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Hip dysplasia (HD) is a common orthopedic problem in young dogs. To decrease the laxity of the hip joint related to HD, the surgical treatments are recommended to increase femoral head coverage. ACEtabular rim eXtension (ACE-X) using a personalized 3-dimensional printed titanium shelf implant is a new surgical treatment to increase femoral head coverage and decrease laxity of the dysplastic hip joint, however, the efficacy is less know. Client-owned dogs older than 6 months with clinical signs of coxofemoral joint subluxation and radiographic evidence of HD with no or mild osteoarthritis (OA) were included. The Norberg angle (NA), linear percentage of femoral head overlap (LFO), and percentage of femoral head coverage (PC) were investigated radiographically and with computed tomography (CT) before and after surgery. OA was graded (scores 0–3) according to the maximum osteophyte size measured on CT. In addition, joint laxity (Ortolani) test results, gait analysis, and the Helsinki chronic pain index (HCPI) questionnaire were obtained at preoperative, immediately postoperative and at 1.5- and 3-month evaluations. Acetabular rim extension was performed in 61 hips of 34 dogs; NA, LFO, and PC were significantly higher immediately postoperatively and at the 1.5- and 3-month follow-up examinations compared with preoperative values (p < 0.05). Osteophyte size gradually increased over time (p < 0.05). The OA score significantly increased between preoperatively and directly postoperatively, and between preoperatively and at 3-month follow-up (p < 0.05). The laxity test normalized in 59 out of 61 hips after surgery, and the HCPI questionnaire showed that the pain score decreased significantly at 1.5 and 3 months, postoperatively. The force plate showed no significant improvement during the 3 months follow-up. Although pain reduction by the implant was unclear in short-term results, a personalized shelf implant significantly increased femoral head coverage and eliminated subluxation of the dysplastic hip joint. Further studies are required to study the long-term efficacy of gait, chronic pain, and progression of osteoarthritis.
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Introduction

Hip dysplasia (HD) is one of the most common orthopedic problems in young dogs with a prevalence of 0–73.4% depending on the breed (1). HD is a consequence of the disparity between primary muscle mass and disproportionately rapid skeletal growth, which leads to hip joint laxity (2–4). Laxity of the hip joint can lead to hip pain, progressive osteoarthritis (OA), and limb dysfunction (5). To decrease the development of hip OA, early treatment of HD is recommended.

Although non-surgical management consisting of lifestyle changes including body weight management, medication, physiotherapy, and exercise modification, will improve clinical signs related to HD in most dogs in the short term, the improvements are rarely maintained in the long term (6, 7). Currently, several joint-preserving surgical techniques are used to increase the coverage of the femoral head in young dogs with HD. These techniques include juvenile pubic symphysiodesis (JPS), double or triple pelvic osteotomy (DPO/TPO), and shelf arthroplasty or dorsal acetabular rim (DAR) arthroplasty (DARthroplasty) (8–12). JPS is mostly a prophylactic procedure in dogs younger than 5 months old. It involves using electrocoagulation to induce premature closure of the pubic symphysis. This procedure results in ventrolateral rotation of the acetabular rim which increases the acetabular angle by 12–21 degrees at 1 year of age when the surgery is performed at 12–24 weeks old (9, 13).

Double and triple pelvic osteotomy (DPO/TPO) are both procedures that are designed to increase acetabular ventroversion to increase femoral head coverage and minimize femoral head subluxation in dogs with excess hip laxity. TPO involves periacetabular osteotomies of the ilium, pubis, and ischium. After completion of the osteotomies, an ilial bone plate that corresponds to the desired amount of rotation is selected and applied. Despite modifications to the technique and the use of new plates, the postoperative complication rate of TPO ranges from 7 to 70% (14–17). In an effort to simplify TPO and reduce complications after TPO, a modified technique called DPO was developed. DPO is a variation that differs from the more traditional TPO in that the ischium is not cut resulting in a less mobile caudal iliac segment and preservation of pelvic geometry. Although the postoperative complication rates of DPO decreased to 8–21% (8, 10), this technique is invasive with extensive learning curves. Additionally, in bilateral hip dysplastic dogs, DPO/TPO is often performed in two separate sessions with a few months in between, thereby prolonging rehabilitation time and facilitating the progression of osteoarthritis in the untreated hip (10, 11, 18). Shelf arthroplasty or DARthroplasty is the procedure wherein either autologous corticocancellous bone grafts obtained from the iliac wing or synthetic materials such as a biocompatible osteoconductive polymer were placed on top of the hip capsule to extend the acetabular rim. By extending the acetabular rim, dorsal subluxation and lateral translation of the hip joint were reduced (3, 4, 19–22). These shelf arthroplasty procedures, although clinically effective, were considered suboptimal, as they do not provide consistent full coverage of the femoral head due to uncontrolled bone formation and/or have no long-term viability due to lack of osteointegration (3, 4, 23).

As a novel application of shelf arthroplasty, Willemsen et al. (24, 25) reported a patient-specific 3-dimensional (3D) printed titanium shelf implant for ACEtabular rim eXtension (ACE-X). The implant was designed according to computed tomography (CT) imaging of the pelvis and hip joints of individual dogs to optimally extend the dorsal acetabular rim and provide adequate coverage of the femoral head. In a proof-of-concept pilot study, the ACE-X implant diminished hip laxity and restored coverage of dysplastic hip joints in three clinically unaffected dogs without complication (24, 25). However, the short-term efficacy and safety of this novel patient-specific titanium shelf implant in clinically affected dogs suffering from HD remained to be investigated.

In the present study, ACE-X was performed in a cohort of young and adult with clinical signs of hip laxity due to HD. Intake and outcome results were assessed 3 months after surgery. It was hypothesized that ACE-X will increase femoral head coverage, diminish hip laxity, and relieve the pain of the dysplastic hip joints in clinically affected dogs in short-term monitoring.



Materials and methods


Study design

The study was designed as a prospective descriptive study, non-randomized, unblinded, self-controlled clinical trial with client-owned dogs and approved by the Veterinary Clinical Studies Committees (VCSC), Utrecht University, Utrecht, the Netherlands. The dogs remained under the care of their owners during the study period. The owners were informed about the purpose of the study, surgical ACE-X procedure, alternative treatment (e.g., conservative management or TPO/DPO treatments), treatment plan, and all potential complications (e.g., infection, implant failure, neurological deficits, and others) related to ACE-X treatment before they signed the consent form. Informed written consent was obtained from all owners prior to their dogs being entered into the study.



Study overview

Before implantation of the implant and during the 3-month follow-up period, clinical observation, imaging, force plate gait analysis, and the Helsinki chronic pain index (HCPI) questionnaires were conducted (Table 1).


TABLE 1 Study outline in months (m).
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Animals

Client-owned dogs older than 6 months with clinical signs related to hip dysplasia such as lameness, exercise intolerance, swaying gait, and positive joint laxity (Ortolani) testing with no or minimal evidence of radiographic OA (OA score 0–1) (26) were included in this study between December 2019 and March 2022. Dogs of either sex and any breed were eligible to be enrolled in this study. For inclusion and exclusion, the OA from preoperative radiographs was considered and graded according to the osteophyte size as described below in the Osteoarthritis Progression section. The exclusion criteria for study enrolment were an open acetabular growth plate [in puppies < 6 months old (1)], negative joint laxity testing, moderate to severe OA (OA score 2–3) (26), systemic disease, neurological deficits, and prior hip surgery. The minimum period between previous orthopedic surgery other than hip and ACE-X was 6 weeks. Before the start of the study, dogs had a wash-out period of analgesics for at least 4 days.



