
 
 
 



 

 

 

73 

INTRODUCTION 
 

The prevalence of medial patellar luxation (MPL) has increased considerably over the 

years, making it one the most commonly diagnosed orthopedic diseases affecting dogs 

(11,22,28,42). Most cases of canine MPL, are congenital in nature, due to deformities of 

development that result in an abnormal axis of tension for the extensor mechanism (7,11,12). 

Depending on the grade of luxation, MPL can result in a varying degree of lameness, pain, and 

an earlier onset of degenerative joint disease for that patient (28,73). MPL is most common in 

small breed dogs, with an increasing prevalence being noticed among larger breeds (6,7,12,22).  

Several surgical techniques can be utilized to correct MPL, all with the objective of 

realigning the extensor mechanism of the stifle joint at the level of the tibia (22). With current 

surgical techniques, the reported rate of MPL recurrence has been as high as 50%, with a higher 

recurrence in large breed dogs (6,22). Failure of surgical correction is frustrating and 

discouraging for the owner. More recently, attention has been directed toward the 

malalignment of the femur and associated stifle joint as a potential cause for MPL (26,42). With 

the goal of preventing MPL recurrence altogether, and improving functional outcome of the 

limb, it has become increasingly valuable to understand the role pelvic limb deformity plays in 

the pathophysiology of MPL (7,22).  

Surgical correction of a pelvic limb angular limb deformity (ALD) is complex and often 

involves removing a wedge of bone to correct a bowing deformity in order to realign the 

extensor mechanism. Complex ALDs will often occur in both the frontal and transverse planes 

(36). Planning for ALD surgery requires precisely positioned radiographs or CT so that 

measurements can be taken to plan out an appropriate surgery that will correct the deformity 
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and yield the best clinical outcome. Frontal plane deformities, such as excessive femoral varus 

or valgus, are evaluated by measuring the anatomical lateral distal femoral angle (aLDFA) and 

the femoral varus angle (FVA), which have been shown to be highly repeatable and reliable 

measurements. Transverse plane deformities, such as increased femoral neck anteversion or 

retroversion, are evaluated by measuring the anteversion angle (AA).  

A distal femoral lateral closing wedge ostectomy (DFCWO) is the most common method 

for correcting excessive femoral deformity, where a wedge of bone is removed, resulting in 

both closure of the gap and correction of torsion of the bone (11). After these adjustments 

have been performed, the two segments of bone are then fixed together with a plate and 

screws. The overall objective of the procedure is to improve limb and stifle joint alignment 

through the manipulation of two key angles in order to align the extensor mechanism of the 

stifle and correct patellar luxation. Identifying the appropriate angles and performing the CWO 

can be challenging with the current manual methodologies because these cuts need to be 

measured and made by hand during surgery. A customized cutting guide may help to improve 

this accuracy.  

Pre-planned patient-specific surgical solutions can decrease intraoperative time and 

improve patient outcomes. Patient-specific cutting guides (PSCGs) are gaining popularity in 

veterinary orthopedics as they allow the surgeon to perform complex ostectomies in a more 

controlled manner (62,73). Patient-specific ostectomy and reduction guide systems incorporate 

the exact degree of wedge and rotation required for the individual patient and even allow for 

accurate placement of a surgical plate following the removal of bone. PSCGs have proven to be 

highly accurate and precise in human orthopedics (65,67,74,76,85,93). While these methods 
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have been shown to be useful in humans, this information cannot be directly translated to 

animals as the equipment, disease process, and conformation of canine anatomy can vary. 

Proof of concept validation for these techniques has been shown through several case reports 

and small veterinary studies (63,65,74,76,80,93). Despite the few case studies, which evaluate 

the accuracy of patient-specific ostectomy and reduction guide systems and one which 

compares in vivo to ex vivo use in clinical veterinary patients, to our knowledge, no studies have 

investigated their repeatability on 3D-printed models exclusively in addition to their accuracy.  

