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Laminitis is a crippling disease of mechanical fail-
ure of the laminar tissue, an interdigitating fibrous 

structure, which suspends the distal phalanx within 
the hoof capsule. This failure results in rotation and 
sinking of the distal phalanx causing acute pain. 
Laminitis can result in a life-threatening debilitation 
for the horse1–3 and it has a complex and multifacto-
rial aetiology of metabolic, inflammatory, traumatic, 
or vascular origin.4–6
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The initial or developmental phase of laminitis 
can be described as a vascular disease with hypo-
perfusion of the digit leading to laminar ischemia 
with subsequent failure of the suspension of the 
distal phalanx.7–9 The process of destruction of the 
lamellar attachment begins before the first clinical 
signs of laminitis are apparent.10 The acute phase of 
laminitis lasts from the onset of clinical foot pain to 
the time when there is evidence of displacement of 

OBJECTIVE
To identify and measure radiolucencies at the solear margin of the distal phalanx in radiographs of healthy and 
laminitic hooves.

SAMPLE
Clinical records and dorsoproximal-palmarodistal radiographs of equine forelimbs with radiological diagnoses of 
either laminitis (n = 40, L) or navicular syndrome (n = 40, NS).

METHODS
Outlines of the radiolucent structures at the solar margin were drawn in ImageJ, and a customized novel plugin 
“Arteries Analyzer/ImageJ” was used for measurements. The diverging radiolucencies outside the terminal arc of 
the distal phalanx were differentiated as arterial channels (open at the solear margin) and ellipses (closed at the 
solear margin). Comparisons between L and NS, between distal phalanges with and without ellipses, and of arterial 
channels and ellipses in areas were compared using Wilcoxon and the Mann-Whitney U tests, respectively. The reli-
ability and repeatability of the method were tested using Friedman’s test.

RESULTS
Fewer arterial channels but more ellipses were identified in L than in NS. In phalanges with ellipses (n = 47), the num-
ber of ellipses and the number of arterial channels were negatively correlated (PCC −0.181, P = .224). The number 
of ellipses correlated positively with the severity of laminitis (PCC 0.495, P < .001; n = 80) and with the degree of 
rotation of the distal phalanx (PCC 0.392, P < .001; n = 80).

CLINICAL RELEVANCE
The software tool successfully measured arterial channels and ellipses outlined by the evaluators. Results indicate 
that healthy arteries develop into pathological ellipses in laminitic feet. This may be used to complement the inter-
pretation of radiographs and support clinical decision-making.

Keywords: laminitis, distal phalanx, ImageJ, equine, radiology
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the distal phalanx within the hoof capsule on clinical 
and/or radiological assessment. Native radiography 
allows for the assessment of the hoof capsule and 
its integrity as well as the quantification of the dis-
tal phalanx displacement and lysis on its own. Still, 
it provides little direct information about the digi-
tal vasculature and the surrounding of the vessels 
of the distal phalanx. Radiographs are indicated in 
every suspected laminitic case because they provide 
valuable information about the presence, severity, 
relative chronicity, and progressive nature of the 
disease.11 Lateromedial radiographs have long been 
considered essential in the evaluation of acute and 
chronic laminitis; however, they only allow assess-
ment in 1 plane.12 Since an increasing number of 
distinct pathological changes are known to be 
associated with laminitis, including so-called cap-
sular rotation, phalangeal rotation, distal displace-
ment of the distal phalanx, and combined rotation 
and displacement events,11 additional views to the 
lateromedial gold standard should be considered 
to document these pathological changes. Imaging 
evaluation of the vasculature of the hoof in different 
phases of laminitis has previously been done using 
arteriograms,13 venograms,14 magnetic resonance,15 
sonography imaging,16 and scintigraphy.17 In chronic 
laminitis, the vascular anatomy of the palmar digi-
tal arteries and its major branches in the equine 
foot were arteriographically evaluated, and fewer 
branches were identified than in healthy feet.18 These 
studies13,18 show that the importance of arterial vas-
culature for the pathogenesis and pathophysiology 
of laminitis is indisputable.