Radiographic and clinical assessment

Clinical exam included full orthopedic examination and hip joint laxity testing using the Ortolani test under sedation. Imaging was performed using both radiography and CT. Ventrodorsal hip-extended digitized radiographs of all dogs either present at referral or taken at baseline were categorized into five groups (A to E) by national HD screening panelists (BM and MT) based on the Fédération Cynologique Internationale (FCI) scoring protocol for canine hip dysplasia (27–30). CT scans (64-slice, Siemens SOMATOM Definition AS, Siemens Medical Solutions USA, Inc.) of both hip joints in extension were performed as described previously by Lopez et al. (31). CT images were obtained with the following parameters: 120 kV, 250 mAs, 1,000 ms tube rotation time, 0.6 mm slice thickness, 0.35 spiral pitch factor, and 512*512-pixel matrix. The radiographs and coronal CT images of both hip joints were used to measure Norberg angle (NA), linear percentage of femoral head overlap (LFO), and percentage of femoral head coverage (PC) as well as OA score (Figure 1). All radiographic measurements were evaluated by a single observer (IK) using either Xero Viewer software for DICOM files or IC Measure software for JPEG or PDF files.
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FIGURE 1
 Representation of Norberg angle (A, B), percentage of linear femoral head overlap (red line) (C, D) and percentage of femoral head coverage (yellow area) (E, F), as measured in coronal CT images compared between before (A, C, E) and after implantation of a titanium shelf implant for acetabular rim extension (B, D, F).



Norberg angle

The NA was measured as the angle between a line connecting both femoral head centers (FHCs) and a line from the FHC to the most (cranio) lateral point of the acetabular rim or implant rim that was outside of the femoral head circle (32, 33). If there was no single point, the most cranial part of the lateral line was chosen. For NA measurement, the CT images were adjusted to 10–50 mm slice thickness (Figures 1A, B).



Linear percentage of femoral head overlap

The LFO was measured by drawing a diameter line through the center of the femoral head and perpendicular to the craniocaudal axis. The LFO is measured as the percentage of the diameter line that shows femoral head coverage by the acetabulum or implant (red line) (33). For LFO measurement, the CT images were adjusted to 20–50 mm slice thickness (Figures 1C, D).



Percentage of femoral head coverage

The PC was calculated as the percentage of the total femoral head area which was covered by the acetabulum or implant (31). To determine this percentage, the femoral head circle is drawn. The area within this circle is considered 100%. Then, a line was drawn connecting the most lateral edges of the dorsal acetabular rim or implant rim. The area in the circle and medial from this line is the percentage coverage (yellow area). The area is calculated with the following formula, where S is the area of the smallest circle segment; A is the area of the femoral head circle, and l is the length of the line that crosses the circle. For PC measurement, the CT images were adjusted to 5–50 mm slice thickness (Figures 1E, F).
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Osteoarthritis progression

Osteoarthritis severity was scored by measuring the size of osteophytes on 2D CT images. OA was graded into 0 (no osteophytes present), 1 (osteophyte size < 2 mm), 2 (osteophyte size 2–5 mm), or 3 (osteophyte size > 5 mm) according to the maximum thickness (26). To avoid metal scattering of the implant at the cranial acetabular rim on CT, the osteophyte size was measured from three different positions (e.g., femoral neck and cranial and caudal acetabular rim) and from different sections of preoperative and postoperative CT in both coronal and transverse planes to find the maximum size of osteophyte before scoring OA.




Implant design

The titanium implants were designed at University Medical Centre Utrecht from preoperative CT images of the complete pelvis as described by Willemsen et al. (24), using Mimics (version 24, Materialise, Leuven, Belgium) for segmentation of the DICOM files and 3-Matic (version 16, Materialise, Leuven, Belgium) for implant design. Like the implants described by Willemsen et al. (24, 25), the implants consisted of two subsections as follows: the implant–bone interface or attachment part and the acetabular rim extension part (Figure 2). The attachment part was designed with a porous inner shell (1 mm sized Dode-Medium unit cell) and incorporated four screw holes and an additional ventral ilium flange for ease of positioning. A 2.7 or 3.5 mm stainless steel cortical screw (DePuy Synthes, Raynham, MA, United States) and three 2.7 or 3.5 mm stainless steel locking screws (DePuy Synthes) were used for the fixation of the implant. All screws were placed bicortically. The acetabular rim extension part was designed to extend the Norberg Angle (NA) 25–35 degrees more according to the original NA of each hip. Additionally, the acetabular rim extension part received a 1–1.5 mm offset to allow the interposition of the hip capsule between the implant and the cartilage of the femoral head.
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FIGURE 2
 Photographs of the titanium shelf implant for acetabular rim extension. (A) The implant was fixed on the right ilium of a 3D-printed plastic model of a dog's pelvis using one cortical screw (1) and three locking screws (2–4). (B) Ventral ilium flange (arrow) of the attachment part cranial to the insertion of the rectus femoris muscle (*) improved positioning and stabilization of the implant. The acetabular rim extension part (arrowhead) of the implant increased femoral head coverage. (C) The bone-facing back side of the implant showed the porous surface (arrow) at the attachment part and offset (arrowhead) of the acetabular rim extension part.


The implants were produced from medical grade titanium alloy Ti-6Al-4V ELI grade 23 by direct metal printing using a ProX DMP320 machine (3D Systems, Leuven, Belgium). After that, the implants were postprocessed which included an in-house stress release, CNC milling of the locking threads, mirror polishing, and ultrasonic cleaning by the implant manufacturer. Additionally, final manual cleaning and autoclave sterilization were performed by our in-house sterilization facility. The general estimated lead time in implant manufacturing was 6–8 weeks.



Surgical procedure

The surgeries were performed by a board-certificated veterinary surgeon (BM) under the standardized general anesthesia protocol. The dogs were positioned in lateral recumbency with the treated limb up. The craniodorsal approach to the hip (34) was slightly modified to identify the landmarks for implant positioning. In brief, the skin incision was oriented cranially to the greater trochanter, and the incision was made in the superficial leaf of the tensor fascia latae muscle along the cranial border of the biceps femoris muscle. The biceps femoris muscle was retracted caudally. Superficial and middle gluteal muscles were retracted dorsally. Tenotomy of the deep gluteal muscle was performed close to the insertion, and a stay suture was preplaced. The deep gluteal muscle was retracted dorsally and carefully freed from the joint capsule and its attachment to the ilium. The insertion of the rectus femoris muscle was identified as cranial to the dorsal acetabular rim which corresponded to the curvature on the implant, just caudal to the flange, and leaving the insertion free (Figure 2B(*)). The ventral rim of the ilium cranial to the attachment of the rectus femoris was freed for placement of the implant's flange. A periosteal elevator was used to remove all remaining soft tissues from the iliac body, preparing for the positioning of the attachment part of the implant and stimulating bone in-growth in the porous layer. The attachment part of the shelf implant was placed at its designated site, and the rim extension part was positioned over the hip joint capsule ensuring that hip laxity was reversed. The shelf implant was fixed with three stainless locking screws (3.5 or 2.7 mm, DePuy Synthes, Raynham, MA, United States) and one cortical self-tapping screw (3.5 or 2.7 mm, DePuy Synthes, Raynham, MA, United States). The non-locking bicortical screw was fixated first to maneuver the implant to its designated (designed) location and was further fixated with three locking bicortical screws. Fluoroscopy (Philips® model NZS 229, Eindhoven, the Netherlands) was used from dog 10 onward (based on ongoing insight), after placement of the first screw to confirm the correct implant position before placing the last three screws. After implantation, the range of motion of the hip joint was tested for possible impingement between the implant and the major trochanter. In addition, the hip subluxation (Ortolani) test was repeated with the implant in situ.

