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Abstract

Magnetic resonance imaging and the correlation to histopathological findings of the equine pal-

mar foot of lame horses have been described previously, using 0.27 and 1.5 T systems. Com-

pared to these, 3 T systems provide superior spatial resolution and imaging contrast. The aim of

our prospective anatomic study was to characterize the imaging anatomy of the navicular region

on 3 T MRI in comparison to histopathological findings. We hypothesized that 3 T MRI allows

a good visualization of the entire navicular apparatus and reliable measurements of navicular

cartilage and cortical bone thickness. Twenty front feet of sound horses were examined using a

3 TMRI system. For histopathological examination, sagittal tissue sections of the navicular bones

and adjacent ligaments were prepared. Alterations in magnetic resonance signal were graded for

each region and compared to corresponding histological slices. Overall, there was good visualiza-

tion of the anatomical detail and a very good agreement betweenMRI and histology for compact

bone and spongiosa, good agreement for the fibrocartilage and the distal sesamoidean impar liga-

ment, but only moderate agreement for the hyaline cartilage and the collateral sesamoidean liga-

ment.A comparativemeasurementof cartilageandcortical bone thicknessonmagnetic resonance

images and histological sections was performed. In MRI, the hyaline cartilage of the articular sur-

face appeared significantly thinner and the fibrocartilage of the flexor surface appeared signifi-

cantly thicker compared to histology. Findings indicated that MRI at a field strength of 3 T allows

reliable depiction of anatomic details of the navicular apparatus.
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1 INTRODUCTION

Magnetic resonance imaging has become an important diagnostic tool

to investigate the source of lameness in the distal limb. Injuries of the

navicular apparatus are a common finding in horses diagnosed with

foot pain.1,2 A comparison of MRI and histopathology in the palmar

foot has previously been described using low-field (0.27 T) and high-

field (1.5 T) MRI systems.2–7 Agreement of 1.5 T MRI and histologic

examination for tissue grading was very good for the navicular bursa

and good for the spongiosa of the navicular bone and the collateral
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sesamoidean ligament.7 Agreement between the appearance on MRI

and histology was described as moderate to good for the palmar and

distal aspects of the navicular bone, but only fair to moderate for the

distal sesamoidean impar ligament and poor for the dorsal and proxi-

mal aspects of the navicular bone.2,7 In particular, the articular surface

of the navicular bone is susceptible to artifacts and was not clearly vis-

ible when using 1.5 TMRI.7

Signal irregularities associated with artifacts are not uncommon in

MRI and have to be distinguished from signal irregularities caused by

tissue damage.8,12 In our study, a 3 T scanner was used. In general, a

48 wileyonlinelibrary.com/journal/vru Vet Radiol Ultrasound. 2020;61:48–57.
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TABLE 1 Parameters used in pulse sequences for imaging horse’s limbs with a 3-TeslaMRI system

Pulse sequence Plane TE (ms) TR (ms)
Slice thickness
(mm)

Interslice
gap (mm)

Field of
view (mm)