Both human and veterinary applications of 3D-printed models have proven to save a 

considerable amount of intraoperative time by improving surgical efficiency and providing the 

surgical team with the ability to recognize any unexpected issues preoperatively before ever 

touching the patient (61–65). This technology provides the unique opportunity of repeating a 

procedure on the exact same patient anatomy as many times as needed, something which 

otherwise could not be done using cadaver limbs. This freedom to practice proves to be very 

useful for pre-surgical planning, for teaching, or for research purposes. Within the last 15 years, 

these models have shown to be useful in the planning of complicated corrective osteotomies 

(61,63,65,67). While the use of 3D-printed models to practice surgery has been described, the 

assessment and validation of these models for this use, especially in veterinary medicine, is 

lacking. In most cases, the surgeon will make a visual assessment of the limb after the 

ostectomy has been performed, before leaving the OR and taking postoperative radiographs for 

confirmation. This method is not sufficient to prove the value of these tools and better 

assessment methods are needed. 

Advanced diagnostic imaging plays a pivotal role in being able to replicate a patient’s 
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bone into a 3D model. Only in conjunction with advanced imaging like computed tomography 

(CT) or magnetic resonance imaging (MRI), can 3D-printing technology be used to create 

accurate full-size and anatomically correct models of actual patient bones (36). Cone et al. 

demonstrated that CT can be used to accurately assess 3D-printed long bones (71). The use of 

CT imaging is critical in the planning of these complex ostectomies for ALD correction since 

traditional radiographic measurement of femoral varus and torsion is highly sensitive to 

malpositioning artefacts therefore, CT has become the gold standard for imaging these patients 

(11,28,34). Combining all of these components (CT, 3D-printed bones and 3D-printed PSCGs) 

will provide a seamless and readily accessible patient-specific solution.  

In addition to validating the PSCGs for repeatability, another area that has potential to 

provide significant improvement to the current utilized techniques is the creation of custom 

patient-specific plates. Traditionally, in cases undergoing ostectomies for an ALD correction, 

following removal of the segment of bone and correction of the deformity, a metal plate is 

applied for stabilization while healing of the bone occurs (6,22,73). Currently, the only option 

available is a generic plate design which requires time-consuming manual contouring and often 

results in suboptimal fixation. Pre-contouring of the plate can be achieved by first performing 

the correction on an 3D-printed model, however the fit will never be perfect because the plate 

will still not fit to the individual patient’s geometry and 3D-printing does not account for local 

soft tissues. Alternatively, with the help of computer-aided design (CAD) and virtual surgical 

planning, a patient-specific implant can be created that is more specific to the 3D geometries of 

each bone than a generic plate but with the same concerns for possible soft tissue interference. 

The use of custom plates have been proven to save a considerable amount of intraoperative 
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time while also increasing stability of the healing bone (73,85). This technique has seldom been 

described for limb plates in dogs.  

The purpose of this study was to establish a workflow for the production of a patient-

specific cutting guide and custom-made plate and evaluate the accuracy and repeatability of 

this system using 3D-printed bones and post-procedure CT scans using a previously validated 

protocol. We hypothesized that our patient-specific cutting guide and plating system would 

result in a highly accurate and repeatable distal femoral lateral closing wedge ostectomy for 

correcting frontal and transverse plane deformities causing patellar luxation. 
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MATERIALS AND METHODS 
 
PATIENT POPULATION 
 

Patient records from the Ontario Veterinary College – Health Sciences Centre were 

reviewed, and 6 medium to large breed dogs (ranging from 27.5 to 40 kg) were identified. Cases 

were included if they had bilateral CT examinations of their pelvic limbs for patellar luxation 

associated with excessive femoral and/or tibial deformity.  

CT AND MEASURING FEMORAL ALIGNMENT 
 

CT images of each patient’s pelvic limbs were acquired using a GE Lightspeed 16 slice 

helical scanner (GE Healthcare, Milwaukee, WI, USA) with a slice thickness of 0.625 mm, a 

0.938:1 pitch, 120 kV and 140 mA. CT image data, in DICOM (Digital Imaging and 

Communications in Medicine) format, was uploaded into Horos v2.3.0 (Nimble Co LLC, 

Annapolis, MD, USA) for further evaluation. Measurements of aLDFA (Figure 45) and AA (Figure 

46) were made in Horos using Tomlinson and Barnes’ methodology, respectively, by two 

different observers (23,25). Observer one (NM) was a qualified small animal board-certified 

orthopedic surgeon, and observer two was a graduate student with experience in diagnostic 

imaging (BI). Observer one generated a step-by-step reference manual which was to be used by 

both observers (Appendix 1). The order of procedures was randomized for each of the 

reviewers. Both observers were aware of which patient they were assessing but blinded to 

previous measurements for that patient. Each measurement was repeated three times for each 

patient, on separate dates with at least one week in between, by both observers. An average of 

all six measurement attempts for aLDFA and AA were performed to determine the patient’s 

degree of femoral varus or valgus and torsion. Based on these values, the degree of correction 
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required to achieve an arbitrarily chosen target of aLDFA equal to 95° and anteversion of 30° 

was determined.  