Muscle closure was started by placing 1–2 locking loop sutures on the deep gluteal tendon using polydioxanone (PDS, Ethicon Inc., Somerville, NJ, United States). The tensor fascia latae muscle was opposed and sutured to the middle and superficial gluteal muscle and the biceps femoris muscle using interrupted PDS sutures. The subcutaneous tissue was closed using interrupted sutures poliglecaprone 25 (Monocryl, Ethicon), and the skin was sutured using interrupted sutures polyamide (Ethilon, Ethicon). An immediate postoperative radiograph and CT were performed to evaluate the accuracy of the implant placement. The surgical time from skin incision until skin closure of each hip was recorded. If a single-stage bilateral procedure was performed, the right hip was operated first with the dog in left lateral recumbency. After completion of ACE-X surgery on the right hip, the dog was placed in the right lateral recumbency. Following aseptic preparation of the left hindlimb, a similar procedure as executed on the right side was performed on the left side.



Preoperative and postoperative care

Before anesthesia, dogs were categorized using the American Society of Anesthesiologists (ASA) patient scale as 1 or 2 (scale of 1–5). Epidural anesthesia was performed in all dogs by administering morphine (0.1 mg/kg) diluted with levobupivacaine (1 ml/5 kg) in the epidural space between the seventh lumbar vertebra and sacral bone. An indwelling Foley urinary catheter was placed for 12–24 h in all dogs. Cefazolin 20 mg/kg was injected intravenously 30 min before incision and every 90 min perioperatively. A non-steroidal anti-inflammatory drug (carprofen 2 mg/kg orally twice daily) and gabapentin (10 mg/kg orally every 8 h) were prescribed for continued analgesia at home for 14 days. In hyperactive dogs, trazadone hydrochloride (2–5 mg/kg, orally, 1–2 times per day) was also given for 7–14 days. Following surgery, all dogs were hospitalized for 24 h. Dogs were allowed to bear weight on the treated leg(s) immediately after surgery without abdominal support. When at home, incremental supervised activity on the leash (no running, playing, or jumping) was recommended for 6 weeks. The skin sutures were removed 14 days postoperatively. Professional physiotherapy and/or hydrotherapy were advised 2 weeks after surgery.



Gait analysis

Before surgery, at 1.5 and 3 months after surgery, ground reaction forces (GRFs) were measured using a quartz crystal piezoelectric force plate (Kistler type 9261, Kistler Instrument AG, Winterthur, Switzerland) together with the Kistler 9865E charge amplifiers as described previously (35, 36). The force plate was 60 cm wide and 40 cm long and was mounted at the same level as the floor surface in the center of an 11-m long walkway. The force plate surface was adjusted to two smaller sizes as follows: 60*30 cm and 60*25 cm depending on the body length of the dog. GFRs were measured in mediolateral (Fx), craniocaudal (Fy), and vertical (Fz) directions. The dogs were walked over the force plate at a constant speed, and the velocity was measured by two photocells mounted 3 m apart. Measurements in which both the ipsilateral thoracic and pelvic limbs had contact with the plate were included. A minimum of 4–10 valid trials from each limb were kept for data analysis. All forces were normalized with respect to the dog's body weight. The breaking and propulsion forces from Fy direction, peak vertical force (PVF), vertical impulse (VI) and pelvic (P), and thoracic (T) index (P/T index) from Fz direction were calculated. Since most dogs in this study had bilateral ACE-X implantation and this may lead to a shift in forces from the hind limbs to the front limbs, we also calculated the P/T index of the PVF of the same side as a measure of hindlimb function.



Owner assessment of pain-related behavior

The Helsinki chronic pain index (HCPI) questionnaire was translated into Dutch and English and supplied to the owners before surgery and at 1.5 and 3 months after surgery. As previously described (37, 38), the HCPI total score was constructed as the sum of answers to 11 questions. Each answer could be chosen from a five-point descriptive scale and was later tied to a score (0–4). Scores 0–1 fitted with normal dog behavior or locomotion while scores 2–4 fitted with abnormal behavior or locomotion. Therefore, the minimum total index score was 0, and the maximum total index score was 44. On the HCPI, the owners were asked to select only one answer to each question that best described their dog's behavior on the 11 questions including mood, play, vocalization, walking, trotting, galloping, jumping, laying down, getting up, moving after rest, and moving after major exercise. While answering the questionnaire, the values and how to compute the total score were not available to owners. The total index score for each dog was then converted to a percentage by dividing the score by the maximum index score of the answered questions for further analysis. When the dog's total index score was higher than 25%, this was interpreted as a dog being in chronic pain. The total index score lower than 13.6% was indicated as the dog is not being in pain. A total index score between 13.6 and 25% was considered inconclusive (37, 38).



Statistical analysis

The normality of each parameter was checked by the Q-Q plot (SPSS version 28, IBM, NY, United States). The radiographic outcomes were analyzed by repeated measured ANOVA. Due to missing values, gait analysis data and HCPI data were analyzed by a generalized linear mixed model. The results of the OA score were analyzed using related samples from Friedman's two ways analysis of variance. The Kruskal–Wallis test was used to evaluate the altered osteophyte size over time between dogs with preoperative OA scores 0, 1, and 2. The Bonferroni post-hoc tests were performed to compare differences between time periods and OA score groups. The independent t-test was used to compare surgical time spent between the left and right hip. Relations of outcome results between radiography and CT, between lead time and osteophyte size, between GRFs and HCPI, and between osteophyte size and GRFs were analyzed using Pearson's and Spearman's correlations. Values with p < 0.05 or less were considered significant.




Results


Animals

Between December 2019 and March 2022, 34 client-owned dogs with 62 dysplastic hips met the inclusion criteria and participated in this study. One hip was excluded on the day of surgery due to hip laxity progression to a luxoid state. Therefore, 61 hips (34 dogs) were enrolled in this study. Breeds were identified as a mixed breed (n = 8), Labrador Retriever (n = 4), Bernese Mountain Dog (n = 3), Australian Shepherd Dog (n = 3), English Springer Spaniel (n = 2), Labradoodle (n = 2), Stabyhoun (n = 2), and other purebred dogs (n = 10). The population included 24 males and 10 females, median age of 12 months old (range 7–38 months old) and a median body weight of 27.3 kg (range 12–86 kg). A total of seven dogs were operated on unilateral hips, and 27 dogs were operated on bilateral hips. In total, seven dogs from the bilateral group received surgery in two separate sessions with a median time between sides of 92 days (56–524 days). There were 31 right hips and 30 left hips (see Supplementary Table).



Implantation, complications, and concurrent surgical treatments

The median lead time for implant manufacturing was 74 days (range 45–174 days). The median time from implantation to the 1.5-month follow-up time marker was 45 days (range 24–65 days) and to the 3-month follow-up time marker was 94 days (68–106 days). The mean surgical time was 91 ± 22 min per hip. Mean surgical time for the right (99 ± 21 min) and left hips (84 ± 21 min) differed significantly (p = 0.008). A total of 33 dogs were discharged from the hospital 24 h after surgery. One dog remained hospitalized for 48 h due to ambulatory posterior paresis caused by the epidural block. Clinical signs in this dog resolved spontaneously before discharge.