Reconstructed
matrix

Proton density high

resolution

Sagittal 30 2034 3 0.3 200 × 98 1024 × 1024

T1 Sagittal 19 668 3 0.3 200 × 98 1024 × 1024

Proton density Spectral

Attenuated Inversion

Recovery

Sagittal 30 2853 3 0.3 200 × 98 720 × 720

Proton density high

resolution

Transverse 30 1107 3 0.3 100 × 100 512 × 512

T1 Transverse 19 500 3 0.3 100 × 100 512 × 512

Proton density Spectral

Attenuated Inversion

Recovery

Transverse 30 1298 3 0.3 100 × 100 512 × 512

Proton density high

resolution

Dorsal 16 1911 3 0.3 150 × 100 1024 × 1024

higher magnetic field strength provides an increase in the signal-to-

noise ratio that allows increased spatial resolution.9,10 An early indica-

tor of navicular disease is thinning of the fibrocartilage, which is chal-

lenging to diagnose with any diagnostic modality.4,11–13 Identification

of fibrocartilage loss could serve earlier andmore successful therapeu-

tic intervention. To date, the comparedmeasurements of cartilage pro-

duced variable results in human and veterinarymedicine. Several stud-

ies have underestimated articular cartilage thickness in comparison to

histology,14–16 but overestimated the thickness of the navicular fibro-

cartilage using 1.5 T MRI.13 There has been no description of the nav-

icular apparatus using 3 TMRI so far and it is not known how accurate

MRI reflects dimensions of navicular cartilage and bone. The aimof our

study was to describe the navicular region of clinically sound horses as

it appears on 3 T MRI and compare it to histopathological results. We

hypothesized that 3 TMRI allows a good visualization of all aspects of

the navicular apparatus, including the articular surface and the prox-

imal border of the navicular bone and that 3 T MRI would allow reli-

able measurements of subchondral bone, hyaline cartilage, fibrocarti-

lage, and compact bone.

2 METHODS

The studywas a prospective, anatomic design. Ten horses (nineWarm-

bloods andone Standardbred)with amean age of 6.5 years (range4-20

years) andwith amean bodyweight of 550 kg (range 482-620 kg) were

included. Institutional Animal Care and Use Committee approval had

been granted for the combined prospective study of these research

horses.∗ Prior to MRI examination, all horses underwent a complete

clinical examination and lameness workup performed by an experi-

enced equine surgeon. Thus, horses were excluded if a lameness of the

thoracic limbs was present in a 4 months period prior to the study or

if they responded positive to the flexion test of the front limbs prior

to the MRI examination. All decisions for subject inclusion or exclu-

sion were made by the last author, an experienced equine surgeon.

Subsequent to MRI, all horses were humanely destroyed for reasons

unrelated to this study.

2.1 MRI

Horses underwent general anesthesia and were positioned in lat-

eral recumbency. An eight-channel SENSE phased-array receive coil

(SENSE knee coil, Philips International B.V., Amsterdam, The Nether-

lands) was positioned at the foot andmagnetic resonance imageswere

acquired using a 3 TMRI system (Philips Achieva 3.0 T, Philips Interna-

tional B.V.). Sequenceswere obtained in sagittal, transverse, and dorsal

planes. Sequences used were proton density high resolution, T1 turbo

spin echo, and proton density with fat saturation (spectral attenuated

inversion recovery) (Table 1). Image acquisition took approximately 30

min per foot and both front feet were examined.

2.2 Image interpretation

The magnetic resonance images of the 20 front feet were reviewed

using a diagnostic workstation (easyIMAGE, VetZ, Isernhagen, Ger-

many) in a randomized order by three observers independently (two

trained interns and one experienced equine surgeon) using a grading

system established for evaluation of the navicular bone in high-field

(1.5 T) magnetic resonance images.8 The observers were not aware

of the histopathological findings at the time of data recording. The

navicular apparatus including the navicular bone, the adjacent liga-

ments, and the navicular bursa was divided in eight regions: proximal

margin, distal margin, articular surface, flexor surface and spongiosa

of the navicular bone, the navicular bursa and the distal sesamoidean

impar ligament, and the axial collateral sesamoidean ligament. For

each anatomical region, alterations in signal intensity and homogene-

ity and the definition of anatomic margins were scored from 0 (no

changes) to 3 (severe abnormalities). The maximal score per slice

from all observers was taken as magnetic resonance grading for this

structure and compared to histological grading via a two-dimensional
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F IGURE 1 Measuring points on the navicular bone shown on a

mid-sagittal proton density-weighted image (TE, 30ms; TR, 2034ms;

slice thickness, 3 mm). 1, dorsoproximal edge of the navicular bone;

2, mid articular surface of the navicular bone: 3, dorsodistal edge of

the navicular bone; 4, distal border of the navicular bone;

5, palmaroproximal region of the navicular bone; 6, central flexor

surface of the navicular bone; 7, palmarodistal region of the navicular

bone

contingency table to display the frequency distribution of the

variables.

Measurements of the hyaline cartilage at the articular surface, the

fibrocartilage at the flexor surface, and the compact bone of the artic-

ular and flexor surface were applied on three midsagittal magnetic

resonance scans in proton density-weighted, T1-weighted, and proton

density with fat saturation (spectral attenuated inversion recovery)-

weighted sequences. Sevenmeasuring points were set at the navicular

bone: proximal, central, and distal both on the articular and the flexor

surface, respectively, and at the distal margin (Figure 1). All measure-

ments were taken perpendicular to the cartilage surface.