A   B  

Figure 45: Anatomical lateral distal femoral angle (aLDFA) measured using CT multiplanar reconstruction in Horos. A. Using 
optimal slice thickness, a (green) line is drawn contacting the most distal points of the medial and femoral condyles in the 

frontal plane (distal femoral joint line). B. Reducing slice thickness, the previous line is pasted back and the aLDFA is measured 
between the PAA and the distal femoral joint line on the lateral aspect. 
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Figure 46: Anteversion angle (AA) measured using CT multiplanar reconstructions in Horos. 

 
VALIDATING THE MEASUREMENT PROTOCOL  
 

The repeatability and reliability of the aLDFA and AA measurements used for the guide 

and plate system design were validated in Chapter 2: Repeatability and reliability of 

measurements related to canine femoral alignment using computed tomography: A study of 11 

dogs. 

3D-PRINTING THE FEMURS 
  

CT images in DICOM format were uploaded to Materialise Mimics v19 for segmentation. 

The threshold was manually adjusted so that the entire exterior surface of each femur was 

included then exported to Materialise 3-Matic v11 as a stereolithography (STL) file. The STL file 

was then uploaded into ANSYS SpaceClaim, from which the femurs were 3D-printed using 

PolyJet technology. Femurs were printed in triplicate for each patient yielding a total of 21 

prints. 
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CT OF THE POLYJET FEMURS 
  

CT images of one PolyJet™ femur from each patient were acquired and uploaded into 

Horos™ v2.3.0 for measurement again in order to validate the accuracy of the print dimensions. 

Observer 2 made one measurement attempt in Horos on each PolyJet femur for comparison to 

the measurements made on the actual patient’s femur. If the mean difference between these 

measurements was less than 2°, the measurements made on the PolyJet femurs would be used 

to design the patient-specific cutting and rotational guides. 

GUIDE DESIGN 
 

3D-printable reusable slotted cutting guides were designed in ANSYS SpaceClaim™ 

based on the PolyJet femur data. The coordinate system from the actual patient’s femur CT was 

used to match the coordinate system for the PolyJet femurs. The XYZ coordinates for one-half 

and one-third femur length, taken from the PolyJet femurs, were exported from Horos and 

uploaded into ANSYS SpaceClaim in order to establish the same PAA that was used to calculate 

ALDFA and AA in Horos. The transverse plane was recreated by contacting the caudal aspect of 

the femur as if it were lying flat on a table. The distal end of the femur was then adjusted 15° 

above that plane to recreate the 15° caudal inclination of the femur (53). A second plane was 

created perpendicular to the first and then rotated so that it just contacted the most distal 

points of the medial and lateral condyles of the femur, creating the distal joint orientation line. 

Location of the CORA was identified where the PAA and the distal anatomical axis (DAA) 

crossed (Figure 47). If the CORA fell within the trochlea of the femur, it was moved more 

proximal, just above the trochlear groove, as it would be done in clinical cases. The distal wedge 

cut was made parallel to the distal joint orientation line and fanned proximally to the specific 
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number of degrees. The slotted guide was created based off of the trajectory of the two cut 

lines. The guides were designed to fit specifically to the craniolateral aspect of the patient’s 

femur with the plan of correcting to an aLDFA of 95° and AA of 30° (Figure 48). The guides were 

printed twice using PolyJet technology in the event that a spare was needed. For each guide, a 

reamer was used to enlarge the 3D-printed holes to create the exact size fit for the custom drill 

guides. 

 
Figure 47: CORA location identified where the PAA crosses with the DAA. (42) 
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Figure 48: Photographs of a 3D-printable reusable slotted cutting guide (designed by John Phillips) fit specifically to the 

craniolateral aspect of the patient’s femur. 

