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Abstract

Introduction

Cranial cruciate ligament failure is one of the principal causes of canine lameness. Several

surgical procedures were proposed to achieve joint stabilisation; among these, the Modified

Maquet Procedure involves using a titanium foam wedge to achieve and maintain the tibial

tuberosity advancement. The force-plate analysis provides to objectively assess normal and

abnormal gait and the outcome of different surgical techniques. The study evaluates the out-

come of limbs that underwent Modified Maquet Procedure using land-force plate analysis

comparing the operated limb with its healthy contralateral one as a control.

Materials and methods

Thirty-five dogs with unilateral cranial cruciate ligament rupture were evaluated. Outcome

after surgery was assessed by orthopaedic and radiographic evaluations and force plate

gait analysis performed before surgery, at 15, 30 and 90 days after surgery. For objective

comparison of ground reaction forces, data of operated limb were compared to contralateral

limb on each time control and Symmetry Index at 90 days was determined. Healing radio-

graphic signs, minor and major complication were reported.

Results

A significant improvement in ground reaction forces was reached in all the treated limbs

between set time intervals. The median percentage increase in ground reaction forces was

constant from 15 to 90 days, with a Symmetry Index >9 in 54.2% of patients suggesting a

normal gait symmetry. A complete bone healing was noticed at 90 days follow-up radio-

graphic assessment. We experienced three major (8.5%) and one minor (2.8%)

complications.
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Conclusions

To the Authors’ knowledge, this is the first study in the veterinary literature that assessed

outcomes of dogs undergoing Modified Maquet Procedure for the treatment of cranial cruci-

ate ligament rupture using force plate gait analysis and healthy contralateral limb as a con-

trol group. Our results confirm that Modified Maquet Procedure is an effective method to

stabilise the stifle joint.

Introduction

Several surgical techniques have been described in the veterinary literature to address the cra-

nial cruciate ligament (CCLR) rupture considered the most common causes of pelvic limb

lameness in dogs [1]. Proximal tibial osteotomies such as tibial plateau levelling osteotomy

(TPLO) and tibial tuberosity advancement (TTA) have become increasingly popular over the

years [2, 3]. The use of TTA in dogs was firstly described in 2002 by Montavon et al. as a tech-

nique to neutralise cranial tibial thrust in dogs with CCLR [3]. Further adaptations of this tech-

nique include the Modified Maquet technique (MMT) and the Modified Maquet Procedure

(MMP, Orthomed, Huddersfield, UK) [4–6]. The latter technique was described in 2014 by

Ness. It involves the placement of a titanium foam wedge (fixed in place by one pin and by

cerclage wire or by a staple) to maintain the tuberosity’s advancement [5, 6].

The force-plate analysis is an objective, quantifiable and repeatable technique to assess nor-

mal and abnormal gait in dogs [7–11]. Measurement of ground reaction forces (GRFs) allows

the examiner to describe gait symmetry and to evaluate limb loading; Peak Vertical Forces

(PVFs) and Vertical Impulse (VI), in particular, when measured through the use of a pressure

plate, were found to be reliable indicators of clinical lameness in dogs and have been therefore

used as a method to assess clinical outcomes following surgical treatment for CCLR [7–14].

To our knowledge, there is only one study in the veterinary literature that assessed out-

comes of dogs undergoing MMP for the treatment of CCLR using force plate gait analysis and

healthy dogs as a control group [12].

This study aims to evaluate the outcome of limbs undergoing MMP surgery using land-

force plate analysis at set time intervals and the contra-lateral healthy limb as a control.

Materials and methods

Animals

Medical records of dogs referred to “Federico II” Veterinary Teaching Hospital (Naples, Italy)

for treatment of CCLR were reviewed. The presence of previous or concurrent orthopaedic

and neurologic disease (such as lumbosacral disease, hip dysplasia, contra-lateral CCLR),

weight inferior to 20 kg, and lack of complete force-plate data at every set time intervals were

considered as exclusion criteria. Data recorded included dog signalment, surgical and radio-

graphic findings, type of implant used, preoperative tibial plateau angle (TPA), pre-and post-

operative patellar tendon-tibial plateau angles (PL-TPA) and any intra- and postoperative

complication were recorded. Complications were classified as previously described by Cook

et al. into minor (not requiring additional surgical or medical treatment to resolve) or major
(requiring surgical or medical treatment to resolve) [15].