2.3 Tissue harvest

The navicular bones of the front feet and their supporting ligaments

were dissected. The samples were fixed in 10% buffered formalin, cut

into sagittal sliceswith a thicknessof3mm,decalcified for4weeks, and

subsequently embedded in paraffin wax and sectioned at 3 µm. From

every 3-mm tissue sample, three slides were stained with hematoxylin

and eosin (Figure 2) as described in standard laboratory procedures.17

2.4 Histopathologic examination

All sagittal sections (40-51 per navicular bone) were graded by

a trained equine intern and an European College of Veterinary

Pathology certified pathologist in consensus. The observers were

not aware of the MRI findings at the time of data recording. The

above described eight anatomical regions were evaluated by light

microscopy (100× magnification), applying an established, slightly

modified scoring system.1 The examination included proximal and

F IGURE 2 Sagittal tissue section of a navicular bone. Hematoxylin

and eosin stain; a, hyaline cartilage; b, compact bone; c, spongiosa;

d, fibrocartilage; e, insertion of the axial collateral sesamoidean

ligament; f, origin of the distal sesamoidean impar ligament [Color

figure can be viewed at wileyonlinelibrary.com]

distal margins, articular and flexor surfaces, spongiosa and origin

of the distal sesamoidean impar ligament as well as the insertion

of the axial collateral sesamoidean ligament. The severity of histo-

logical findings for each site was scored from 0 (no changes) to 3

(severe abnormalities). Histopathologic changes in cartilage were

characterized as reduction in depth, fibrillation, and erosion, loss

of cellularity, chondrocyte response, chondrocyte formation, and

irregular tidemark. Criteria for bone changes were microfractures,

myelofibrosis, widening of the intertrabecular spaces, cyst-like lesions,

hemosiderin, hemosiderophages, inflammatory cells, and accumula-

tion of osteoclasts. The proximal and distal margins with the distal

sesamoidean impar ligament and axial collateral sesamoidean ligament

attached were examined for signs of fibrocartilaginous metaplasia,

accumulation of osteoclasts and inflammatory cells, enthesophytes,

osteonecrosis, and enlarged synovial invaginations.
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Each tissue section was photographed with a camera-microscope

combination and measurements of cortical bone thickness and carti-

lage thickness were taken using an imaging software (cell D, Olym-

pus, Hamburg, Germany). Seven measuring points corresponding to

the magnetic resonance images were set at the navicular bone: prox-

imal, central, and distal both on articular surface and the flexor sur-

face, respectively, and at thedistalmargin (Figure1). Allmeasurements

were taken perpendicular to the cartilage surface, once with and once

without consideration of the tidemark.

2.5 Statistics

Selection and completion of the statistical tests was performed by

a professional biostatistician. McNemar’s test of symmetry and the

kappa (𝜅) statistic were used to test agreement between histopathol-

ogy and MRI scoring. The relative strength of agreement was inter-

preted as follows: kappa values ≤0.2 demonstrates poor agreement,

0.21-0.4 fair agreement, 0.41-0.6 moderate agreement, 0.61-0.8 good

agreement, and ≥0.81 very good agreement.18 A multi factor anal-

ysis of variance and a t-test were used to test for an association

between measurements obtained with MRI and histomorphometri-

cally and between different MRI sequences. A value of P < .05 was

considered significant. Data analysis was performedwith the statistics

program package (SAS R©, Version 9.3, SAS Institute, Cary, NC, USA).

3 RESULTS

3.1 Flexor surface

In all images, the flexor surfacewas clearly separated from thehyperin-

tense signal of the synovial fluid of the navicular bursa on proton den-

sity and proton density with fat saturation (spectral attenuated inver-

sion recovery)-weighted sequences and the hypointense signal of the

deep digital flexor tendon. Fibrocartilage and synovial fluid were not

distinguishable on everymagnetic resonance image. The fibrocartilage

was graded as normal if it was seen as a clear layer over the entire

surface and was determined as degenerative if irregularities or loss

of signal definition was seen.8 In nine cases (45%), the fibrocartilage

was graded normal both inMRI and histology; in eight cases (40%), the

fibrocartilagewas consistently evaluated asmildly degenerated (grade

1); and in three cases (15%), the fibrocartilage was mildly degenerated

histologically (grade 1) but inconspicuous onMRI (grade 0). There was

good agreement (𝜅 = .70) betweenMRI and histology for the fibrocar-

tilage.