Nevertheless, radiographic characteristics of the 
bone surrounding of the arteries in the distal phalanx 
have not been described. The purpose of this study 
was to identify and describe arterial channels within 
the dorsal half of the distal phalanx, and to create a 
software tool that complements the interpretation of 
radiographs taken in cases of equine laminitis, sup-
porting clinical decision-making.

Methods
Sample size

Power calculation was based on differences in 
blood flow of the lateral digital arteries as determined 
by Doppler ultrasound in cases of laminitis with 
radiographic changes and in healthy horses (151 ±  
49 mL/min and 88 ± 17 mL/min, respectively).19 
Using suitable software (https://clincalc.com/stats/
samplesize.aspx), we identified a minimum number 
of 21 radiographs per group as a minimum to reach a 
significance of P < .01 with a power of 95%.

Horses
The study involved clinical case notes and sets 

of radiographs from 2018 to 2022 of 100 horses 
sourced from the patient management and docu-
mentation software of the Equine Clinic, University 
of Veterinary Medicine Vienna. Inclusion criteria 
were: horse age 4 years or older; radiology report 
including either the diagnosis “laminitis” (L) or the 

diagnoses “navicular syndrome” (NS), “navicular 
disease,” or “Podotrochleosis.” Only radiographs of 
feet were used in the NS group where the radiologi-
cal report and the clinical case notes did not include 
any mention of laminitis—neither in the history of the 
horse, nor in the request, nor in the findings of the 
radiological evaluations and measurements. Out of 
the list of 100 patient case notes that met these cri-
teria, a group of 40 horses had a radiological diagno-
sis of L and a group of 60 horses had a radiological 
diagnosis of NS. For each of the patients, the follow-
ing details were noted: age, sex, breed, date of radio-
graphic examination, radiographs, radiology report, 
and radiological diagnosis, including the severity of 
laminitis (mild, moderate, or severe) in group L feet. 
In the affected group L, 40 patients with examina-
tions between 2018 and 2022, and in the control 
group NS, 60 patients with examinations between 
2020 and 2021 met the criteria given above.

Radiographs
For the purpose of this study, Digital Imaging 

and Communications in Medicine (DICOM) files of 
radiographs were evaluated and measured using the 
software ImageJ (Version 1.53e, Wayne Rasband 
and contributors, the National Institutes for Health 
[NIH]) and JiveX (Version 5.5, Visus Health IT 
GmbH). The study was based on native radiographs 
of the left and right unshod forelimbs of horses. 
Digital radiographs in dorsoproximal-palmarodistal 
projection were selected and obtained either using 
an Oxspring block for the foot and the X-ray beam 
at 90° to the plate or with the foot weight-bearing 
on the plate and the X-ray beam angled at 65° to the 
plate (ie, High coronary view). Only sagittal radio-
graphs showing the phalanx proximalis, the phalanx 
media and the phalanx distalis with the os sesamoi-
dale distale overlapping neither the processus pal-
maris lateralis or medialis of the phalanx distalis were 
analyzed. Radiographs were considered unsuitable 
for measurements and were excluded from analysis 
if gas shadows, incomplete depiction of the hoof, or 
foreign material in the region of interest, that is, the 
distal phalanx were noted. To standardize results to 
the size of the horse, a reference distance was mea-
sured from the medial to the lateral fovea ligamenta-
ria of the proximal phalanx. Radiographs where new 
bone formation or superimposition of foreign mate-
rial precluded this were also excluded.