All procedures were performed for diagnostic and therapeutic purposes, and following the

European directive 2010/63/EU, no ethical approval was needed for this study. Besides these

procedures were carried out after informing the owners and getting their verbal consent.
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Preoperative evaluations

Clinical evaluation. A full orthopaedic and neurologic examinations were performed

before surgery (T0) to assess for potential exclusion criteria and to confirm positivity/negativ-

ity of cranial draw and cranial tibial thrust tests and presence/absence of palpable joint

effusion.

Force gait plate analysis. Force plate gait analysis was performed before surgery (T0) and

at 15 (T1), 30 (T2), and 90 (T3) days post-surgery. A 40x40 cm platform (PASPORT Force

Platform, PS-2141, PASCO scientific, California, USA) placed in a 4 m walkway was used to

record GRFs.

Before data collection, dogs were let walking free across the walkway for at least 15 minutes

to familiarise themselves with the environment and the operators. Each trial was considered

valid when the pelvic limb and the thoracic limb fully struck at the same time the surface of the

plate. The dogs were walked over the pressure plate until five valid trials were achieved. The

dog’s velocity was registered with a dedicated detector (Motion Sensor II, CI-6742, PASCO sci-

entific, California, USA), and only trials with a velocity of 1–1.3 m/s were accepted [16]. Dogs

were walked in both directions with a standardised starting position.

Force-to-time curve was generated by the computer-analysis system (PASCO Capstone™
software 2.2.2, PASCO scientific, California, USA). Registered kinetic GFRs were collected for

both pelvic limbs and included the peak of vertical force (PVF) and vertical impulse (VI). PVF

was defined as the maximum force exerted perpendicular to the surface during the stance

phase, while VI was the calculated area under the vertical force curve. Moreover, at T3-only,

the pelvic limbs’ Symmetry Index (SI) was calculated to assess if lameness was still present

[11]. As previously reported, an SI of 0 would indicate perfect gait symmetry whilst an SI > 9,

at walking velocity, was considered indicative of persistent lameness [7]. As previously

described, the GRFs parameters were normalised to body weight (PVF%BW, VI%BW) [17].

Preoperative radiographic assessment. A medio-lateral (ML) and a cranio-caudal

(CrCd) radiographic view of the affected and healthy stifle was performed before surgery to

confirm the presence/absence of joint effusion and to exclude concomitant stifle disease or

femoral and tibial deformities. The ML view was performed with the joint positioned as closely

as possible to 135 degrees and the femoral condyles over-imposed. Moreover, a ventrodorsal

hip extended view (VDS) and a Ventrodorsal hip flexed and distracted view (VDD) [18] were

acquired to rule out hip dysplasia and hip joint laxity. Finally, an ML view of the lumbo-sacral

junction was obtained to exclude advanced lumbosacral disease.

The amount of required advancement of the tibial tuberosity was measured on the ML

radiographic projection as previously described by Ness [6].

Surgical technique

All dogs were premedicated with intramuscular (IM) administration of 0.02 mg/kg of acepro-

mazine (Prequillan 10 mg mL -1, Fatro Spa, Italy) and 0.3 mg/kg of methadone (Semfortan 10

mg mL -1, Dechra Pharmaceuticals, UK). General anaesthesia was induced using intravenous

(IV) administration of propofol (2–4 mg/kg; Proposure 10 mg mL -1, Merial, France) and,

after endotracheal intubation, maintained with isoflurane (Isoflo1, Abbott) in 100% oxygen.

A nerve stimulated guided femoral and sciatic nerves block were performed using a total vol-

ume of 0.25 ml/kg of bupivacaine 0.25% (Bupivacaina Recordati; Recordati SpA, Italy) [19].

