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Abstract 

Introduction: The aim of the study was to determine the quality and significance of the magnetic resonance image of the 

canine knee after reconstruction in the oblique and double-oblique sagittal plane. This reconstruction and 3D images are rarely 

used in common protocols due to the longer study time they require. The study aimed to demonstrate significance for such 

diagnostic images in specific sequences in order to stimulate consideration of their more frequent use in diagnosis of diseases  

of the cruciate ligament in dogs. Material and Methods: All tests were carried out using an open magnetic resonance tomography 

scanner with magnetic field induction. The images obtained from the 30 canine patients examined were reconstructed and evaluated 

by independent appraisers. Statistical analysis was performed. Results: The study showed that MRI of the stifle joint using  

3D sequences provides higher quality images of the cranial cruciate ligament in dogs. The results of the statistical analysis showed 

that multi-faceted reconstruction allows the secondary determination of the oblique imaging planes and obtains images of adequate 

quality. Conclusion: It can be concluded that multi-faceted reconstruction facilitates the secondary determination of oblique 

imaging planes. This reconstruction additionally makes images available of better quality compared to the 2D sequence. 
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Introduction 

The technique of three-dimensional signal acquisition 

is not widely used. Although both the two- and three-

dimensional methods obtain a series of images of the 

tested object, in 3D sequences, the signal is additionally 

received in the direction of the 3D coding phase from the 

specified volume of the object. This means that the 

obtained data can be reconstructed (by Fourier 

transform) and the possibility is granted of changing the 

thickness of the layer and the imaging plane. The images 

obtained in 3D sequences have high tissue signal 

intensity, good signal-to-noise ratio (SNR), high image 

resolution, and fewer volume averaging artefacts. 

Unfortunately, the image acquisition time in 3D sequences 

is usually longer than in 2D sequences, which can 

potentially increase the risk of movement artefacts and 

cause the sequence to be repeated (35). 

Multi-plane reconstruction (MPR) of the obtained 

signal in order to gain a different imaging plane was used 

only in two works on the canine knee joint. In both cases, 

they employed high-field devices (12, 13). In the case  

of low-field devices, MPR reconstruction was used 

when imaging the knee joint of a marsh deer 

(Blastocerus dichotomous) (42). 

Particular interest in the possibility of image 

reconstruction can be observed in human medicine. 

Although it was mainly used in research with the application 

of high-field devices (16, 21, 30, 34, 35, 39, 47), its use has 

also been described with low-field systems in operation (31). 
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The low-field device image was characterised by lower 

spatial resolution and poorer quality, but it allowed more 

layers to be obtained in a given cross-section. 

The suitability of MPR in diagnosis has not been 

conclusively proven. Notohamiprodjo et al. (30) obtained 

comparable SNR and  (contrast-to-noise ratio) (CNR) 

values for layers (of equal thickness) after MPR and 2D. 

Lee et al. (31) obtained anterior cruciate ligament (ACL) 

images with higher SNR and CNR values than 2D 

sequences using 3D VISTA (Volume ISotropic Turbo 

spin echo Acquisition) sequences; unfortunately, they 

were less sharp, which did not affect the diagnostic 

possibilities, however. The use of MPR can potentially 

shorten the overall examination time and it made 

detection possible of small changes in the menisci and 

ligaments that were not noticeable in the 2D sequence 

images (47). The possibility of multi-faceted reconstruction 

consisting of very thin layers of the examined object 

without the need for gaps between them was taken 

advantage of image menisci in the transverse plane (31). 

Pass et al. (35) however, unlike previous authors, did not 

recommend replacing 2D sequences in three planes with 

images derived from MPR of 3D sequences because of 

deterioration in the accuracy of meniscus and cartilage 

damage detection. 