 
PLATE DESIGN 
 

The custom patient-specific plates were designed in ANSYS SpaceClaim to fit specifically 

to the lateral distal two-thirds of the femur. After virtually removing the wedge from the lateral 

aspect of the femur, the plate was designed to bring the proximal and distal segments of the 

femur into a well-fitted alignment, correcting the pre-determined degree of torsion. Plate 

design elements included cortical screw holes, accommodation for step created during cut, and 

three holes within the distal bone segment (Figure 49). The plates were then printed in 

triplicate using PolyJet technology. 
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Figure 49: Photographs of a 3D-printable custom patient-specific plate (designed by John Phillips) fit specifically to the lateral 
distal two-thirds of the patient’s femur which can be seen to accommodate the translational deformity caused by performing 

the ostectomy at a location where the ACA does not pass through the CORA on the tBL. 

 
SURGICAL CORRECTION OF THE POLYJET FEMURS AND POSTOPERATIVE CT  
 

The PolyJet femurs, corresponding cutting guide and plate were randomized and each 

investigator was blinded to the case details and previous measurements. Using a Power Pro drill 

and a custom drill guide, a 2.5 mm drill bit was used to drill holes into each slot. The drill guide 

was then replaced with a custom screw guide and an appropriate length screw (3.5mm cortical) 

was used to fasten the guide to the PolyJet femur. This technique was repeated at each slot in 

the guide. Once the guide was secured, an oscillating saw was used to make both cuts to 

remove the wedge. The guide was detached from the femur and the custom plate was applied 

so that the proximal and distal segments were well-fitted together against the plate. 

Appropriate length screws were used to secure the plate at each slot. Once the plate was 

secured to the bone, a high strength quick set adhesive was applied around the edges of bone 



 

 

 

85 

contact. Once the adhesive was set, the screws were removed so that the PolyJet femur could 

be imaged without artifact (Figure 50). Post-corrected femurs were randomly assigned a 

number from 1 to 21 by one investigator (AZ) for further blinding. CT images of each post-

corrected PolyJet femur were acquired and that image data was uploaded into Horos v2.3.0 for 

post-operative femoral alignment assessment. Observer two measured aLDFA and AA once 

using the protocol validated in Chapter 2: Repeatability and reliability of measurements related 

to canine femoral alignment using computed tomography: A study of 11 dogs. 

  

Figure 50: Photographs of a 3D-printable custom patient-specific plate (designed by John Phillips) fit specifically to the lateral 
distal two-thirds of the patient’s femur following post-correctional alignment of excessive distal femoral varus and torsional 

deformity. 
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STATISTICAL ANALYSIS ON THE PATIENT-SPECIFIC GUIDE AND PLATING SYSTEM  
 

Data were tested for normality using Shapiro-Wilk’s test, and descriptive data are 

presented as mean (+/-SD). Bias between aLDFA measurements were tested using a Signed 

Rank test and bias between AA measurements were tested using a Student’s t test. Significance 

was set at p < 0.05. Intra-observer repeatability of the system was calculated using intraclass 

correlation coefficient (ICC). Based on a 95% confidence interval of the ICC estimate, values less 

than 0.5 indicate poor agreement, values between 0.5 and 0.75 indicate moderate agreement, 

values between 0.75 and 0.9 indicate good agreement and values greater than 0.9 indicate 

excellent agreement (92).  
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RESULTS 
 
 Six dogs met our inclusion criteria. Seven femora (4 left, 3 right) from four dogs with 

unilateral MPL, one with bilateral MPL and one with unilateral LPL were assessed. Breeds 

represented were Labrador retriever (n = 3), English bulldog (n = 1), Siberian husky (n = 1) and 

Maremmano-Abruzzese (n = 1). Mean body weight was 35.43 kg (+/-4.76; range, 27.5-40). 