The palmar cortex was graded normal in 17 cases (85%) in MRI

and histology. One horse exhibited accumulation of osteoclasts and

myelofibrosis in the palmar cortex, bilaterally (histology grade 1), and

a slightly irregular interface between spongiosa and cortical bone in

MRI (grade 1). One navicular bone sustained grade 1 signal alterations

inMRI but was inconspicuous by means of histopathology. In compari-

son, there was good agreement of the flexor cortex bone (𝜅 = .77).

3.2 Articular surface

The hyaline cartilage at the articular surface of the navicular bone was

well demarcated from the hypointense signal of the dorsal cortex and

the synovial fluid of the distal interphalangeal joint in proton density

and proton density with fat saturation (spectral attenuated inversion

recovery)-weighted sequences. In seven navicular bones (35%), there

was a loss of definition of the outline of the articular surface in some

sagittal planes, regardless of the magnetic resonance sequence.

The hyaline cartilage showed remarkable variations in shape of the

dorsoproximal border. Some navicular bones presented with a smooth

outlining (Figure 3A), others with an irregular outlining (Figure 3B-C).

The corresponding histological presentation of these findings revealed

either a wavy-shaped cartilage or single thin fibers of the axial col-

lateral sesamoidean ligament that overlaid the cartilaginous tissue

(Figure 3D-E). The hyaline cartilage itself was of heterogeneous signal

intensity in all MRI sequences, with a typical pattern recognition:

at the proximal part of the articular surface, as well as at the distal

margin, a decreased signal intensity appears. The middle aspect of

the cartilage was of medium signal intensity, with a focal oval-shaped

area of increased signal next to the dorsal edge. Consequently, it

was possible to differentiate five areas within the hyaline cartilage

(Figure 4). Three navicular bones (15%) sustained grade 1 erosions

of the hyaline cartilage on histology, which were not apparent on

magnetic resonance images (grade 0). Two navicular bones (10%) sus-

tained grade 1 erosions (indentations of approximately 0.3 mm depth)

in the cartilage, which were all detectable on magnetic resonance

images (grade 1). All other navicular bones (75%) did not show any

lesions at the hyaline cartilage and were graded as normal (grade 0) in

histology and MRI. In conclusion, agreement between grading in MRI

and histology for the hyaline cartilage wasmoderate (𝜅 = .5).

The cortex at the articular surface appeared normal (grade 0) on

MRI in all but two navicular bones (90%), in which a slightly irregular

tidemarkwas identified (grade 1) but no histopathologic changes were

present. Thus, agreement in grading was very good (𝜅 = .8).

3.3 Spongiosa

The spongiosa showed homogenous hypointense signal in fat-

suppressed proton density with fat saturation (spectral attenuated

inversion recovery)-weighted images and intermediate to hyperin-

tense signal in proton density and T1 weighted sequences without

any signal alterations (grade 0). Correspondingly, no histopathological

findings were recorded within the spongiosa (grade 0). The agreement

between grading inMRI and histology was very good (𝜅 = 1).

3.4 Proximal margin and collateral sesamoidean

ligament

The proximal compact bone was of uniform low signal intensity. In

three navicular bones (15%), grade 1 irregularities were evident on

MRI and histology. There was very good agreement between MRI and

histology (𝜅 = 1).
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F IGURE 3 Appearance of various formations of the proximal aspect of the articular surface; comparison of 3-TMRI (A-C, sagittal plane,

proton density-weighted sequence) and histology (Hematoxylin and eosin stain, D-F). A andD, Regular and smooth hyaline cartilage; B and E,

uneven outline of the hyaline cartilage; C and F, hyaline cartilage overlies with fibers of the axial collateral sesamoidean ligament; a, hyaline

cartilage; b, compact bone; arrow, fibers of the axial collateral sesamoidean ligament [Color figure can be viewed at wileyonlinelibrary.com]

The axial collateral sesamoidean ligament showed low signal inten-

sity in all sequences. However, in all sagittal slices of all navicular bones

there was a region of increased signal intensity at the insertion of

the collateral sesamoidean ligament (Figure 5). Histologically, the col-

lateral sesamoidean ligament showed mainly cross-sectioned collagen

fibers, connective tissue, and individual vessels in this region, but no

lesions were detected. Agreement between MRI and histology was

moderate (𝜅 = .57).