In order to improve the visualisation of the ligament 

in human medicine, it is recommended to lay the knee 

slightly rotated to the outside, or oblique imaging  

planes are used. In veterinary medicine, there is little 

information on canine cranial cruciate ligament (CCL) 

imaging plane choice. Most authors defined the plane 

“according to the course of the CCL”, usually in the 

sagittal plane (2, 17, 36, 37, 38, 41, 44). It was not until 

2007 that Winegardner et al. (46) further described the 

course of knee imaging planes used, including imaging 

the CCL. In 2014 in a study on anatomical preparation 

for imaging, Podadera et al. (36) determined the angle 

of bend of the knee joint and the course of the imaging 

plane which afforded the most accurate visualisation of 

the CCL. Standard sagittal plane imaging was carried 

out parallel to the medial condyle of the femur, and 

sagittal oblique plane imaging was also captured based 

on locating sequences in the frontal and transverse plane. 

Despite the use of skewed imaging planes in the study 

being novel, their significance was not analysed in 

detail. Similarly to previous authors, Fazio et al. (10) 

planned the oblique plane of CCL imaging. They used 

the locating sequence in the frontal plane, running lines 

parallel to the lateral femoral condyle. 

Most authors presented greater effectiveness of 

ACL imaging or finer detection of its damage using 

oblique planes (sagittal, frontal, transverse). However, 

the use of both the sagittal and oblique frontal planes in 

the protocol did not augment diagnostic effectiveness 

(20). Oblique imaging planes were also used for 

postoperative assessment, where additional oblique 

imaging planes (sagittal and frontal) increased the 

specificity and accuracy of graft assessment after ACL 

reconstructive surgery (19). 

The purpose of the present study was to determine 

the diagnostic value of the image obtained after multi-

plane reconstruction in the oblique imaging planes. This 

report also describes the consistency in assessment 

between the technicians surveying the images and the 

internal consistency of individual technicians. The study 

also determined the values of the angles of inclination of 

the oblique cross-sectional planes which allow the entire 

sacral ligament to be visualised. 

Material and Methods 

In the years 2014–2017, 30 mainly non-breed dogs 

of both sexes were assessed, aged 1.5 to 12 years 

(average age 5.2). The average weight of the dogs was 

25.1 kg (ranging from 13.5 kg to 45 kg). There were  

8 females (26.7%) and 22 males (73.3%). Most often, 

one joint was examined; 18 left (60%) and 12 right 

(40%) knee joints were inspected. If there were no 

contraindications, the animal was further qualified for 

the study based on clinical, orthopaedic and radiological 

examinations. In the event of suspected or established 

pathological changes (degenerative changes, tumours, 

metal implants, or fractures) in the knee joint and  

its surrounding area, the animal was excluded from 

further study. 

All tests were performed using an open magnetic 

resonance tomograph with magnetic field induction of 

0.245 T ± 5.0 mT (Vet-MR Grande, Esaote, Genova, 

Italy) permanent magnet, gradient strength of 20 mT/m, 

and gradient slew rate of 25 mT/m/s. A dedicated veterinary 

receiving dual-phase array knee coil with internal 

diameter of 14.3 × 16 × 18.3 cm was used. 

Magnetic resonance imaging was performed on 

animals under general anaesthesia. The animals were 

placed in the lateral position with the examined limb on 

top. The knee joint was placed in the coil. Using a plastic 

Saehan goniometer, the angle closest to the 

physiological angle, i.e., the normal standing angle, was 

fixed. The mean knee bend angle was 139° (SD 7.1°; 

range: 127°–151°). 

The knee imaging protocol used during the study 

consisted of a) a 2D spin-echo sequence of T1-dependent 

images obtained in three planes: sagittal, frontal, and 

transverse and b) a 3 D spin-echo sequence of T1-dependent 

images obtained in the sagittal plane. The detailed 

parameters of the imaging protocol used are presented  

in Table 1. 