Data collection from radiographs using 
“Arteries Analyzer/ImageJ”

Using the ImageJ software, a freely available 
new plugin (https://github.com/reiservalentina/
Arteries-Analyzer-ImageJ-Plugin) named “Arteries 
Analyzer/ImageJ” was developed. The plugin was 
programmed specifically for this research, to enable 
an automated, objective analysis (Supplementary 
Figure S1). The aim of the “Arteries Analyzer” is 
to measure the osseous borders of the arterial 
channels20,21 of the phalanx distalis from arcus ter-
minalis to the margo solearis, and to characterize 
them numerically. The Plot Profile lists the precise 
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measurements of the arterial channels based on very 
limited manual input. As a pilot, this was tested and 
optimized several times by the authors using radio-
graphs, that were not included in the main part of 
the study (eg, of horses where radiography had been 
carried out on a single forelimb only). The sequence 
of processing is as follows: After starting ImageJ the 
plugin Arteries Analyzer is found under the folder 
“Plugins” and the subfolder “Analyze.” After launch-
ing the Arteries Analyzer the radiograph to analyze 
can be opened by ImageJ, and the software guides 
the user through every step of the measurements by 
showing pop-up icons. After scaling using a straight 
line (Figure 1) another straight line was drawn by 
the human evaluator between the lateral and the 
medial fovea ligamentaria of the phalanx proxima-
lis (bproximal pastern). To ensure comparability between 
horses, all data obtained from the arterial channels 
is given as a ratio of the width of the distal aspect of 
the proximal phalanx (bproximal pastern). The next step for 
the human evaluator was to place a transversal (lat-
eromedial) reference line (x) at the level of the coffin 
joint by connecting the most distal contours of the 
medial and lateral half of the joint surface within the 
distal phalanx. This line was used by the software to 
calculate the angle (β) in degrees (°) of the arterial 
channels measured. The angle was measured by the 
software between this line (x) and the midline (g). 
The midline (g) was defined by the software as the 
line described by the middle between the starting 
points of (d) and (e) as well as the middle between 
intersections of (f) with (d) and (e). By definition, 
angles were measured by the software starting from 
medial, so that the angle (β) measured < 90° if the 
artery was (dorso-)medial and > 90° if the artery was 
located (dorso-) lateral. The length of the artery g 
was afterward calculated by the software using

	 g = 
d + e

2
	 (1)

and the relative length of the artery was calculated by 
the software using the width of the proximal pastern:

	 g  = 
g

(b )rel
proximal pastern

	 (2)

Further steps concern individual arteries. Of 
each individual artery, borders were drawn by the 
human evaluator counterclockwise, that is, starting 
on the medial side of the left fore distal phalanx and 
on the lateral side of the right fore distal phalanx. 
The first straight line measured as d and the second 
straight line as e starting from the visible end of the 
artery at the margo solearis toward the arcus ter-
minalis. These lines were drawn by the evaluator as 
far as the borders of the artery were clearly discern-
ible. The angle between the 2 lines (d) and (e) was 
described as the opening angle (α). In the next step, 
the closing line (f) of the visible artery was created 
by manually drawing a transversal straight line clos-
ing the artery at the point where the borders indi-
cated by lines d and e ended proximally. After that, 
the Arteries Analyzer determined the surface AA of 