Intravenous cefazolin (22 mg/kg; Cefazolina Teva, Italy) was administered 30 minutes before

the surgery and every 90 minutes until the end of the surgery.

The surgical technique was performed as previously described by Ness [5, 6]. The affected

limb was clipped and aseptically prepared for surgery. A medial arthrotomy was performed
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and the use of a stifle distractor allowed inspection of the menisci and the cranial and caudal

cruciate ligaments. Meniscal tears were treated by partial meniscectomy. The intact medial

meniscus was treated by a medial meniscal release of the meniscal-tibial ligament. A dedicated

saw guide (Orthomed, Huddersfield, UK) was used to perform the tibial tuberosity’s osteot-

omy. Progressive advancement of tibial tuberosity was obtained by inserting different tempo-

rary wedges (Orthomed, Huddersfield, UK) of increasing size until the desired advancement

was obtained. The final titanium wedge was inserted in the osteotomy gap sitting 2 mm proxi-

mal to the Maquet hole. A 1.6 mm Kirschner wire (Alcyon, Italia) was inserted from cranial to

caudal through the tibial tuberosity and the titanium wedge into the caudal cortex of the tibia.

A 1.2 mm figure-of-eight cerclage wire or a dedicated staple (Orthomed, Huddersfield, UK)

were used as a tension band. The soft tissue and skin were closed in a routine fashion. Immedi-

ate postoperative CrCd and ML radiographs (T1) were performed to evaluate the wedge’s cor-

rect position and the PL-TPA.

Postoperative care

Methadone 0.1 mg/kg (Semfortan 10 mg mL-1, Dechra Pharmaceuticals, UK) was adminis-

tered during hospitalisation for analgesia IV every 4 hours.

Firocoxib (5 mg/kg, once daily, for five days) and cephalexin (20 mg/kg, twice daily, for

seven days) were dispensed at discharge.

Postoperative care consisted of 6 weeks confinement (cage or small room) when not on

leash walking, which was allowed up to 6 times daily, beginning at 10 minutes duration per

walk and gradually increasing to 30 minutes per walk by week 6. After six weeks, room con-

finement was allowed, but leash-only walking was encouraged for all dogs until week 12.

A follow-up orthopaedic examination was performed before force-plate analysis at T1, T2

and T3 to assess recovery progression and presence/absence of complications. Radiographic

follow-up assessment was instead performed at T2 and T3 to document bone healing progres-

sion and exclude implant-related complications. Bone healing progression at the osteotomy

site was considered satisfactory when new bone formation was noticed proximally and distally

to the titanium wedge, and it was bridging the tibial tuberosity to the tibial diaphysis.

Statistical analysis

The collected data were analysed using a specific statistics software package (IBM1 SPSS1

Statistics Version 26.0, IBM Corporation, Armonk, New York).

After verifying that the data of normalised kinetic variables (PVF%BWT0, PVF%BWT1,

PVF%BWT2, PVF%BWT3, VI%BWT0, VI%BWT1, VI%BWT2 and VI%BWT3) were not nor-

mally distributed through Shapiro-Wilk tests, a 2-tailed Wilcoxon matched-pairs signed rank

test was used to examine the differences of GFRs pre-and post-surgery (T0) and (T3) of the

operated limb. The significance level for all variables between limbs and times was set a priori

at P� 0.05.

Besides, a 2-tailed Wilcoxon matched-pairs signed rank test was used to examine both the

differences between healthy and affected limb values before surgery (T0) and the differences

between normal and operated limb values 90 days after surgery (T3).

Finally, Friedman’s ANOVA test for related samples was used to assess if a statistically sig-

nificant difference was noticed for each kinetic parameter of the operated limb over different

time intervals. Pair-wise multiple comparisons, provided by Dunn-Bonferroni test, was used

as a post hoc test.
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Results

Thirty-five dogs met the inclusion criteria of the study. The study population consisted of 20

females (8 neutered) and 15 intact males. At the time of presentation, mean ± standard devia-

tion (SD) age and weight were respectively 66.3 ± 29.9 months and 36 ± 8.4 kg. Table 1 shows

the distribution of canine breeds.