In the sagittal plane, the course of the layers was 

determined thus: in the transverse image it was 

perpendicular to the tangent line to the caudal edge of 

the femoral condyle and in the frontal image 

perpendicular to the tibial plateau. In the frontal plane, 

the course of the layers was determined thus: in the 

transverse image it was tangential to the caudal edge of 

the femoral condyle, and in the sagittal image parallel to 

the patellar ligament. Lastly, in the transverse plane, the 

course of the layers was determined thus: in the frontal 
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image it was parallel to the tibial plateau and tangential 

to the femoral condyles, and on the sagittal image 

perpendicular to the straight patellar ligament. 

Data obtained with isotropic 3D sequences were 

used for MPR. It was performed after the test using 

dedicated software (Opi, release 1.2B E-MRI Brio 

BUILD_20 SP1, Esaote). 

The section plane was determined during geometric 

planning using images obtained in the 3D scout process. 

During preparation, the function of previewing the 

obtained cross-section in real-time was helpful and 

minimised the need to use localising sequences 

(localiser or topogram). 

Then oblique cross-sectional planes were 

determined to be diagonal sagittal and double-sagittal.  

In the first in the frontal image, the imaging plane was 

tilted according to the anatomical course of the CCL. 

On the transverse image, the plane was determined 

perpendicular to the tangent line to the caudal edge of 

the femoral condyle. The double-oblique sagittal plane 

was determined in two stages: in the first one, the 

oblique course was determined on the transverse 

image, then in the second, the oblique course was 

determined on the frontal images. The imaging plane 

was set until the best ligament visibility was achieved 

based on the subjective visual assessment of the person 

performing the procedure. In all cases it was the same 

person. 

The detailed parameters of the sequences used are 

shown in Table 2. 
 

 

Table 1. Parameters of 2D and 3D spin-echo sequences of T1-dependent images used during the study 

Sequence T1 Spin Echo HF Spin Echo T1 3D HF 

Echo time (TE, ms) 18 (15–30) 24 

Repetition time (TR, ms) 950 (750–1150) 300 

Number of signal averages (NEX) 1 1 

Image field size (FOV, mm × mm) 200 × 200 (200–220 × 180–200) 150 × 150 (150–200 × 130–200) 

3D image field size (FOV 3D) nd 70 (50–90) 

Imaging matrix (mm × mm) 192 × 115 (192–256 × 115–216) 192 × 152 (192–256 × 132– 200) 

Layer thickness (mm) 3 1.9 

Spacing between layers (mm) 0.3 0 

Number of images (most common, 

range) 
18 (15–30) 26 (26–52) 

 

nd – not detected 
 

 

Table 2. Parameters of T1-dependent images after multi-plane reconstruction (MPR) used during the study 

Sequence MPR 

Echo time (TE, ms) 24 

Repetition time (TR, ms) 300 

Number of signal averages (NEX) 1 

Image field size (FOV, mm × mm) 150 × 150 (150–200 × 150–200) 

3D image field size (FOV 3D) N/A 

Imaging matrix (mm × mm) 256 × 152 (196–256 × 150–168) 

3D imaging matrix  N/A 

Layer thickness (mm) 0.6 

Spacing between layers (mm) 0 

Number of images (most common, range) 65 (23–87) 

 

N/A – not applicable 
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Fig. 1. The method of determining the values of the inclination angles of the inclined sagittal (α) and double-oblique (α, β) planes on the images in 
the frontal (a) and transverse (b) planes. Auxiliary lines: a, b, c, d, s1, s2 (A – anterior; I – inferior; L – lateral; M – medial; P – posterior;  

S – superior) 

 
 

In the next stage of the study, the angle of 

inclination of the plane relative to the classical course of 

the imaging plane was determined. Angles were 

measured by a person who had previously performed  

a multi-plane reconstruction. When determining the 

angle value, images obtained in the frontal and 

transverse planes were used. To determine the angle of 

inclination of the oblique section planes, a reference line 

(available in the software options and showing the 

course of the layers in space) and auxiliary lines (a, b, c, 

d, s1, s2) were added to the images. Proper angles of 

inclination are marked as α and β. 

In the frontal images, a line (a) parallel to the 

articular surface of the tibial plateau and tangential to the 

lateral and medial femoral condyles was determined. 