3.5 Distal margin and distal sesamoidean impar

ligament

There were no pathologic changes at the distal cortex in 16 limbs

(80%). There were four navicular bones with grade 1 irregularities in

histology; two of them were graded normal on MRI (grade 0). Agree-

ment betweenMRI andhistology for the distal compact bonewas good

(𝜅 = .61).
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F IGURE 4 Magnetic resonance signal pattern in hyaline cartilage

of the navicular bone (sagittal proton density-weighted image (TE,

30ms; TR, 2034ms; slice thickness, 3 mm); 1, hypointense signal

proximal at the articular surface; 2, hyperintense signal centrally and

distally; 3, intermediate signal at the distal edge of the articular

surface; 4, intermediate signal next to the dorsal edge of the distal

border; 5, hypointense signal at the distal border. This signal pattern

was common at the hyaline cartilage andmay be related to partial

volume averaging

The distal sesamoidean impar ligament appeared slightly striated

and could be distinguished easily from the hyperintense signal of the

navicular bursa and the distal interphalangeal joint. In 14 navicular

bones (70%), there was no evidence of any abnormalities at the origin

of the distal sesamoidean impar ligament, neither in MRI nor in histol-

ogy (grade 0). One case was consistently rated as grade 1 (5%). Two

navicular bones (10%) had isolated osseous fragments within the dis-

tal sesamoidean impar ligament (grade 3), both were obvious on MRI

(grade 3, Figure 6). The fragmentswere surrounded by an area of fibro-

cartilaginous metaplasia and chondroid tissue. Additionally, an accu-

mulation of inflammatory cells and osteoclastswas evident. Three liga-

ments (15%)were graded as normal inMRI (grade 0) but showed grade

1 alterations bymeans of histology. The agreement in grading between

methods was good (𝜅 = .61).

4 RESULTS OF MEASUREMENTS

4.1 Hyaline cartilage

In all navicular bones, the hyaline cartilage appeared significantly thin-

ner on MRI compared to histology (see Table 2). After excluding the

calcified cartilage (mean thickness 0.3 mm) from the histological mea-

surement, there was nomore significant difference betweenmeasure-

ments (P= .06).

F IGURE 5 Sagittal plane (proton density weighted) mildly

increased signal intensity at the insertion of the axial collateral

sesamoidean ligament (collateral sesamoidean ligament, arrow)

4.2 Fibrocartilage

At the proximal aspect of the flexor surface, the fibrocartilage

appeared significantly thinner on MRI compared to histology

(P < .001). In contrast, in the central region of the flexor surface,

the fibrocartilage was significantly thicker on MRI, compared to

histology (P < .001). At the distal measuring point, there was no sig-

nificant difference between results of MRI and histology (P = .52; see

Table 2, measuring point 5-7). The magnetic resonance sequences did

affect the measuring of the fibrocartilage. In proton density with fat

saturation (spectral attenuated inversion recovery)-weighted images,

the fibrocartilage came out significantly thicker compared to proton

density or T1-weighted images (P= .007).

4.3 Compact bone

There was good agreement between measurements of the compact

bone at the articular surface. Therewas neither a significant difference

between measurements at the proximal measuring point (p = 0.2), at

the central (p=0.4) nor the distalmeasuring point (p=0.4). Butwe rec-

ognized a slightly overestimation of bone thickness distal at the artic-

ulation site with the distal phalanx in MRI, compared to histology, but

with slight significance (p= 0.02).
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F IGURE 6 Distal border fragment in the distal sesamoidean impar ligament. A, Bone fragment (b, arrow) on sagittal magnetic resonance image

(proton density weighted; slice thickness, 3 mm); c, arrow: distal aspect of the distal sesamoidean impar ligament. B, Same bone fragment in tissue

section (hematoxylin and eosin stain). There is an area of basophil cartilage (arrows) between the bone fragment (b) and the distal border of the

navicular bone (a); a, navicular bone; b, distal border fragment; c, distal sesamoidean impar ligament [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 Thickness of the cartilage and compact bone inMRI compared to histology on different measuring points, including the calcified

cartilage, that is only visible in the histology images (1-7, Figure 1)