Figure 1—(A) Oxspring (0°; dorsoproximal–palma-
rodistal) radiographic view of a right forefoot of horse 
Nr. 9 without laminitis to illustrate the first measure-
ments using the “Arteries Analyzer/ImageJ” a freely 
available new plugin of the ImageJ software used to 
establishing and validating an objective method of 
radiographic diagnosis of anatomic changes in lami-
nitic feet of horses. The aim of the “Arteries Analyzer” 
is to measure the osseous margins/borders/surround-
ings of the arterial channels of the phalanx distalis from 
arcus terminalis to the margo solearis, and to charac-
terize them numerically. Scale Line = line drawn manu-
ally using the line straight line function. b_(proximal 
pastern) = straight line drawn between the lateral and 
the medial fovea ligamentaria of the phalanx proxima-
lis. To ensure comparability between horses of differ-
ent size, all data obtained from the arteries is given as 
a ratio of the width of the distal aspect of the proximal 
phalanx (b_proximal pastern). x = reference line placed 
transversal (lateromedial) at the level of the coffin joint 
by connecting the most distal contours of the medial 
and lateral half of the joint surface within the dis-
tal phalanx. This line was used to calculate the angle 
(β) in degrees (°) of the arterial channels measured.  
(B) Oxspring (0°; dorsoproximal–palmarodistal) radio-
graphic view of the left forefoot of horse Nr. 5 with 
laminitis to illustrate the measurements of a single 
Artery using the “Arteries Analyzer/ImageJ.” d = first 
straight line drawn, starting counterclockwise from the 
visible end of the artery at the margo solearis towards 
the arcus terminalis. e = second line drawn, starting 
from the visible end of the artery at the margo sole-
aris towards the arcus terminalis. f = e closing line (f), 
created by manually drawing a transversal straight line 
closing the artery at the point where the borders indi-
cated by lines d and e ended proximally. g = the line 
described by the middle between the starting points of 
(d) and (e) as well as the middle between intersections 
of (f) with (d) and (e). A_A = surface of the artery. 
(C) Oxspring (0°; dorsoproximal–palmarodistal) 
radiographic view of the right forefoot of horse num-
ber 3 with laminitis to illustrate the measurements of 
ellipses. m = major axis, parallel to a line from the arcus 
terminalis to the margo solearis. n = minor axis parallel 
to the margo solearis. Area Ae = surface of the ellipse. 
(D) High coronary (65°; dorsoproximal–palmarodis-
tal) radiographic view of a forefoot of horse number 6 
laminitis to illustrate the subgroups. Those were estab-
lished to categorize the localization of arteries and 
ellipses. With the first number indicating medial (1) or 
lateral (2) and the second number dorsal (1), dorso-
abaxial (2), and abaxial (3) resulting in the categories 
1.1, 1.2, 1.3, 2.1, 2.2, and 2.3.
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the artery calculating the area of the created poly-
gon using the formula:

	 A
A
wArel

A = 2 	 (3)

The overall width (w) and the overall relative 
width (wrel) of the artery were calculated by the soft-
ware as follows:

	 w = 
g
AA 	 (4)

	 w  = 
brel

distal fetlock

w
	 (5)

All visible arterial channels were measured simi-
larly. After the arteries, the analyzer prompted the 
assessment of ellipses to be analyzed. As a definition 
in the present paper, ellipses were similar to arte-
rial channels but without reaching the visible margo 
solearis. Also, they were elliptical structures and 
wider and rounder than the arterial channels. Ellipses 
were outlined by the human evaluator counterclock-
wise similar to the arterial channels by placing and 
shaping an ellipse congruent to the radiolucency 
using the shapes selection of imageJ. The Arteries 
Analyzer then listed the measurements of this struc-
ture. The ellipses within the distal phalanx always 
have a major axis m parallel to a line from the arcus 
terminalis to the margo solearis and a minor axis (n) 
parallel to the margo solearis. After the program 
determined the area AE of the ellipse the relative 
area of the ellipse was calculated as follows:

	 A  = 
bErel

distal fetlock
2

AE . 	 (6)

All visible arterial channels and ellipses in the 
dorsal half of the distal phalanx were measured. 
Cases where no arterial channels were visible within 
the dorsal half of the distal phalanx (ie, dorsal to 
line x) were not used for analysis. To categorize the 
localization of arterial channels and ellipses 6 sectors 
were established by the human evaluator, with the 
first number indicating medial (1) or lateral (2) and 
the second number dorsal (1), dorso-abaxial (2), 
and abaxial (3) resulting in the categories 1.1, 1.2, 
1.3, 2.1, 2.2, and 2.3.