Then two lines were determined: a perpendicular (b) to 

line a and a parallel to the reference line (s1). The angle 

of inclination (α) was the angle between line b and  

line s1 (Fig. 1a). 

In the case of double-skewed planes, the angle β 

was additionally determined based on images in the 

transverse plane. First, a line (c) was added tangentially 

to the caudal edges of the femoral condyles, then a line (d) 

perpendicular to line c was drawn. Finally, a line parallel 

to the reference line (s2) was drawn. The angle between 

line d and line s2 was the slope of the oblique section 

plane (Fig. 1b). 

The statistical analysis was made using the 

Statistica v.12.5 program (StatSoft, Tulsa, OK, USA). 

The Mann–Whitney U test was used to test the statistical 

significance of differences. A P value of ≤ 0.05 meant 

that a difference between values was statistically 

significant. 

Results  

The data were anonymised before the evaluation. 

The obtained series of images were evaluated randomly 

and independently by three MRI technicians. The 

evaluation was carried out according to the prepared 

protocol twice with an interval of three weeks. To make 

certain of objective interpretation, the evaluators did not 

know the details of the study. 

First, the images were subjected to visual 

assessment, during which attention was paid to the 

image sharpness, blur, contrast between soft tissues, 

noise, and presence of artefacts or distortions. Image 

quality was assessed based on a five-degree ordinal scale 

according to Likert (22): 1) low, 2) below average,  

3) medium, 4) good, or 5) high. 

Next, the visibility of the cranial cruciate ligament 

was determined. The assessment scale was developed 

based on the visual assessment score presented by 

Podadera et al. (36). It was as follows for the cranial 

cruciate ligament: 0 – CCL invisible; 1 – CCL partially 

visible in the images; 2 – CCL visible in full with  

a blurred boundary; 3 – CCL visible in full with a clearly 
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defined boundary. The number of images in which the 

CCL was visible was also determined. 

The data did not have a normal distribution and 

therefore nonparametric tests were selected for analysis. 

The statistical tests determined whether there was  

a statistically significant difference between the results 

of the assessments in individual sequences and to what 

extent the assessors were in agreement for individual 

features. The consistency of individual evaluators’ 

scores in the two assessments separated by the three-

week interval was also established. The Mann–Whitney 

U test was used to test the statistical significance of 

differences and the valid P value was as noted above. 

The consistency of assessments between the evaluators 

was determined using the Kendall compliance factor 

separately for each of the two assessments. Similarly, the 

level of accord of the individual evaluators’ assessments 

was determined for the two evaluations. The compliance 

factor W assumes values between 0 (no agreement) and 1 

(full agreement). 

The number of images with a visible ligament 

obtained using MPR in the double-oblique sagittal plane 

was significantly higher than that in the oblique sagittal 

plane. In the second assessment, the same median 

number of layers was obtained using MPR with the 

oblique as with the double-oblique sagittal plane. 

However, the images in the double-oblique sagittal plane 

were characterised by a higher rank sum (Fig 1). 

Magnetic resonance imaging is a useful method of 

visualising structures within a dog’s knee joint. The 

standard test protocol usually consists of 2D sequences. 

The use of an additional 3D sequence during the test 

creates the possibility of multi-plane reconstruction  

at any time after the test (Tables 1 and 2). This allows 

new images to be reconstructed in any plane using 

previously obtained data. It is thereby possible to 

improve the previously defined imaging plane or to 

present the structure in an additional plane. 

Discussion  

In the available literature, the authors used different 

coils depending on their device and test assumptions. 

Most often, these were rigid or flexible organ coils 

dedicated to limb imaging and included elbow (37), 

carpal (2), knee (5, 32, 40, 43), and spinal (4) varieties, 

which were also solenoidal (44) or dual-phased array 

coils (8, 15, 46). The selection for this study of a dual-

phased array knee coil allowed for better image quality 

due to the higher SNR. Due to the significant correlation 

between the weight of dogs and the quality of images 

from 3D sequences, it can be assumed that the 

differences in dog size and the closeness of fit of the coil 

to the knee potentially affected the quality of the study. 