Based on the measurements taken from Table 2 which lists the average measurements 

between Observer 1 and 2 on the actual femurs, six femora with femoral varus deformity had a 

mean preoperative aLDFA of 104.35° (+/-3.61°), and a mean preoperative AA of 26.42° (+/-

8.38°). One femur with femoral valgus deformity had a preoperative aLDFA of 80.55° and an AA 

of 42.47°. Based on the measurements taken from Table 3 which lists the measurements by 

Observer 2 on the PolyJet femurs, six femora with femoral varus deformity had a mean 

preoperative aLDFA of 104.69° (+/-3.37°), and a mean preoperative AA of 26.75° (+/-7.94°). One 

femur with femoral valgus deformity had a preoperative aLDFA of 79.09° and an AA of 38.47° 

based on Table 3. The mean difference between the measurements made on the actual femurs 

and the PolyJet femurs was 0.09° and 0.29° for aLDFA and AA, respectively. Since this 

difference was less than 2° for both, the measurements made on the PolyJet femurs were used 

to design the patient-specific cutting and rotational guides. Table 3 also lists the degree of 

wedge to be removed in order to correct the aLDFA to 95° and the AA to 30° for each femur. 

Prior to guide design, the coordinate system from the actual patient’s femur CT was 

used to match the coordinate system for the PolyJet femurs. The XYZ coordinates for one-half 

and one-third femur length, taken from the PolyJet femurs, were exported from Horos and 

uploaded into ANSYS SpaceClaim in order to establish the same PAA that was used to calculate 
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ALDFA and AA in Horos. Procedures included a lateral distal closing wedge ostectomy with 

torsional correction in the case of all seven femora. Procedures were repeated three times for 

each patient resulting in a total of 21 corrections altogether. 

Table 2: Preoperative measurements made using the actual patient’s CT to assess femoral deformity of six dogs undergoing 
corrective ostectomies. 

Patient Deformity 
Type 

Leg Avg. Leg 
Length 

(cm) 

Avg. aLDFA 
(°) 

Avg. AA 
(°) 

1 Varus R 17.49 101.54 23.44 
2 Varus L 16.32 107.85 37.53 

3a Varus L 19.05 106.10 27.41 
3b Varus R 18.74 101.81 13.09 
4 Varus R 19.11 100.18 24.6 
5 Varus L 17.53 108.60 32.47 
6 Valgus L 23.44 80.55 42.47 

 
 
Table 3: Preoperative measurements made on Polyjet femur models from six dogs requiring corrective ostectomies and the 
planning for their respective guides. 

Patient Leg 
Length 

(cm) 

Observer 
2 aLDFA 

(°) 

Correct 
aLDFA 
to (°) 

Wedge 
for guide 

(°) 

Observer 
2 AA (°) 

Correct 
AA to 

(°) 

Degree of rotation 
for plate (°) 

(positive = rotate 
distal segment 

counter-clockwise 
negative = rotate 

distal segment 
clockwise 

1 17.85 103.30  
 
 
 

95 

8.3 26.06  
 
 
 

30 

-3.9 
2 16.42 106.91 11.9 36.36 +6.4 

3a 19.15 105.64 10.6 27.02 -3.0 

3b 19.55 102.39 7.4 13.38 -16.6 

4 18.92 100.29 5.3 24.65 -5.4 
5 18.11 109.61 14.6 33.02 +3.0 
6 23.98 79.09 -15.9 38.47 +8.5 
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The mean postoperative aLDFA for all 21 corrected femora was 96.29° (+/-3.58°) and the 

mean AA was 35.97° (+/-7.98°). The mean difference between the target and actual 

postoperative aLDFA was 1.29° (+/-3.58°, p = 0.0851) indicating that there was no significant 

bias. The mean difference between the target and actual postoperative AA was 3.43° (+/-5.21°, 

p = 0.0124) indicating that there was significant bias for the correction of this angle. 

Postoperative AA measurement results for patient #2 were removed from the accuracy analysis 

due to a human error in designing the guide for the correction of torsion (correction was 

performed in the wrong direction). Thirteen of 21 (61.9%) femora had a postoperative aLDFA 

within 4° of the target value. Only 9 of 21 (42.9%) femora had a postoperative AA within 4° of 

the target value however, 13 of 21 (61.9%) were within 5° of the target value. The results for 

each attempt are displayed in Table 4. Figures 51 and 52 provide a visual representation 

between the preoperative and postoperative values with the respective target outlined. 

The repeatability for the correction of aLDFA and AA were both good with intra-

observer ICC’s of 0.87 and 0.82, respectively. 
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Table 4: Postoperative measurements made on PolyJet femur models from six dogs that underwent a distal femoral closing 
wedge ostectomy using a custom cutting guide and plating system.  