Like any orthopedic surgery, ACE-X surgery carries the risk of potential complications. Potential perioperative complications are imperfect ACE-X implant/screw positioning and excessive bleeding. The potential minor postoperative complications that can be encountered are superficial surgical site infections, transient neurological deficits, and minor progression of osteoarthritic changes. The potential major complications that can be encountered are deep surgical site infections, implant failure, permanent neurological deficits, and severe increase in osteoarthritic changes leading to impairment of limb use. In this study, perioperative complications were found in three hips (4.9%) of three dogs (no 7, 9, and 14). A total of two dogs (no 7 and 9) had imperfect positioning of the implants (4–5 mm cranio-caudal deviation from planned) and received revision surgery immediately after CT imaging to correct implant placement. Based on these experiences and ongoing insight, fluoroscopy was introduced from dog 10 onward. In dog number 14, the cortical screw was judged to be marginally penetrating the joint surface, and the dog received revision surgery the next day replacing the implant and correcting the screw trajectory. After dog number 14, no further revision surgeries were performed within 24 h after ACE-X in the remainder of the dogs in this cohort. Within 3 months of follow-up, concurrent orthopedic diseases were surgically treated in two dogs. One dog received tibial plateau leveling osteotomy (TPLO) to treat cranial cruciate ligament rupture, while another dog received bilateral elbow arthrotomy to treat medial coronoid disease.



Assessment of hip joint laxity testing (Ortolani sign)

All treated hips had a positive Ortolani sign preoperatively at intake. However, the Ortolani sign tested negative in six hips during the preoperative evaluation on the day of surgery. Postoperatively, all except two hips tested Ortolani negative; one hip had a positive Ortolani sign immediately after surgery, and another hip had a positive Ortolani sign at 1.5 months follow-up.



Radiographic outcomes

The FCI scores of 61 treated hips by preoperative radiographs were B (n = 7), C (n = 8), D (n = 22), and E (n = 24). At 1.5 months follow-up, 33 dogs (57 hips) returned to the clinic for re-evaluation and attained ventrodorsal hip extended radiographs. The NA, LFO, and PC increased significantly directly postoperatively and at 1.5 months follow-up compared with those preoperatively at intake (Table 2).


TABLE 2 Results in dogs with hip dysplasia that underwent acetabular rim extension with a titanium shelf implant as measured preoperatively (at inclusion), postoperatively (T = 0), at 1.5 months (T = 1.5 m), and at 3 months (T = 3 m) follow-up.
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At 3 months follow-up, 23 dogs (38 hips) returned to the clinic for re-evaluation and attained CT scans of the hip joints. Like 1.5 months follow-up, the NA, LFO, and PC measurements from CT increased significantly directly postoperatively and at 3 months follow-up compared with preoperatively at intake. When LFO was compared directly postoperatively and at 3 months follow-up, a small significant decrease in LFO was noted (Table 2).

The OA scores from the preoperative CT planning at intake (61 hips) were 0 (n = 15), 1 (n = 31), and 2 (n = 15), and they significantly changed to OA scores 0 (n = 13), 1 (n = 19), and 2 (n = 29) at the day of surgery (T = 0) (p < 0.001). Median OA score of 3-month follow-up (38 hips) (2; range 0–3) differed significantly from preoperative OA score at intake (1; range 0–2) (p = 0.002) but did not significantly differ from the day of surgery (T = 0) (1; range 0–2) (p = 0.325) (Figure 3A). Mean (±SD) osteophyte size increased significantly over time from preoperative CT at intake (1.26 ± 0.84 mm) to the day of surgery (T = 0) (1.86 ± 1.28 mm) and at 3 months follow-up (2.35 ± 1.73 mm) (p < 0.05) (Figure 3B). The median increase in osteophyte size from postoperative CT at the day of surgery (T = 0) to 3 months follow-up CT (T = 3 m) (38 hips) was not significantly different between the three groups of OA scores 0 (0 mm, range 0–1.1 mm), 1 (0.1 mm, range −0.7 to 1.5 mm), and 2 (0.5 mm, range −0.2 to 2.3 mm) (p = 0.074) (Figure 3C).
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FIGURE 3
 Preoperative and postoperative osteoarthritis score (A) osteophyte size (B), and comparison of osteophyte size growth between T = 0 (postoperatively) and T = 3 months (3 m) grouped by OA score at the day of surgery (T = 0) (C). Osteoarthritis score and osteophyte size were measured, respectively, on CT images of the hip joints, preoperatively at intake, T= 0 (postoperatively), and T= 3 months (3 m). (A) Each bar represents the number of hips in each OA score at each time point. (B) Each bar represents the mean osteophyte size ± SD. (C) Each dot represents the changes of osteophyte size between T = 0 and T = 3 m. *p-value of < 0.05 using the Bonferroni correction for multiple tests, **p-value of < 0.05 using related samples for Friedman's test.


At 3 months follow-up, 12 dogs with bilateral HD that underwent unilateral ACE-X surgery returned to the clinic and attained CT scans. There was no significant difference in osteophyte size between the treated and the non-treated hip group. In the non-treated hip group, osteophyte size increased significantly 3 months postoperatively (2.04 ± 1.89 mm) compared with preoperatively (0.68 ± 1.08 mm) (p = 0.004), whereas this change was not significant in the treated hip group. The change in osteophyte size between the day of surgery (T = 0) and at 3 months follow-up (T = 3) was not significant for both groups (Figure 4).
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FIGURE 4
 Preoperative and postoperative osteophyte size compared between treated hip (black bar) and non-treated hip (white bar) group for 3 months (m) postoperative follow-up in 12 dogs with bilateral hip dysplasia that underwent unilateral acetabular rim extension surgery. Each bar represents the mean osteophyte size ± SD. *p-value < 0.05 using the Bonferroni correction for multiple tests.




Kinetic gait analysis

Ground reaction forces were measured preoperatively (n = 48) at 1.5 months (n = 47) and 3 months (n = 31) follow-up. Significant differences were noted in the peak vertical force (PVF) and P/T index between preoperative evaluation and at 1.5 and 3 months follow-up. In addition, the propulsion force differed significantly between the preoperative evaluation and 3 months of follow-up (Table 2).



Owner assessment of pain-related behavior

Helsinki chronic pain index (HCPI) questionnaires were collected from the owners pre-operatively (n = 25) at 1.5 months (n = 20) and 3 months follow-up (n = 14). The questionnaires were evaluated for each individual dog regardless of whether they had unilateral or bilateral ACE-X implantation. Significant differences were found in HCPI total percentage when comparing preoperative evaluation (31%) with 1.5 months (20%) and 3 months (17%) follow-up (Table 2).



Correlations

A statistically significant positive correlation was found between measurements of ventrodorsal hip extended radiographs and coronal CT images of the hip joints on NA (r = 0.95), LFO (r = 0.89), and PC (r = 0.91). A statistically significant negative correlation was found between an increase in osteophyte size and VI (r = −0.33) and propulsion force (r = −0.39).




Discussion

Canine developmental hip dysplasia has been shown to alter hip mechanics and promote the development of osteoarthritis, which can lead to impairment of hip joint mobility and chronic pain. This study intended to answer the following questions: (1) Does acetabular rim extension with a personalized titanium shelf implant improve femoral head coverage and normalize hip laxity and reduce osteoarthritis progression in dogs clinically affected by hip dysplasia in the short term? (2) Are the short-term functional results favorable, particularly in relation to chronic pain and limb use?

The postoperative morbidity after ACE-X surgery was low, the complication rate after 3 months follow-up was 4.9%, and most of these complications were minor consisting of imperfect implant positioning and misdirection of a screw, which was solved during the ongoing study by perioperative imaging. In TPO, the complication rates varied between 7 and 70% (14–17) and consisted of minor and major complications such as loosening of the screws, surgical wound infections, pelvic canal narrowing, excessive head coverage by the acetabular roof and subsequent impingement of the femoral head, delayed healing of the iliac and ischial osteotomies, peripheral nerve injury, loss of alignment of the axis of the ilium, and high morbidity, especially after simultaneous bilateral surgery. In DPO, the complication rates vary between 8.3 and 20.7% (8, 10) and mainly consist of implant failure or loosening and incomplete fracture of the ischial table. In ACE-X surgery for 3 months follow-up, no implant failures, no wound infection, and no neurological deficits except for one case with 24-h paraparesis due to epidural analgesia block were seen. Most likely, the dural sac was punctured and/or the analgesic agent migrated cranially to the (thoraco) lumbar region causing spinal anesthesia which is a reported complication during lumbosacral epidural anesthesia (39).