Measuring point
(s. Figure 1) Structure

Thickness
MRI (mm)

Thickness
histology (mm) P-value

1 Hyaline cartilage 0.7± 0.2 1.3± 0.3 <.001*

Compact bone 1.3± 0.5 1.3± 0.5 .2

2 Hyaline cartilage 1.0± 0.2 1.4± 0.3 <.001*

Compact bone 1.4± 0.5 1.4± 0.5 .4

3 Hyaline cartilage 1.9± 0.4 2.5± 0.5 <.001*

Compact bone 1.4± 0.5 2.5± 1 <.001*

4 Hyaline cartilage 1.0± 0.3 1.4± 0.3 <.001*

Compact bone 1.5± 0.4 1.3± 0.6 .02

5 Fibrocartilage 0.3± 0.2 1.0± 0.3 <.001*

Compact bone 1.8± 0.8 1.7± 0.6 .02

6 Fibrocartilage 1.0± 0.3 0.8± 0.2 <.001*

Compact bone 2.2± 0.8 1.8± 0.6 <.001*

7 Fibrocartilage 0.6± 0.3 0.6± 0.1 .52

Compact bone 2.8± 0.8 2.3± 0.5 <.001*

∗Statistically significant difference.

In contrast, there was a significant difference between measure-

ments at the palmar cortex. The cortex appeared significantly thicker

in MRI, compared to histology (p = 0.02) for the proximal measuring

point, and p < 0.001 for the central, as well as at the distal measuring

point.

5 DISCUSSION

The results of this study supported the hypothesis that 3 T MRI

allows good visualization of anatomic details in the equine navicu-

lar apparatus. Poor agreement between 1.5 T MRI and histological
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grading has been reported for the dorsal and proximal border of the

navicular bone.7 In the present study, the agreement in grading at the

articular surface was better than postulated for 1.5 T MRI (moderate

agreement for the hyaline cartilage; very good agreement for the dor-

sal compact bone). This can be explained by the fact that a higher field

strength results in a lower signal-to-noise ratio, increased spatial res-

olution, and decreased susceptibility to artifacts.9,10 In our study, 3 T

MRI provided detailed information about the signal distributionwithin

thehyaline cartilageof thearticular surface that previous studies failed

to resolve.7 However, a loss of the definition of the articular surface of

the navicular bone was seen on some sagittal slices in MRI. This sig-

nal change is, most likely, caused by the partial volume averaging arti-

fact. The artifact occurs, when tissues of different signal intensity are

encompassed on the samevoxel possessing a signal average of both tis-

sues. Although the articular surface of the navicular bone is usually not

the focusof equine clinicians, it is known that65-75%ofhorsesdohave

focal lesions at this location1 and false positive results can occur during

image interpretation.7

Several horses showed a focal hyperintense signal in the fibrocar-

tilage layer due to pooling of synovial fluid next to the sagittal ridge—

obvious in proton density and proton density with fat saturation (spec-

tral attenuated inversion recovery)-weighted sequences. This finding

was likely due to the mid-ridge synovial fossa (fossa nudata), which is

considered a normal anatomical variation.13,20

Alterations at the proximal border of the navicular bone have been

over interpreted on 1.5 T magnetic resonance images compared to

histology.7 The agreement betweenMRI grading and histological grad-

ing at the proximal border was very good (𝜅 = 1) in our study, but mild

pathological changes were evident.

The axial collateral sesamoidean ligament was formerly described

as structure of homogeneous low signal intensity on spoiled gradi-

ent echo and gradient echo sequences, interspersed with uniformly

distributed areas of higher signal on gradient echo.8 In contrast, we

described a generally increased signal at the insertion in sagittal slices

(Figure 5) in our group of horses without lameness. Probable expla-

nation is the presence of mostly cross-sectioned fiber bundles in this

region, compared to the rest of the ligament, as this was obvious also

on histology. This might explain the increased signal intensity in all

sequences in the absence of any pathological findings. Based on these

results, we recommend modifying the evaluation criteria for the axial

collateral sesamoidean ligament, and to consider a slightly increased

signal as a physiological variation without clinical significance.