*Torsion (AA) was inappropriately corrected. 

Patient Attempt aLDFA Target  
aLDFA 

AA Target AA 

1 1 99.630  
 
 
 
 
 
 
 
 
 

95 

38.533  
 
 
 
 
 
 
 
 
 

30 

2 96.938 31.535 

3 96.166 28.532 

2 1 95.849 51.499* 

2 98.709 51.021* 

3 99.268 51.082* 

3a 1 92.264 25.403 
2 94.312 29.877 

3 93.500 34.542 

3b 1 99.170 27.143 
2 99.212 29.364 

3 98.399 28.534 

4 1 98.232 29.973 
2 98.002 36.497 

3 99.312 33.829 

5 1 98.267 43.149 
2 96.908 34.713 

3 99.820 44.174 

6 1 88.132 37.024 
2 88.838 33.961 

3 91.248 34.977 
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Figure 51: Preoperative compared to postoperative aLDFA with the target outlined in red. 
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Figure 52: Preoperative compared to postoperative AA including results for patient #2 where AA was inappropriately corrected. 

The target is outlined in red. 
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DISCUSSION 
 

The use of 3D-printed patient-specific DFCWO guides and plates on PolyJet femur 

models provided near accurate correction, with no significant bias, of excessive frontal plane 

deformities through the manipulation of aLDFA. A small but significant bias toward over-

correction was achieved for the correction of torsional deformity through the manipulation of 

AA. The clinical significance of this remains to be determined but could easily be anticipated 

when creating the cutting guide and plate. Repeatability of the DFCWO system was good for 

the correction of both frontal plane and transverse plane deformities. In our study, 90.4% 

(19/21 femora) had a postoperative aLDFA within 5° of the target and 72.2% (13/18 femora) 

were within 5° of the target AA. However, two dogs had an excess of 10° of torsional error post-

operatively. We had anticipated these results to demonstrate higher accuracy. Design of the 

guide and plate was likely the cause of the torsional inaccuracy. The system used the shape of 

the custom plate design and direction of the drill holes to align the fragments by drawing them 

against the plate. The length of the plate is likely sufficient to reduce frontal plane deformities 

however, torsion is not controlled as efficiently by the narrow plate and slight mal-positioning 

of the guide or soft tissue interference could result in torsional malalignment. Creating a guide 

and plate that use locking screws as opposed to cortex would likely improve accuracy as the 

reduction does not rely on the intimate contact of the bone and the plate but would require 

advanced modifications during guide and plate fabrication. Designing a reduction guide that 

would maintain fragment alignment while the plate is being applied could also be beneficial.  

Our accuracy of correcting one measurement may have been negatively impacted by 

the accuracy of correcting the other and could offer an explanation for our less than ideal 
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results of achieving our target values. The plates were designed to act as their own reduction 

guide while stabilizing the fragments with screws after the exact pre-determined wedge was 

removed during virtual surgical planning. Having been designed with a lock and key fit under 

perfect conditions, we did not account for the discrepancies resulting from the ostectomy that 

would alter the fit of the plate thereafter. This offers some explanation as to why our correction 

of frontal plane deformity was more accurate than our correction of transverse plane 

deformity. No other study has investigated a method that uses a custom patient-specific plate 

to act as the reduction guide following a corrective ostectomy. Other authors who have 

described the use of custom cutting guides for the correction of complex angular limb 

deformities have used specific reduction guides applied to another area of the bone so that a 

generic plate can be applied (79,80). Having three separate customized components to the 

system including a cutting guide, plate and reduction guide could introduce more error than we 

encountered with this study but would need further investigation. In the author’s opinion, a 

discrepancy of 4-5° would not be detrimental to the clinical outcome of most  patients but does 

offer some insight for any future surgical planning with this method.  Additional research would 

also be necessary to test variations in metal fabrications for future use of custom plates in 

clinical patients. 

Despite the torsional inaccuracies, the custom plate design offers certain advantages for 

this type of procedure. A common inconvenience of performing closing wedge ostectomies is 

the discrepancy created along the medial or lateral cortices of the femur during plating. 