In the study population, the menisci status appeared normal in 6 stifles (17.1%) while dam-

aged in 27 (77.1%). The meniscal release was performed in 6 stifles (17.1%), and partial menis-

cectomy was performed in 27 stifles (77.1%). In two patients (5.7%), the meniscal status was

not reported. Preoperative TPA was 24.3˚ (± 2˚) (range 20˚ – 28˚); pre-and postoperative

PL-TPA were respectively 98.4˚ ± 4.3˚ (range 88˚– 105.7˚) and 89.7˚ ± 2.3˚ (range 87˚– 95.6˚).

The sizes of the wedge used were 10.5 mm (17 stifles, 48.6%), 9 mm (10 stifles, 28.6%), 13.5

mm (6 stifles, 17.1%), 12 mm (2 stifles, 5.7%). The figure-of-eight cerclage wire was used in 34/

35 patients (97.1%) (Fig 1); the staple was instead used in only 1/35 patients (2.8%).

No intra-operative complications were experienced. Immediate postoperative radiographs

revealed a fissure of the cortical hinge propagating from the Maquet hole in 22 limbs (62.8%).

None of these fissures received further surgical treatment, and all these dogs recovered

uneventfully with complete bone healing noticed at T3 follow-up radiographic assessment.

Three major (8.5%) and one minor (2.8%) complications were experienced in the postopera-

tive period. Major complications included surgical site infection in one limb (treated with a

course of cephalexin 20 mg/kg twice daily, for ten days) and a tibial tuberosity fracture in two

limbs (Fig 2). The clients of the last two cases reported that a major trauma had occurred at 22

and 38 days post-surgery whilst the dogs were left unsupervised. The only minor complication

that was encountered consisted of a seroma that spontaneously resolved within ten days.

Wilcoxon signed rank test on GFRs at T0 and T3 for the operated limb revealed a signifi-

cant improvement of PVF%BW (p< 0.000) and VI%BW (p< 0.001). At T0, a statistically sig-

nificant difference was present between GRFs of the healthy limb and the operated limb. (p<

0.000). After 90 days from surgery, despite there was an overall improvement in the kinetic

Table 1. Distribution of study population for breed, sex and wedge size.

Breed Sex Total Wedge

Male Female Size n

Labrador Retriever 6 5 11 9 5

10.5 5

13.5 1

Italian Cane Corso 2 1 3 10.5 2

13.5 1

Pitbull Terrier . 2 2 10.5 1

12 1

Rottweiler 1 1 2 10.5 2

Golden Retriever . 1 1 13.5 1

Dogue Argentine 1 . 1 10.5 1

Bull Mastiff 1 . 1 10.5 1

St. Bernard Dog . 1 1 10.5 1

Mixed breed 4 9 13 9 5

10.5 5

12 1

13.5 2

TOTAL 15 20 35

https://doi.org/10.1371/journal.pone.0256011.t001
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parameters than before surgery, a statistically significant difference persists between healthy

and operated limb for PVF%BW (p< 0.006) and VI%BW (p< 0.003).

As highlighted by Friedman’s ANOVA test results for related samples, significant differ-

ences in PVF%BW and VI%BW (p< 0.000) were shown over different time intervals on the

operated limb (Table 2).

The results of the pair-wise multiple comparisons (Dunn-Bonferroni test) indicate statisti-

cally significant differences between T0-T3 (p< 0.000) and T1-T3 (p< 0.001) for PVF%BW

and between T0-T3 (p< 0.000) and T1-T3 (p< 0.000) for VI%BW of the operated limb.

Moreover, the median percentage increase in GFRs at each time point highlights a slight

percentage decrease between T0 and T1 and a constant increase from T1 to T3 (Table 3).