In this study, the mean surgical time for unilateral ACE-X implantation (91 ± 22 min) was shorter than that for TPO (107 ± 39 min) (40, 41). This is promising since the surgical time for ACE-X also included the learning curve time for the first hips and intraoperative imaging, and it is expected that ACE-X surgical time will further decrease with continued experience. The duration of unilateral ACE-X implantation on the right side (99 ± 21 min) was prolonged compared with the left side (84 ± 21 min). There are several explanations that may have contributed to this difference. One explanation is the effect during the tightening of the first screw on the acetabular rim extension part of the implant. Since all screws turn clockwise when they are tightened, the rim extension of the ACE-X implant may turn slightly clockwise on the right side (thereby minimally losing its perfect positioning), whereas on the left side, clockwise tightening of the first screw will turn the ACE-X implant to its perfect position. For this reason, fluoroscopy time on the right side may logically have taken more time than on the left side before perfect positioning was reached on the right side. Since surgery was performed in an academic institution with different surgical assistants (students, interns, and residents) in each dog, every bilateral procedure also included an educational part during the first (right) side, whereas on the second (left) side, the workflow was known to the surgical team contributing to a shorter surgery time. A major factor that contributed to shorter surgery times during the cohort study was improved exposure to the surgical field, especially the dorsal acetabular rim. Following tenotomy of the deep gluteal muscle and elevating the muscle from the hip capsule and its ilial insertion, the exposure of the dorsal acetabular rim was only sufficiently achieved by femoral abduction and flexion–exorotation of the stifle thereby releasing the tension on the complete gluteal muscle complex and increasing the surgical view on the dorsal acetabular rim and facilitating positioning of the implant during screw insertion.

Our case series consisted of a very different age-related study population since dogs in the age of 7–38 months old were enrolled. However, no adaptations in surgical technique, surgical approach, or surgical equipment were necessary when performing this surgery in skeletally immature or mature dogs. In addition, we did not experience any significant difference in terms of the difficulty of surgical approach or implant fixation between skeletally immature and mature dogs.

In this study, we assessed the increase of femoral head coverage by the implant by measuring NA, LFO, and PC. Based on the improvement of the mean CT NA (131°), LFO (76%), and PC (77%) at 3 months follow-up exceeding the minimum standard value of NA (>105°), LFO (>50%), and PC (>50%) (33, 42), the present study demonstrated that ACE-X implantation improved and provided for sufficient femoral head coverage. Furthermore, despite the small decrease of LFO at 3 months of follow-up (76%) compared with postoperatively (81%), the value at 3 months of follow-up was still higher than the standard minimal value (>50%). In addition, a minimal decrease of NA and PC (although not significant) was found at 3 months follow-up compared with postoperatively which was similar to the study of Vezzoni et al. (8). In the latter study, a minimal non-significant reduction of NA and PC at 2 months after DPO was found compared with 1 month and direct postoperatively. However, Petazzoni et al. (12) reported a minimal non-significant increase in NA, PC, and LFO at 8 weeks after DPO compared with direct postoperatively. A strong correlation was found between radiographic measurements and CT measurements indicating that one of the imaging techniques can be used for determining femoral head coverage after ACE-X implantation.

Like DPO/TPO (11, 14, 18), ACE-X implantation is intended to prevent or delay the progression of osteoarthritis. The inclusion of dogs in this cohort study was performed on the preoperative radiograph by the referring veterinarian (no or minimal OA), whereas OA scoring was conducted on the preoperative planning CT. From preoperative CT, the majority of the hips included in our study had minimal to no OA; however, < 25% had moderate OA. The time period between inclusion, planning CT, and time of surgery (i.e., lead time) was relatively long in some dogs. It was very clear that the OA score and osteophyte size already increased significantly during the lead time. Since the median design and manufacturing lead time before ACE-X implantation were more than 2 months, the increase in OA score and osteophyte size directly postoperatively (T = 0) compared with preoperative planning may be explained by continued hip laxity. Therefore, it is advised for future studies to improve the workflow efficiency between clinical diagnosis and delivery of the 3D print shelf implant in order to minimize the lead time as much as possible. Within this context, the progression of osteophyte size over 3 months follow-up in the dogs with OA score 2 (0.5 mm) was further advanced than in those with OA score of 0 or 1 indicating that ACE-X implantation is more suitable for dogs without osteoarthritis. This is in line with observations in DPO/TPO treatment where dogs with more advanced osteoarthritis preoperatively are more likely to have an unfavorable clinical outcome after surgery (43). Noteworthy, this is the first study that examined the progression of OA using CT, and it is anticipated that CT examination of the hips is far more detailed and accurate than radiographic examination used in other studies documenting the outcome of other hip surgical techniques like DPO/TPO or JPS. The previous studies showed that CT improved efficiency in the diagnosis of hip and elbow dysplasia and improved early identification of dogs predisposed to hip and elbow joint osteoarthritis (44, 45).

Despite an increase in the OA score and osteophyte size at different follow-up periods in the cohort of dogs, HCPI scores decreased, indicating a reduction in chronic pain after ACE-X implantation. The finding that clinical lameness and radiographic changes are not correlated was also shown previously by Innes et al. (46). The preoperative total HCPI score was 31%, indicating that most dogs were in chronic pain, and this score decreased to 18% at 3 months follow-up. Despite that the HCPI score was in the inconclusive zone at 3-month follow-up, this significant reduction indicated the ACE-X implant improved the dogs' wellbeing in the short term.

In contrast to the decrease in HCPI score at follow-up indicating clinical improvement, small significant changes were found in force plate data after ACE-X surgery still indicating somewhat impaired gait. A reduction in PVF, P/T index, and propulsion force was found at a 1.5-month follow-up. In addition, there was a reduction in propulsion force at 3 months follow-up when compared with the baseline and 1.5 months follow-up, indicating less weight bearing of the treated limbs. In this study, the force plate results may be explained by the low baseline values of PVF (40.86 ± 5.97 %BW) and P/T index (0.61 ± 0.1) which almost resemble the values of healthy dogs (PVF 40.4%, P/T index 0.63) (35), making it difficult to detect large changes in gait improvement. In addition to that, the follow-up period may be too short to detect significant improvements in limb function; muscle and tendon healing can require several months to a year after surgery, and insufficiently healed tissues might contribute to a decrease in limb use (47). Like our study, McLaughlin et al. (48) found a reduction of vertical forces at week 5 after TPO, but values gradually increased until the last visit at week 28. A negative correlation was found between osteophyte size and propulsion force and between osteophyte size and vertical impulse indicating that OA progression may influence limb function. The discrepancy between the reduction in HCPI score and lack of significant improvement of force plate data at short-term follow-up might have been caused by the relatively low walking speed used to evaluate the dogs on the force plate since most clinical signs of dogs with hip dysplasia are related to exercise (49). In addition, the force plate gait analysis only investigates a limited part of the complete motion spectrum of dogs that includes walking, trot, galop, jumping, playing, running, getting up, and lying down. In addition, owners may not be able to detect changes in subtle lameness or they may have been biased in their responses shifting their internal values since they were aware that their dogs have undergone (expensive) treatments which is inherent to the unblinded nature of our study (50–52). Moreover, Essner et al. (51) found some limitations of the HCPI questionnaire in two out of 11 questions; one mood item targets play behavior, which may be associated with age, breed, and personality of the dog. Another item is vocalization, which was less correlated with chronic pain. Future studies should consider including force plate gait analysis with e.g., trotting gait after exercise, lameness scoring by blinded veterinarians, and other validated questionnaires, e.g., the canine brief pain inventory score (CBPI) or the Liverpool Osteoarthritis in Dogs (LOAD) questionnaire.