Depending on the deviation of the cut location from the CORA, a “step” will often result 

between the proximal and distal segments of the femur making contact of the plate difficult in 
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that location. The plates were designed in order to accommodate that step, creating a highly 

unique fitted system that would perfectly realign the proximal and distal anatomical axis and 

correct the translational deformity caused by performing the ostectomy at a location where the 

ACA does not pass through the actual CORA on the tBL.  

The good repeatability of our DFCWO system provides information that has not been 

previously offered. As this is the first study to investigate DCWO repeatability on dogs ex vivo 

exclusively, further investigation will be required to say precisely whether 3D-printed patient-

specific guides and plates have the capacity to produce an excellent repeatable outcome in 

clinical patients.  

In addition to the main goal of this study, we used this opportunity to demonstrate the 

accuracy of the 3D-printed model dimensions by performing preoperative measurements on 

both the CT scans of the patient and their 3D-printed PolyJet femur which yielded comparable 

results. The mean difference between those measurements was 0.09° and 0.29° for aLDFA and 

AA, respectively. 

One limitation of our study was the small sample size which is due to the fact that few 

cases have presented requiring this method of surgical correction for patellar luxation and had 

owners willing to pursue this more expensive treatment. Since arbitrary targets were chosen 

for aLDFA and AA, theoretically any case with bilateral CT examinations of the hind limbs could 

have been used to investigate accuracy and repeatability of this system. However, given the 

considerable cost of 3D-printing technology, we chose to include only clinically relevant cases 

that could provide applicable information. One of the largest limitations involves the femoral 

alignment measurements of the various angles and the use of those measurements for then 
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designing the guides and plates. To date, there is no standardized methodology for measuring 

femoral alignment. Longo et al. (2018) described a novel 3D automated CAD method for 

evaluating frontal and transverse plane femoral deformities which produced the highest 

repeatability and reproducibility over radiographs and CT (54). This novel method could 

potentially become the new gold standard for measuring femoral alignment but would require 

breed-specific studies in order to establish normal values.  

Correcting femoral deformities have proven to be very complicated due to their multi-

planar aspects. The correction of a deformity in one plane can influence angles in the other 

planes. Assumptions were made during the design and manufacturing of the guide and plate 

that may have resulted in bias. Finally, this study was performed on femur replicas devoid of 

any soft tissues. Although the guides were created taking into account the soft tissue anatomy 

of the distal femur, it is evident that the absence of soft tissue facilitated the uncomplicated 

placement of the guide. A similar study could be performed which mimics the soft tissues of the 

thigh surrounding the femur to investigate if this has any influence on the accuracy or 

repeatability of the procedure. 

It is our hope that with this work, this information will be accessible to any surgeon who 

performs these procedures, thereby increasing the accuracy of femoral correction for MPL in 

dogs. In addition, using 3D-printing technology, instead of the sole use of advanced imaging, 

will simplify the surgical process and make these techniques more readily available to the 

novice surgeon.  With this method of surgical planning comes a greater understanding of 

specific anatomy in order to comprise a detailed surgical plan or improve technical skills by 

practicing a procedure in advance without compromising the patient. 3D-printed models are 
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exceedingly useful for teaching and training novice surgeons. It has been shown in human 

medicine that surgeons who trained using models had better skills than those who did not, 50% 

of which was attributed to the use of excessive force by those who did not train using models 

(94). Another study which asked medical students to compare the effectiveness of anatomical 

learning between 3D-printed models and cadavers found that students were not disadvantaged 

from using 3D-printed models over traditional methods (95). A systematic review of 3D-printing 

techniques used in human medical settings found surgical guides to be the most popular 

medical application, which improved clinical outcomes and aided in the reduction of operation 

room time (96) These advances in 3D-printing technology will only improve the quality of care 

while we continue to move forward in veterinary medicine. While all of the components 

mentioned such as computed tomography, 3D-printed models, virtual surgical planning, and 

custom 3D-printed surgical guides and plates have been used alone in different publications, 

the combination of all and assessment of these methods for validity and repeatability has not 

been reported in the veterinary literature.  

This study demonstrates a clinically applicable 3D-printed patient-specific DCWO 

surgical guide and plate system that provided near accurate correction of excessive femoral 

varus ex vivo. While the guide was less accurate for correction of torsion, the variation may not 

be clinically relevant and good repeatability was achieved for both femoral angulation and 

torsion. Further investigation of plate biomechanics and application in clinical patients is 

warranted.  
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