Statistical analysis
The statistical data analysis was performed using 

the commercial software program IBM SPSS Statistics, 
version 28, IBM Corp. Due to the small sample size, 
statistical analysis was performed using nonparamet-
ric tests. Significance was set at P < .05. Comparisons 
between parameters of groups (L and NS), of left 
and right limbs, as well as of arterial channels of 
limbs with and without ellipses, and of arterial chan-
nels and ellipses in the different sectors of the dis-
tal phalanx were carried out using Wilcoxon and the 
Mann-Whitney U tests, respectively. Statistic correla-
tions between parameters were calculated as Pearson 
Correlation coefficients (PCC). Median values, as well 

as maximum and minimum values, were used to pres-
ent the results of the parameters obtained.

The reliability and repeatability of the software 
were tested using Friedmann test; furthermore, cor-
relations between the results of the 3 evaluators and 
of the 5 evaluations were correlated using PCC. The 
repeatability of the measurements was tested on 
10 radiographs (5 randomly selected radiographs of 
group NS and 5 randomly selected radiographs of 
group L) analyzed a total of 5 times by 3 evaluators 
(twice by 2 evaluators and once by the third evalua-
tor). The following, are referred to as evaluation 1.a, 
1.b, 2.a, 2.b, and 3.a representing the number of the 
evaluator (1, 2, and 3) as well as the measurement 
cycle (a, b) (Supplementary Figures S2 and S3). A 
total of 374 structures (arteries and ellipses) were 
outlined and measured in this way.

Results
Horses

In group L, radiographs (left and right foot) of 
45 horses were analyzed, and after the exclusion of 
horses, due to insufficient quality of the images or 
data only from 1 forelimb, data, and radiographs of 
20 horses were used for this study. Out of the 60 horses 
available for possible inclusion in group NS, the first 20 
with suitable radiographs were used for this study. A 
total of 3 ponies, 16 horses and 1 draft horse (mean 
age = 20 years) in group L and 3 ponies and 17 horses 
in group NS (mean age = 10 years) were selected.

Radiographs
Forty radiographs (20 left and 20 right; 14 

Oxspring, 26 High coronary) of the forelimbs of 
20 horses in group L and forty radiographs (20 left 
and 20 right; 40 Oxspring) of 20 horses in group 
NS met the selection criteria. The grade of laminitis 
in group L ranged from mild to severe with rotation 
of the distal phalanx ranging from 1.6 to 16.5°. On 
average laminitis was graded as mild radiographically 
with an average rotation of 6°. In the NS group the 
radiographically measured angle between the distal 
phalanx and the dorsal hoof wall was ranging from 
−3.5° to 4.0°, with an average angle of 0.02°. The 
distance from the medial to the lateral fovea of the 
first phalanx ranged from 55.4 to 79.6 mm and was 
on average 62.3 mm in group L and ranged from 53.0 
to 68.1 mm and was on average 62.1 mm in group NS.

Comparison between left and  
right forelimbs

Parameters per limb and parameters of arterial 
channels and ellipses were compared between left 
(L) and right (R) forelimbs, with 22 parameters per 
limb showing no significant difference between sides, 
and 4 parameters showing significant differences. 
Compared with the right forelimb, left forelimb 
ellipses had a shorter minor axis (L median 6.9 mm, 
range = 3.9–14.7 mm; R median = 7.4 mm, range = 
3.6–9.8 mm; P = .022), a smaller area (L median = 
163.4 mm2, range = 44.4–665.9 mm2, R median = 
180.4 mm2, range = 56.2–304.7 mm2; P = .012), and 
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a smaller relative area (L median 0.29%, range = 
0.13–0.64%, R median = 0.35%, range = 0.22–0.57%;  
P = .039). Furthermore, the localizations of the 
ellipses within the distal phalanges were significantly 
different, with the left forelimbs showing ellipses 
slightly more abaxial than the right forelimbs (P = 
.023). Parameters of arterial channels and of ellipses ​​
showed no significant differences between right and 
left forelimbs. Due to the majority of parameters 
being side-independent, further analysis was carried 
out without considering the body side.