The Ortolani test is the most common palpation technique that is used in veterinary medicine to diagnose functional hip joint laxity in young dogs (4–12 months of age) and showed sufficient sensitivity in the prediction of the development of canine hip dysplasia at a later age (53, 54). Radiographic views of the dorsal acetabular rim (DAR views) and distraction-based radiographic techniques can aid in the determination of hip joint laxity. However, due to the shape of the ACE-X implant, postoperative DAR projections were not possible, and the PennHIP method was unavailable at our institution. Therefore, in this study, we monitored hip joint laxity using Ortolani's testing. In our case series, all hips except two became Ortolani test negative after ACE-X implantation indicating that overall, this procedure effectively reduced hip laxity in the short term. One dog with a postoperative positive Ortolani hip joint had insufficient coverage by the implant; the measured postoperative NA was lower than the minimum standard value of 105 degrees. The other dog had concurrent lateral patellar luxation grade 2 of the treated limb which might have contributed to atrophy of the quadriceps muscle group, one of the stabilizers of the hip joint (55, 56). In contrast to DPO, the positive Ortolani sign of most dogs in ACE-X surgery immediately became negative postoperatively, while, in DPO, it only slowly disappeared within 6 months postoperatively (8) and thus may still have contributed to persistent chronic pain after pelvic osteotomy. On the day of ACE-X surgery, six hips tested Ortolani negative while they tested positive at the preoperative evaluation for CT planning which was suspected to be the result of the long lead time (74 days; range 46–158 days) and the progression of OA, but no correlation between lead time and osteophyte size was found in the case series. Other secondary changes around the joint such as periarticular fibrosis might have reduced palpable laxity and might explain these differences between the baseline day of CT planning and the day of surgery. Nevertheless, in dogs with hip laxity due to HD, the rapid osteophyte formation due to cartilage damage and reactive soft tissue changes around the joint necessitate a short lead time between planning CT and the surgery date in order not to lose momentum and efficacy of ACE-X treatment.

Compared with DPO/TPO, the craniodorsal approach of the hip joint with the extension of the acetabular rim using the ACE-X implant was less invasive and less complex than performing two or three pelvic osteotomies in DPO/TPO. Moreover, the ACE-X surgery created immediate hip joint stability; therefore, it is anticipated that early postoperative rehabilitation may be achieved. After initial positive clinical experiences with unilateral ACE-X surgeries with fast gait recovery and low postoperative morbidity, we decided for the benefit of the dog to perform bilateral ACE-X procedures in one operative session. Within this context, bilateral DPO/TPO in a single session is more challenging, has a high complication risk, and is contraindicated in giant dogs (8, 14, 43). It is tempting to hypothesize that because ACE-X has a one-surgical approach strategy and there is no need for triple/double incisions and bone cuts as in TPO/DPO (8, 10), it may facilitate a faster learning curve for specialized veterinary surgeons.

In conclusion, an acetabular rim extension with a personalized 3D-printed titanium shelf implant improves femoral head coverage and normalizes hip joint laxity. Shelf arthroplasty with ACE-X implants has no need for pelvic osteotomies and is associated with low postoperative morbidity and fast gait recovery allowing bilateral procedures in one operative session. The less demanding surgical technique, preservation of pelvic geometry, and almost no short-term postoperative complications make ACE-X surgery an attractive alternative to DPO/TPO. Further studies are required to evaluate the long-term efficacy of ACE-X surgery in dogs with hip dysplasia, with special emphasis on the preservation of hip congruency, elimination of hip joint laxity, and assessment of osteoarthritis progression. For this purpose, long-term follow-up examinations using the PennHIP method or laxity index using the Vezzoni-modified Badertscher distension device are required to objectively determine the outcome of ACE-X surgery. Moreover, improvement of limb use, radiographic osteoarthritis progression, and the accuracy of implant placement and implant migration over time should be evaluated.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

Ethical review and approval was not required for the animal study because all dogs in this study received the standard of care, therapeutic, and diagnostic work-up. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

BM, MT, BW, HW, TH, and RS contributed to the conception and design of the study. BM performed surgeries. IK and BM collected data. KW and JM designed the implants. IK organized the database, performed the statistical analysis, and wrote the first draft of the manuscript. BM, JM, KW, and FV wrote sections of the manuscript. All authors contributed to the manuscript revision and read and approved the submitted version.



Funding

The present study was financially supported by several grants, i.e., the European Investment funds Interreg VA Flanders, the Ministry of Economic Affairs (NL), and the Provinces Limburg (NL) and Flemish-Brabant (B) for the project PRosPERoS (PRinting PERsonalized orthopedic implantS), by funding from charity funds provided to Friends of VetMed (Vrienden Diergeneeskunde) for conducting the clinical dog study (i.e., K.F. Hein Fonds; Dinamo Fonds; Stichting Nijdier; Stichting Meijer Boekbinder Fonds; and Stichting Het Waardige Dier). Furthermore, this study was financially supported by the Dutch Arthritis Society (LLP22 and LLP12). IK is a holder of a scholarship from the Faculty of Veterinary Medicine, Kasetsart University, Thailand.



Acknowledgments

We would like to thank Arie Doornenbal for the technical support of force plate gait analysis, resident Tjarda Reints Bok, students Isabella van der Hoeven and Mats Neutal, and post-doctoral researcher Amir Kamali for helping in data collection, owners of patients with hip dysplasia, referring veterinarians, and veterinary technicians who were involved in this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1160177/full#supplementary-material



References

 1. Willemsen K, Möring MM, Harlianto NI, Tryfonidou MA, van der Wal BCH, Weinans H, et al. Comparing hip dysplasia in dogs and humans: a review. Front Vet Sci. (2021) 8:791434. doi: 10.3389/fvets.2021.791434

 2. Slocum B, Slocum TD. Pelvic osteotomy for axial rotation of the acetabular segment in dogs with hip dysplasia. Vet Clin North Am Small Anim Pract. (1992) 22:645–82. doi: 10.1016/S0195-5616(92)50061-4

 3. Lussier B, Lanthier T, Martineau-Doizé B. Evaluation of biocompatible osteoconductive polymer shelf arthroplasty for the surgical correction of hip dysplasia in normal dogs. Can J Vet Res. (1994) 58:173–80.

 4. Jensen DJ, Sertl GO. Sertl shelf arthroplasty (BOP procedure) in the treatment of canine hip dysplasia. Vet Clin North Am Small Anim Pract. (1992) 22:683–701. doi: 10.1016/S0195-5616(92)50062-6

 5. Wang Y, Prentice LF, Vitetta L, Wluka AE, Cicuttini FM. The effect of nutritional supplements on osteoarthritis. Altern Med Rev. (2004) 9:275–96. 