Nemec et al. (26) experienced a positive effect of 

suitable matching of the coil diameter to the examined 

structure on the diagnostic quality of the obtained 

images. 

The study described in the article was carried out in 

a lateral position with the examined limb up. The joint 

was placed in the coil in physiological flexion with some 

deviations related to the size of the joints. Currently, 

apart from the manufacturer’s instructions, there are no 

guidelines regarding the positioning of the dog for knee 

imaging. In other articles, dogs were placed in the dorsal 

(2, 5, 12, 23, 24, 32, 40, 43, 44) lateral (4, 11, 36, 37) or 

bridge position (15). 

Both the position of the joint in the coil and the 

angle of bending affect the spatial location of the 

cruciate ligament in relation to the magnetic field lines. 

Spriet et al. (45) determined that imaging of the ligament 

at an angle of 55° ± 10° to the magnetic field line promotes 

the creation of a magic angle artefact, which increases 

the signal intensity of the examined structure. Most  

low-field systems have a vertical magnetic field 

orientation, which should be taken into account during 

resonance imaging. The current authors cannot exclude 

the occurrence of this phenomenon in the study, 

especially when using the lateral arrangement. 

Image quality assessment spanned a significant 

range (which was identical for all sequences). The 

lowest-rated images were defined as below average, 

while the highest rated images were high. Only in the 

case of images from 3D sequences was the quality was 

rated as good and high in over 50% of captures Images 

obtained using 3D sequences in the sagittal plane 

improved CCL visibility and a significantly higher 

number of them presented a visible CCL compared to 

images using 2D sequences. Only two studies on 

imaging CCL damage in dogs have thoroughly analysed 

the diagnostic capabilities of 3D sequences (38, 41). 

Both teams used high-field magnetic resonance imaging 

with 3 T magnetic field induction. The 3D FSE (Fast 

Spin Echo) CUBE (GE Healthcare) sequence allowed 

for the assessment of partial CCL tears and proper 

evaluation of the severity of knee synovitis, and the 

VIPR-aTR (Vastly under-sampled Isotropic PRojection 

with alternating length repetition times) 3D sequence 

allowed better estimation of the structural properties  

of CCL assessed on anatomical models (ex vivo test) 

(41). In human medicine, 2D and 3D sequences were 

compared when imaging various knee structures. Most 

studies have shown the comparable diagnostic utility of 

both sequences (1, 9, 16, 18). Ristow et al. (39) noticed 

that low-contrast structures were usually rated worse 

than high-contrast structures. 

The potential for improving the efficiency of ACL 

imaging using oblique planes has been carefully 

evaluated in human medicine. Buckwalter and Pennes (7) 

proposed using a template printed on transparent film to 

determine the sagittal plane at an angle of 15° to the 

classical plane. Nakanishi et al. (25) fixed the plane at 

an angle of 10° but increased this angle to 20° if they did 

not originally achieve satisfactory ACL visualisation. 

Barberie et al. (3) determined that planning an oblique 

imaging plane using the locating sequence in the frontal 

plane allows more accurate ACL imaging than using the 
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locating sequence in the transverse plane. The intact 

ACL spatial arrangement and the oblique sagittal, frontal 

and transverse imaging planes were compared by 

Breitenseher and Mayerhoefer (6), who achieved the 

best results using planes at an angle of 20° to the 

classical plane. Nenezić and Kocijancic (27) determined 

that both imaging of a bent knee joint and the use of 

oblique sagittal plane imaging increased the sensitivity 

of detection of partial tears of the ACL. No statistical 

difference was observed between the two techniques. 