AT T3, the SI of 19/35 patients (54.3%) was < 9, suggesting that relatively normal gait sym-

metry was present. Residual lameness was instead noticed in 16/35 patients (45.7%) whose

data showed a SI > 9.

Fig 1. Radiographic evaluation over time intervals. Fig 1 A: preoperative radiograph (T0), B: immediate

postoperative (T1), C: 30-days after surgery (T2), D: 90-days after surgery (T3).

https://doi.org/10.1371/journal.pone.0256011.g001
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Discussion

This study described the successful improvement in limb function achieved by 35 dogs with

unilateral CCLR that underwent MMP and whose outcome was objectively assessed by

sequential force-plate analysis.

Fig 2. Radiographic evaluation of tibial tuberosity fracture over time intervals. Fig 2 A: preoperative radiograph

(T0), B: immediate postoperative (T1), C: 30-days after surgery (T2), D: 90-days after surgery (T3).

https://doi.org/10.1371/journal.pone.0256011.g002

Table 2. GFRs for the operated limb from T0 to T3: Friedman’s ANOVA test values for related samples.

PVF% BW

T0 T1 T2 T3

Median Q1-Q3 Median Q1-Q3 Median Q1-Q3 Median Q1-Q3 p-value
28.52 [22.52–30.54] 27.97 [22.76–31.34] 31.01 [26.08–33.31] 34.78 [31.20–36.80] 0.000

VI% BW

T0 T1 T2 T3

Median Q1-Q3 Median Q1-Q3 Median Q1-Q3 Median Q1-Q3 p-value
10.06 [6.77–12.76] 9.88 [7.53–12.46] 12.04 [9.53–14.12] 13.64 [11.83–15.37] 0.000

https://doi.org/10.1371/journal.pone.0256011.t002
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The MMP technique is, in our experience, a relatively straight-forward technique that, simi-

larly to the TTA, allows the neutralisation of the shear forces of an insufficient stifle by achiev-

ing a final PL-PTA of 90˚ (± 5˚). One of the main advantages of this technique compared to

the traditional TTA and MMT consists in the use of a titanium foam wedge to support the

advanced tibial tuberosity and to provide early osteointegration due to its conductive role scaf-

fold [4–6]. A recent human study has demonstrated that bone tissue starts filling the pores of a

titanium foam scaffold as early as four weeks after implantation [20]. Our sequential radio-

graphs confirmed the titanium foam wedge’s early osteointegration at 30 days, followed by

complete osteointegration by 90 days post-surgery. The reported complication rate following

the MMP technique varies between 20% in a study reporting only a major complication rate

[12], and 23% in a study in which minor and major complications rate are summarised [6].

The major complications reported in a recent study included late meniscal lesions, implant

removal due to seroma formation, implant breakage or loosening, tibial fracture and wound

complications [12]. Our study experienced a relatively low major complication rate (8.5%);

one case developed a surgical site infection that required medical treatment to resolve, and two

dogs suffered a tibial tuberosity fracture. One of these two cases required revision surgery with

the application of a second figure-of-eight cerclage wire to stabilise the tuberosity 29 days after

surgery. The second case showed a breakage of the pin, mild proximal displacement of the tita-

nium wedge and the tibial tuberosity; this was managed conservatively with strict cage rest for

an additional 4 weeks, and his condition improved within 2 months. Both patients underwent

force gait plate analysis and radiographic evaluation at T3 and 150 days after surgery that

showed complete fracture healing. Despite progressive amelioration of the GRFs, both these

cases showed an SI > 9 that confirmed persistent lameness.

The minor complication rate that we experienced was low compared to the other clinical

studies about MMP [6, 12]. We decided not to include the development of intra-operative fis-

sure at the hinge cortex into the postoperative minor complication rate count, but if this is was

to be considered, our minor complication rate could be as high as 65.7% [21]. One study

reported that only 9.4% of these fissures subsequently led to postoperative fractures [22]. In

our cases, we presume that the development of a fissure of the cranial hinge cortex had a rela-

tively benign outcome because of the protective effect exerted by the cerclage wire tension

band that was applied intra-operatively in almost all cases.