 6. Dycus DL, Levine D, Ratsch BE, Marcellin-Little DJ. Physical rehabilitation for the management of canine hip dysplasia: 2021 update. Vet Clin North Am Small Anim Pract. (2022) 52:719–47. doi: 10.1016/j.cvsm.2022.01.012

 7. Farrell M, Clements DN, Mellor D, Gemmill T, Clarke SP, Arnott JL, et al. Retrospective evaluation of the long-term outcome of non-surgical management of 74 dogs with clinical hip dysplasia. Vet Rec. (2007) 160:506–11. doi: 10.1136/vr.160.15.506

 8. Vezzoni A, Boiocchi S, Vezzoni L, Vanelli AB, Bronzo V. Double pelvic osteotomy for the treatment of hip dysplasia in young dogs. Vet Comp Orthop Traumatol. (2010) 23:444–52. doi: 10.3415/VCOT-10-03-0034

 9. Manley PA, Adams WM, Danielson KC, Dueland RT, Linn KA. Long-term outcome of juvenile pubic symphysiodesis and triple pelvic osteotomy in dogs with hip dysplasia. J Am Vet Med Assoc. (2007) 230:206–10. doi: 10.2460/javma.230.2.206

 10. Tavola F, Drudi D, Vezzoni L, Vezzoni A. Postoperative complications of double pelvic osteotomy using specific plates in 305 dogs. Vet Comp Orthop Traumatol. (2022) 35:47–56. doi: 10.1055/s-0041-1735288

 11. Johnson AL, Smith CW, Pijanowski GJ, Hungerford LL. Triple pelvic osteotomy: effect on limb function and progression of degenerative joint disease. J Am Anim Hosp Assoc. (1998) 34:260–4. doi: 10.5326/15473317-34-3-260

 12. Petazzoni M, Tamburro R. Clinical outcomes of double pelvic osteotomies in eight dogs with hip dysplasia aged 10-28 months. Vet Surg. (2022) 51:320–9. doi: 10.1111/vsu.13737

 13. Dueland RT, Adams WM, Patricelli AJ, Linn KA, Crump PM. Canine hip dysplasia treated by juvenile pubic symphysiodesis. Part I: two year results of computed tomography and distraction index. Vet Comp Orthop Traumatol. (2010) 23:306–17. doi: 10.3415/VCOT-09-04-0045

 14. Koch DA, Hazewinkel HAW, Nap RC, Meij BP, Wolvekamp WTC. Radiographic evaluation and comparison of plate fixation after triple pelvic osteotomy in 32 dogs with hip dysplasia. Vet Comp Orthop Traumatol. (1993) 06:09–15. doi: 10.1055/s-0038-1633049 

 15. Hosgood G, Lewis DD. Retrospective evaluation of fixation complications of 49 pelvic osteotomies in 36 dogs. J Small Anim Pract. (1993) 34:123–30. doi: 10.1111/j.1748-5827.1993.tb02630.x 

 16. Remedios AM, Fries CL. Implant complications in 20 triple pelvic osteotomies. Vet Comp Orthop Traumatol. (1993) 06:202–7. doi: 10.1055/s-0038-1633059 

 17. Rose SA, Bruecker KA, Petersen SW, Uddin N. Use of locking plate and screws for triple pelvic osteotomy. Vet Surg. (2012) 41:114–20. doi: 10.1111/j.1532-950X.2011.00927.x

 18. Guevara F, Franklin SP. Triple pelvic osteotomy and double pelvic osteotomy. Vet Clin North Am Small Anim Pract. (2017) 47:865–84. doi: 10.1016/j.cvsm.2017.02.005

 19. Tanaka H, Chiba D, Mori Y, Kuwahara Y, Baba K, Yamada N, et al. Long-term results of a modified Spitzy shelf operation for developmental dysplasia of the hip in adults and adolescents. Eur J Orthop Surg Traumatol. (2018) 28:1341–7. doi: 10.1007/s00590-018-2191-1

 20. Bartoníček J, Vávra J, Chochola A. Bosworth hip shelf arthroplasty in adult dysplastic hips: ten to twenty three year results. Int Orthop. (2012) 36:2425–31. doi: 10.1007/s00264-012-1665-8

 21. Slocum B, Slocum TD. Current Techniques in Small Animal Surgery. Baltimore, MD: Williums & Wilkings (1998). 

 22. Willemsen K, Doelman CJ, Sam ASY, Seevinck PR, Sakkers RJB, Weinans H, et al. Long-term outcomes of the hip shelf arthroplasty in adolescents and adults with residual hip dysplasia: a systematic review. Acta Orthop. (2020) 91:383–9. doi: 10.1080/17453674.2020.1747210

 23. Oakes MG, Lewis DD, Elkins AD, Hosgood G, Dial SM, Oliver J. Evaluation of shelf arthroplasty as a treatment for hip dysplasia in dogs. J Am Vet Med Assoc. (1996) 208:1838–45.

 24. Willemsen K, Tryfonidou M, Sakkers R, Castelein RM, Zadpoor AA, Seevinck P, et al. Patient-specific 3D-printed shelf implant for the treatment of hip dysplasia: Anatomical and biomechanical outcomes in a canine model. J Orthop Res. (2021) 40:1154–62. doi: 10.1002/jor.25133

 25. Willemsen K, Tryfonidou MA, Sakkers RJB, Castelein RM, Beukers M, Seevinck PR, et al. Patient-specific 3D-printed shelf implant for the treatment of hip dysplasia tested in an experimental animal pilot in canines. Sci Rep. (2022) 12:3032. doi: 10.1038/s41598-022-06989-9

 26. Lavrijsen IC, Heuven HC, Voorhout G, Meij BP, Theyse LF, Leegwater PA, et al. Phenotypic and genetic evaluation of elbow dysplasia in Dutch Labrador Retrievers, Golden Retrievers, and Bernese Mountain dogs. Vet J. (2012) 193:486–92. doi: 10.1016/j.tvjl.2012.01.001

 27. Fédération Cynologique Internationale, Brass W, Paatsama S. Hip Dysplasia: International Certificate and Evaluation of Radiographs. Helsinki: F.C.I. (1983).

 28. Butler JR, Gambino J. Canine hip dysplasia: diagnostic imaging. Vet Clin North Am Small Anim Pract. (2017) 47:777–93. doi: 10.1016/j.cvsm.2017.02.002

 29. Meomartino L, Fatone G, Potena A, Brunetti A. Morphometric assessment of the canine hip joint using the dorsal acetabular rim view and the centre-edge angle. J Small Anim Pract. (2002) 43:2–6. doi: 10.1111/j.1748-5827.2002.tb00001.x

 30. Fluckiger M. Scoring radiographs for canine hip dysplasia-the big three organisations in the world. Eur J Compagnion Anim Pract. (2007) 2:135–40. 

 31. Lopez MJ, Lewis BP, Swaab ME, Markel MD. Relationships among measurements obtained by use of computed tomography and radiography and scores of cartilage microdamage in hip joints with moderate to severe joint laxity of adult dogs. Am J Vet Res. (2008) 69:362–70. doi: 10.2460/ajvr.69.3.362

 32. Comhaire FH, Schoonjans FA. Canine hip dyslasia: the significance of the Norberg angle for healthy breeding. J Small Anim Pract. (2011) 52:536–42. doi: 10.1111/j.1748-5827.2011.01105.x

 33. Janssens L, De Ridder M, Verhoeven G, Gielen I, van Bree H. Comparing Norberg angle, linear femoral overlap and surface femoral overlap in radiographic assessment of the canine hip joint. J Small Anim Pract. (2014) 55:135–8. doi: 10.1111/jsap.12171

 34. Johnson KA. Approach to the craniodorsal aspect of the hip joint through a craniolateral incision in the dog. In:Piermattei's Atlas of Surgical Approaches to the Bones and Joints of the Dog and Cat. 5, ed. St. Louis, MI: Elsevier (2014). p. 322–7. 