Analysis per limb
Arterial channels did not differ significantly 

between groups (Table 1) but the number of ellipses 
per limb differed significantly between the 2 groups 
(L and NS), with 32 limbs in group L showing ellipses 
compared with 15 in group NS, and radiographs in 
group L showing significantly more ellipses than 
those of the control group NS (Table 2). A signifi-
cant positive correlation was determined between 
the number of ellipses per limb and the measured 
degree of rotation of the distal phalanx (PCC 0.392; 
P < .01, n = 80) as well as with the radiologically eval-
uated severity of laminitis (PCC 0.495; P < .01, n = 
80). Additionally, parameters of arterial channels in 
limbs with and without ellipses were compared inde-
pendent of group (L or NS) (Table 3). In the limbs 

where ellipses were present, the number of arterial 
channels and ellipses per limb was negatively corre-
lated, with more ellipses present in radiographs with 
fewer arterial channels (Figure 2).

Reliability and repeatability tests
There was a very high consistency of identify-

ing structures as either arteries or ellipses within the 
measurements. Only 7 structures of the 374 struc-
tures were classified as arteries in 1–4 evaluations 
and as ellipses in the remaining 1–4 evaluations. 
In these cases, the artery measurements (relative 
area, relative length, and relative width) were tested 
against the ellipse measurements representing simi-
lar dimensions (relative area, relative main axis, and 
relative minor axis), and no significant differences 
were found (relative area artery vs relative area 
ellipse P = .76; relative length artery vs relative main 
axis ellipse P = .54; relative width artery vs relative 
minor axis ellipse P = .76).

In the interpersonal comparisons, only 4 out 
of 80 tests (3 evaluations by 3 different evaluators, 
with 10 parameters each) showed significant differ-
ences (relative area 1.a vs. 2.b, P = .02; relative major 
axis 1.a vs 2.b, P = .00; relative length 1.a vs 2.b, P = 
.00; relative length 1.a vs 3.a, P = .02). For intraper-
sonal comparison measurements showed high con-
sistency. Only 1 out of 20 tests showed a significant 

Table 2—Median and range values of the measurements of the ellipses of the radiographs without laminitis (NS) 
and with diagnosed laminitis (L) and parameters of the ellipses (medians and ranges) in the different sectors (1.1, 
1.2, 2.1, and 2.2).

Group L
All limbs with 
E (n = 32)

L sctr. 1.1  
(n = 40)

L sctr. 1.2  
(n = 12)

L sctr. 1.3 
(n = 0)

L sctr. 2.1  
(n = 26)

L sctr. 2.2  
(n = 12)

L sctr. 2.3 
(n = 0)

Rel. main 
axis (%)

13.0 (6.7-21.8) 12.7 (6.7-25.1) 13.6 (8.1-20.1) — 12.9 (9.1-20.6) 13.1 (9.7-18.3) —

Rel. minor 
axis (%)

3.1 (2.0-4.3) 2.8 (1.3-4.7) 2.8 (2.5-4.3) — 3.4 (1.9-5.0) 2.8 (2.2-6.3) —

Rel. area 
(%)

0.3 (0.1–0.6) 0.2 (0.1-0.7) 0.3 (0.2-0.6) — 0.4 (0.2-0.8) 0.3 (0.2-0.6) —

Group NS
All limbs with 
E n = 15)

NS sctr. 11  
(n = 19)

NS sctr. 12  
(n = 7)

NS sctr. 13 
(n = 0)

NS sctr. 21  
(n = 10)

NS sctr. 22  
(n = 0)

NS sctr. 23 
(n = 0)

Rel. main 
axis (%)

14.2 (6.8-17.6) 14.9 (6.8-22.3) 13.4 (5.5-17.1) — 12.6 (7.2-19.8) — —

Rel. minor 
axis (%)

3.2 (2.2-4.8) 3.1 (2.2-4.4) 3.2 (2.5-4.9) — 2.7 (1.8-5.2) — —

Rel. area 
(%)

0.3 (0.2-0.6) 0.3 (0.2-0.66) 0.3 (0.1-0.6) — 0.33 (0.1-0.4) — —

The sectors are defined in Figure 4. No ellipses were detected in sector 1.3 and sector 2.3. No significant differences were found 
between the ellipses of group L and of group NS. See Table 1 for Key.