The thickness of the cortical hinge has been identified as a risk factor for the development

of intraoperative fissures [23]. The speed at which the TTA is performed could also influence

the development of these fissures, and gradual advancement of the tibial tuberosity over several

minutes at small millimetres increments should reduce the incidence of fissure development

[22].

Use of force-plate analysis provided accurate and repeatable data on limb function and an

objective measurement of the efficacy of the MMP.

Trotting gait was shown to be more sensitive and accurate than the walking gait for the dif-

ferentiation of dogs with low-grade pelvic limb lameness from normal ones using force-plate

gait analysis [7]. However, a significant linear correlation was found between walk and trot in

dogs with severe lameness [24]. Acquisition of valid trials can also be extremely challenging at

Table 3. Median percentage increment of GFRs in operated limb from T0 to T3.

T0-T1 T1-T2 T2-T3 T0-T3

PVF% BW -1.93% 10.87% 12.16% 21,95%
VI% BW -1.79% 21.86% 13.62% 35.59%

https://doi.org/10.1371/journal.pone.0256011.t003
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the time of trotting a dog with severe lameness on the walkway [24], hence why, in the present

study, we chose to acquire data at walk and not at trot.

Our data revealed an overall improvement of the GRFs at every set point except in the first

15 days immediately after surgery. A certain degree of discomfort caused by the surgical

trauma is expected in the first few weeks after surgery, leading to a reduction in GRFs of the

operated limb. However, at T2 and T3, a statistically significant improvement of GRFs was

confirmed, suggesting that MMP seems to re-establish a relatively normal gait in the medium

term. It is worthy to note that, 54.2% of cases were considered sound by SI analysis. However,

a significant difference was not noticed for PVF and VI between healthy and operated limb at

the T3 interval. These findings are in line with the results of a previous study that showed that

TTA-treated cases did not achieve SI, similar to the normal control group until >300 days

after surgery [25].

Moreover, at T3, in 12/35 patients (34%) for PVF and 10/35 patients (28%) for VI, respec-

tively, the comparison between operated and normal limb showed an increased value of both

GFRs for the operated limb. Even if, until the end stage of the study, no one bilateral CCLR

was detected, these values could be interpreted as an initial failure of the contralateral cranial

cruciate ligament. However, in our opinion, these data could reflect simply the weight shifting

on the operated limb resulting more stable and painless of contralateral.

Force-plate analysis has been used in several studies to compare the clinical outcome of dif-

ferent surgical techniques objectively, and a cohort of healthy dogs has always been used as a

control group [10–12, 14]. GRFs are influenced by conformation and body size, making a

comparison with a control group not always reliable [26]. Previous study investigated MMP

outcome using healthy Labrador Retriever as control group does not report a statistical com-

parison about, body size and conformation, and does not taking into account the morphomet-

ric variability into the breed [12].

To our knowledge, this is the first study assessing the clinical outcome of MMP by use of

force-plate analysis and the contralateral healthy limb as a control.

There are several limitations of the present study that needs to be considered. The number

of animals included in the study is low; this represents the difficulty in recruiting and evaluat-

ing only unilaterally affected patients. The short-term follow-up is due to the choice to assess

the recovery limb function in the early postoperative period, and our cases may prove that

dogs undergoing to MMP were significantly less lame in this critical period after surgery [7].

The use of two platforms rather than one (as used in our study) may have helped to mini-

mise the variables involved with trial repetition [27]. Lastly, even if considered accurate for

detection of residual lameness, use of SI in dogs where the contralateral limb is used as control

could be influenced by several variables (e.g. dominant limb, behavioural lateralisation, paw

preference and side shifting) [27].

The results of our study confirmed that MMP is an effective method to provide dynamic

stabilisation in those stifle joints that suffer from cranial cruciate ligament insufficiency. The

use of the contra-lateral healthy limb as a control during force-plate analysis allowed us to

eliminate all those variables that would arise by using a different cohort of animals as a control

group.
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