 35. Suwankong N, Meij BP, Van Klaveren NJ, Van Wees AM, Meijer E, Van den Brom WE, et al. Assessment of decompressive surgery in dogs with degenerative lumbosacral stenosis using force plate analysis and questionnaires. Vet Surg. (2007) 36:423–31. doi: 10.1111/j.1532-950X.2007.00288.x

 36. Tellegen AR, Willems N, Tryfonidou MA, Meij BP. Pedicle screw-rod fixation: a feasible treatment for dogs with severe degenerative lumbosacral stenosis. BMC Vet Res. (2015) 11:299. doi: 10.1186/s12917-015-0614-3

 37. Hielm-Björkman AK, Kuusela E, Liman A, Markkola A, Saarto E, Huttunen P, et al. Evaluation of methods for assessment of pain associated with chronic osteoarthritis in dogs. J Am Vet Med Assoc. (2003) 222:1552–8. doi: 10.2460/javma.2003.222.1552

 38. Hielm-Björkman AK, Rita H, Tulamo RM. Psychometric testing of the Helsinki chronic pain index by completion of a questionnaire in Finnish by owners of dogs with chronic signs of pain caused by osteoarthritis. Am J Vet Res. (2009) 70:727–34. doi: 10.2460/ajvr.70.6.727

 39. Martin-Flores M. Epidural and spinal anesthesia. Vet Clin North Am Small Anim Pract. (2019) 49:1095–108. doi: 10.1016/j.cvsm.2019.07.007

 40. Borostyankoi F, Rooks RL, Kobluk CN, Reed AL, Littledike ET. Results of single-session bilateral triple pelvic osteotomy with an eight-hole iliac bone plate in dogs: 95 cases (1996-1999). J Am Vet Med Assoc. (2003) 222:54–9. doi: 10.2460/javma.2003.222.54

 41. Young-Sam K, Ji Hay L, Chang-soo J, Ye-eun B, Tomohiro K, Katsuyoshi N. Application of a modified triple pelvic osteotomy for treatment of hip dysplasia in dogs. J Vet Clin. (2005) 22:328–35. 

 42. Tomlinson JL, Johnson JC. Quantification of measurement of femoral head coverage and Norberg angle within and among four breeds of dogs. Am J Vet Res. (2000) 61:1492–500. doi: 10.2460/ajvr.2000.61.1492

 43. Vezzoni A. Complications of double and triple pelvic osteotomies. In:Complications in Small Animal Surgery. 1, ed. Wiley-Blackwell (2016). p.759–77. doi: 10.1002/9781119421344.ch112 

 44. Kunst CM, Pease AP, Nelson NC, Habing G, Ballegeer EA. Computed tomographic identification of dysplasia and progression of osteoarthritis in dog elbows previously assigned OFA grades 0 and 1. Vet Radiol Ultrasound. (2014) 55:511–20. doi: 10.1111/vru.12171

 45. Andronescu AA, Kelly L, Kearney MT, Lopez MJ. Associations between early radiographic and computed tomographic measures and canine hip joint osteoarthritis at maturity. Am J Vet Res. (2015) 76:19–27. doi: 10.2460/ajvr.76.1.19

 46. Innes JF, Costello M, Barr FJ, Rudorf H, Barr AR. Radiographic progression of osteoarthritis of the canine stifle joint: a prospective study. Vet Radiol Ultrasound. (2004) 45:143–8. doi: 10.1111/j.1740-8261.2004.04024.x

 47. Kirkby Shaw K, Alvarez L, Foster SA, Tomlinson JE, Shaw AJ, Pozzi A. Fundamental principles of rehabilitation and musculoskeletal tissue healing. Vet Surg. (2020) 49:22–32. doi: 10.1111/vsu.13270

 48. McLaughlin RM Jr, Miller CW, Taves CL, Hearn TC, Palmer NC, Anderson GI. Force plate analysis of triple pelvic osteotomy for the treatment of canine hip dysplasia. Vet Surg. (1991) 20:291–7. doi: 10.1111/j.1532-950X.1991.tb01270.x

 49. Fry TR, Clark DM. Canine hip dysplasia: clinical signs and physical diagnosis. Vet Clin North Am Small Anim Pract. (1992) 22:551–8. doi: 10.1016/S0195-5616(92)50055-9

 50. Essner A, Zetterberg L, Hellström K, Gustås P, Högberg H, Sjöström R. Psychometric evaluation of the canine brief pain inventory in a Swedish sample of dogs with pain related to osteoarthritis. Acta Vet Scand. (2017) 59:44. doi: 10.1186/s13028-017-0311-2

 51. Essner A, Högberg H, Zetterberg L, Hellström K, Sjöström R, Gustås P. Investigating the probability of response bias in owner-perceived pain assessment in dogs with osteoarthritis. Top Companion Anim Med. (2020) 39:100407. doi: 10.1016/j.tcam.2020.100407

 52. Hielm-Björkman AK, Kapatkin AS, Rita HJ. Reliability and validity of a visual analogue scale used by owners to measure chronic pain attributable to osteoarthritis in their dogs. Am J Vet Res. (2011) 72:601–7. doi: 10.2460/ajvr.72.5.601

 53. Chalman JA, Butler HC. Coxofemoral joint laxity and the Ortolani sign. J Am Anim Hosp Assoc. (1985) 21:671–6. 

 54. Ginja MM, Gonzalo-Orden JM, Melo-Pinto P, Bulas-Cruz J, Orden MA, San Roman F, et al. Early hip laxity examination in predicting moderate and severe hip dysplasia in Estrela mountain dog. J Small Anim Pract. (2008) 49:641–6. doi: 10.1111/j.1748-5827.2008.00629.x

 55. Di Dona F, Della Valle G, Fatone G. Patellar luxation in dogs. Vet Med. (2018) 9:23–32. doi: 10.2147/VMRR.S142545

 56. Maddox M. Luxating Patellas: Pathology Treatment Options. Today's Veterinary Technician (2017). p. 39–46. Available online at: https://todaysveterinarynurse.com/rehabilitation/luxating-patellas-pathology-and-treatment-options/ (accessed April 10, 2023). 



OPS/images/fvets-10-1160177-t001.jpg
Evaluations Preoperatively Postoperatively 1.5-month follow-up 3-month follow-up

(pre-op) (T=0) (T .5m) (T=3m)
Radiograph X x x -
CT scan x¥ X - X
Osteoarthritis scoring X x - X
Force plate gait analysis X - X %
Helsinki chronic pain index x - x x
questionnaire
General health assessment, X X X X
orthopedic examinations,
joint laxity testing

The date of the preoperative radiograph (inclusion) was usually earlier than the date of preoperative CT (planning for 3D printing of the shelf implant).
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Radiographic measurements (mean = SD) NA (%) 90 £ 12° 138+ 19° 136 £ 19° . <0.001*
LFO (%) 29+ 15° 81419 82+ 16> = 0.042*
PC (%) 35419 85+ 17° 834 18° - <0.001*
CT-scan measurements (mean = SD) NA (%) 87413 134+ 19" - 131 £20° <0.001*
LFO (%) 215 81+ 16° - 76 £ 19° <0.001*
PC (%) BEI17P 79+ 21° - 77 & 20° 0.002*
Ground reaction forces (mean %= SD) PVE (%BW) 40.86 £ 6" - 389 455" 39.21 4 4.4° 0.024*
P/T index 06101 - 056 £0.1° 058 £0.1° <0.001*
VI (%BW.5) 14.36 £ 2.9 - 14.04£29 13.68 3.3 0.118
Breaking force (%BW) 639+ 1.6 - 621+ 19 632£17 0.781
Propulsion force (%BW) 644+ 1.4 - 6.0+ 1.6 531+ 16" <0.001**
HCPI (%) (Mean = SD) 3144 £ 119 - 2039+ 10.9° | 17.69+10.8° | <0.001%*

NA, Norberg angle; LFO, linear percentage of femoral head overlap; PC, percentage of femoral head coverage; SD, standard deviation; PVE, peak vertical forces P/T index, pelvic/thoracic index;
VI, vertical impulse; BW, body weight; s, second.

HCPI (%) = 100%  total index score/maximum possible index score of the answered questions.

a=¢p_value of <0.05 from the Bonferroni correction, p-value* from repeated measure analysis, p-value®* from generalized linear mixed model.
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