Table 3—Medians and ranges of measurements of arterial channels in forelimb distal phalanx radiographs horses 
with laminitis (L) and without laminitis (NS) with ellipses and without ellipses.

Limbs Angle (β)(°) Rel. area (%) Rel. length (%) Rel. width (%)
Opening 
angle α (°)

Limbs with E (n = 47, group L  
n = 32, group NS n = 15)

104.9a (3.9-179.9) 0.700b (0.23-2.27) 20.6c (8.2-50.1) 3.4d (1.9-6.8) 1.9 (0.01-11.9)

Limbs without E (n = 33, group L  
n = 8, group NS n = 25)

110.9a (3.9-179.9) 0.698b (0.23-2.27) 21.1c (9.7-50.1) 3.3d (1.9-6.8) 1.9 (0.02-11.9)

Values with the same superscript are significantly different. See Table 1 for Key.
aP = .000, bP = .001, cP = .002, dP = .034.

Brought to you by Royal School of Veterinary Studies/University of Edinburgh | Unauthenticated | Downloaded 11/07/23 04:56 PM UTC



AJVR� 7

difference (number of arteries 2.a vs. 2.b, P = .03). 
Correlating the mean results of each parameter per 
limb of all 5 evaluations, irrespective of the individual 
artery or ellipse measured there was a mean correla-
tion of 0.39 (Pearson Correlation Coefficient), with a 
significance of 0.29 from n = 8.93.

Individual arteries and ellipses showed no signif-
icant differences in interpersonal and intrapersonal 
comparisons, with a mean P-value of .73. This under-
lines a high repeatability between evaluators and 
measurement cycles. All correlations between the 
same arteries and the same ellipses were calculated 
between the 5 measurements of the 3 evaluators, 
the Pearson Correlation Coefficient of the arteries 
was 0.63; with a significance of 0.09 from mean n = 
37, and the mean Pearson Correlation Coefficient of 
the ellipses was 0.40, with a significance of 0.2 from 
a mean n = 17.6.

Mean relative difference between the software 
output and the values measured without the use 
of the new plugin was 4.1% for relative artery area, 
1.2% for relative artery length, 4.3% for relative artery 
width, 9.2% for the artery opening angle, and 1.9% 
for the artery angle. Regarding the ellipses, mean 
relative difference was 4.9% for ellipse relative major 
axis, 4.2% for ellipse relative minor axis, and 5.9% 
for ellipse relative area. No significant differences 
between the human and plugin measurements of 
the same structures were found, this is additionally 
shown by the significant correlations of human and 
plugin measurements (PCC 0.97; P < .01, n = 26).

Discussion
For this study, we examined dorsoproximal-

palmarodistal radiographs of the distal phalanx of 
equine forelimbs as these projections provide the 
clearest image of the quality of the distal phalanx and 
of the terminal arch and its branches.13,22 Although 
these projections are not routinely obtained for the 