Subsequent authors evaluated the possibilities of other 

oblique imaging planes. Thinner layers (1 mm) and the 

use of an oblique face increased the efficiency of ACL 

damage detection (14). The influence of additional sequences 

in the oblique planes on the overall effectiveness of ACL 

imaging was also assessed. It was found that the use of  

a combination of images obtained in the classical planes 

and the oblique frontal plane during the evaluation gave 

higher specificity in detecting ACL damage for 3 T devices 

than 1.5 T devices (33). Ng et al. (29) obtained higher 

imaging sensitivity (71%) of intact ACL using additional 

images in the oblique transverse plane. Also, the use of 

additional images obtained in the oblique transverse 

plane when this plane was in the protocol increased the 

sensitivity of ACL partial tear detection from 33% to 

87% (27) and from 74% to 95% (17). Specificity did not 

change in either study. 

Multi-plane reconstruction made from data 

collected by volume in a 3D sequence caused the 

obtained images to be of lower quality than the images 

from the output data. The images from reconstruction 

contained more distortion, artefacts, and sometimes 

higher noise than the original images. 

In the presented study, after obtaining images in planes 

parallel to the CCL course, the authors determined the 

angles of inclination of the cross-section planes on the 

frontal image (angle α) and transverse image (angle β). 

The measurement made on images from 3D sequences 

was to determine the inaccuracy of line routing during 

geometric planning. The angle values α and β differed 

from zero, and their medians were 0.8° and 1.36°, 

respectively. The median angle α for the oblique sagittal 

plane was 7.76°, the median angle α was 6.53° for the 

double oblique sagittal plane, and the median angle β 

was 9.22°. The values of the angles differed considerably. 

The values of angles α were similar to those used by 

Böttcher et al. (5) assuming 5° and 10°, respectively.  

No information was found in the available literature on 

the effect of a double-oblique cross-sectional plane on 

CCL imaging in dogs, so it was impossible to compare 

the value of the angle β with the results of other studies. 

The spatial determination of the imaging plane during 

MPR planning was performed by one operator, who 

subjectively assessed the improvement of CCL visibility on 

the basis of a real-time view of the obtained cross-section. 

During the study, a negative correlation (P < 0.05) was 

observed between the angles of the imaging plane and the 

assessment of CCL visibility and the number of images in 

which it can be seen. Increasing the value of angle α 

(oblique sagittal plane) and angles α and β (double-oblique 

sagittal) significantly deteriorated CCL visibility. In 

another test determining the relationship between the 

values of these angles and weight, it was noticed that as the 

dog’s weight increased, these angles decreased 

significantly (with reference to the double-oblique sagittal 

plane – 3D MPR DT). In interpretation of this, the authors 

suspect that the person performing the reconstruction 

tended to tilt the imaging plane more heavily for dogs with 

a lower weight, the images of which were of lower quality. 

In addition, the observed difference in the significance of 

the relationship between the dog’s weight and angle α for 

the oblique sagittal plane (P > 0.05, median angle α 7.76°, 

interquartile range 7.22°) and that between the dog’s weight 

and angle α for the double-oblique plane (P < 0.05, median 

angle α 6.53°, interquartile range3.51°) may have resulted 

from the order in which oblique imaging planes were 

performed. When determining the slope of double-skewed 

planes, the plane affecting angle β was first determined, 

then that affecting angle α. The authors speculate that after 

determining the first plane and achieving an improvement 

in CCL visibility (on the preview), the second plane was 

tilted more carefully, i.e., by a smaller angle. 

The study supports the final conclusion that 

imaging of the knee joint using 3D sequences makes 

possible the composition of higher quality images and 

better and more accurate visualisation of the cranial 

cruciate ligament. The research results have determined 

that multi-plane reconstruction affords an opportunity 

for the secondary determination of the oblique imaging 

planes and assembles images of equal quality to those of 

the 2D sequence and allows better visibility of the 

cranial cruciate ligament than 2D or 3D sequences. The 

study determined that the use of 3D and MPR sequences 

during magnetic resonance imaging visualises the 

cranial cruciate ligament precisely and repeatably. 
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