Pathologies of the distal sesamoidean impar ligament have been

rated difficult to detect due to the heterogeneous appearance of the

ligament.2,7,12 In the current study, blood vessels and synovial invagi-

nations often led to focal, clearly demarcated signal increase within

the distal sesamoidean impar ligament and should not be misinter-

pretedaspathological findings. Twonavicular boneshadadistal border

fragment, which appeared as an oval-shaped area of low signal inten-

sitywithin thedistal sesamoidean impar ligament. Agreementbetween

MRI andhistological grading for the distal sesamoidean impar ligament

was good (𝜅 = .61) and therefore better than the postulated fair to

moderate agreementdescribedpreviously for1.5T images.7Our study

supports the previously described finding of distal border fragments in

nonlame horses.19

Another focus of this study was the correlation between measure-

ments of bone and cartilage thickness compared to histological mea-

surements. There is clinical interest in identifying cartilage loss at an

early stage, because degeneration of the fibrocartilage is an early sign

of navicular disease.4,11–13

Cartilage measurement at the flexor surface in this study showed

good correlation in the distal half, only. This is probably related to the

optimal 90◦ angulation of the sagittal magnetic resonance slice to the

cartilage surface in the distal part. The fibrocartilage of the flexor sur-

face is the thinnest cartilage layer in the limb, and there is no adjacent

layer of synovial fluid to provide contrast due to the tight apposition

between the cartilage of the flexor surface and the deep digital flexor

tendon. Saline injection into the navicular bursa (magnetic resonance

bursography) improved theaccuracyofMRIevaluationofpalmar fibro-

cartilage using a 1.5 T scanner.13

The hyaline cartilage of the articular surface turned out to be signif-

icantly thinner on MRI compared to histology. When long echo times

are used, the preferential loss of signal from the deep layers of carti-

lage obscures the interface between cartilage and subchondral bone,

which makes it difficult to obtain an accurate measurement of carti-

lage thickness.13 A theory supports the hypothesis that calcified carti-

lage and osseous tissue have similar signal intensity and therefore will

be both interpreted as subchondral bone.14,21–23 After excluding the

calcified cartilage from themeasurements in our histological examina-

tion, there was no significant difference of the hyaline cartilage com-

pared to MRI measurements anymore. However, a study on equine

carpal bones determined excellent agreement of articular cartilage

thickness, but only when the calcified cartilage layer was included in

themeasurement.15 Probably the less curved surface of the carpal car-

tilage, the greater cartilage thickness, or the use of different magnetic

resonance sequences compared to our study did affect the results.

The flexor cortex appeared thicker on magnetic resonance images

compared to histology. Chemical shift artifacts lead to potential prob-

lems for cortical bone measurements but is limited by increasing the

receive bandwidth at high-field strength.22,23 The tendency to over-

estimate the bone thickness on magnetic resonance images should be

kept inmind for interpretingpathological findings at thepalmarborder.

A limitation of the study was the relatively small number of horses

without history of lameness related to the foot. Additionally, compari-

son between MRI and histopathology including the measurement was

performedonly on sagittal slice direction. The acquisition time per foot

was 40 min, which is quite long and may not be practicable for every

case under general anesthesia in particular when both front feet have

to be examined. There was good visibility of the flexor surface on pro-

ton density and proton density with fat saturation (spectral attenu-

ated inversion recovery)-weighted sequences but not on T1 weighted

images. Therefore, it could be possible to exclude the T1 sequences in

two different orientations to help save anesthesia time under clinical

conditions.
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In conclusion, the current study demonstrated a good visualization

of anatomical details of the equine navicular apparatus using 3 T MRI

under clinical conditions. Mild to severe MRI lesions were described,

but the only severe lesions were distal border fragments that have

been previously reported to be of no clinical significance. Care should

be taken not to overinterpret mild lesions of the navicular apparatus

using 3 T MRI. The agreement between MRI and histological grading

was higher than previously postulated for lower field strength MRI, as

we expected. The improved depiction of anatomic details in the navic-

ular apparatus with 3 T MRI may help in understanding the spectrum

of injuries that contribute to palmar foot pain and may improve future

assessments of therapeutic options.
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