evaluation of horses with laminitis, they highlight 
the solear margin of the distal phalanx where bone 
remodeling or lysis commonly occurs.11 Depending 
on the suspected condition or specific diagnostic 
question, clinicians select either “high coronary” pro-
jections or Oxspring projections, as these projections 
differ by 25° in the angulation of the radiographic 
beam onto the plate. Both of these projections have 
been used11,13,23 to describe changes of the hoof wall 
and of the distal phalanx, such as increased thick-
ness of the stratum internum-corium tissues with 
lamellar wedge formation24 or to highlight the solear 
margin of the distal phalanx which aids lesion iden-
tification in this area.25 As radiographs used in the 
present study were analyzed retrospectively, either 
Oxspring or high coronary projections were available 
for individual horses. The physiological angle of the 
dorsal wall of front feet in horses is described to have 
angles between 45 and 5026,27and it is reported with a 
mean angle of around 50.28,29 In horses without lami-
nitis, this is representative of the angle of the dorsal 
contour of the distal phalanx. However, in laminitic 
feet after rotation of the distal phalanx, the angle 
of the dorsal contour of the distal phalanx is more 
upright, and high coronary projections allow a more 
detailed depiction of the margo solearis of the dis-
tal phalanx. Additionally, the trimming of heels and 
dorsal hoof wall are major influences on the angle 
of the distal phalanx in relation to the radiographic 
plate. Therefore, differences in angle between the 
distal phalanx and the radiography plate would also 
have been present if only 1 of the 2 dorsoproximal-
palmarodistal projections had been used.

Similar to the study population of previous stud-
ies on laminitis24,30–33 where foals and young horses 
were not included in the examination, this was also 
the case in the present study as laminitis is rarely 
seen in young horses. Even though the growth 
plates in the digits are the first to close between 8.1 
to 8.5 months of age, the majority of growth plates 
are only fully closed at the age of approximately 
3 years.34 The development periods of horses also 
is completed very early in life, generally by 2 years 
of age, the horse enters skeletal maturity achiev-
ing most measures of maturity used within the 
human literature, including the plateauing of verti-
cal height, closure of growth plates, and adult ratios 
of back length:wither height and limb length:wither 
height.35 To enhance the comparative value of the 
radiographic measurements obtained in the present 
study, the minimum age selected was 4 years.

The increased blood flow to the digit in horses 
suffering from laminitis is an early clinical finding, 
picked up during clinical examination as increased, 
bounding digital pulsation. With prolonged increased 
blood flow bony changes of the arterial channels due 
to the pressure of the bounding pulse wave were 
expected. A similar development is seen in human 
patients, where radiological evidence of nutrient 
canals beyond mandibular anterior tooth root apices 
is associated with hypertension.36 Before starting the 
analysis, we expected arterial channels to be wider in 
group L than in group NS, based on the presumptive 

Figure 2—Scatterplot and linear trendline of the num-
ber of ellipses vs the number of arteries per limb in all 
47 limbs with ellipses (PCC −0.181; P = 0.224, N = 47).
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higher blood pressure3 in these arteries23 forcing 
the adjacent bone to recede. However, the width 
of the arterial channels was similar in the 2 groups. 
The arterial channels in the healthy distal phalanges 
were longer and had a larger area, which is another 
measure of the fact that during the process of lami-
nitis, the third phalanx recedes.37 However, the larger 
opening angle of the arterial channels could be a 
result of the changes in the systolic blood pressure3 
possibly combined with reduced bone density at the 
margo solearis during laminitis.24

The presence of ellipses in more than 3/4 of lam-
initic distal phalangeal radiographs but only in less 
than half of healthy distal phalangeal radiographs 
was a striking difference.

The shape of the ellipses with their main axis sim-
ilar to the arterial channels along straight lines from 
the arcus terminalis to the margo solearis, makes it 
likely that they represent vascular structures. Also, 
ellipses are seen in similar positions to arterial chan-
nels. The fact that there were fewer arterial channels 
but more ellipses in the distal phalanges of horses 
suffering from laminitis suggests a development from 
a healthy artery to a laminitic artery and then onto an 
ellipse. The negative correlation between ellipses and 
arterial channels, in distal phalanges where ellipses 
were found, underlines the development of healthy 
arterial channels into “disease ellipses” in horses with 
laminitis. Thus presence and number of ellipses in 
the distal phalanx appear to indicate bone change, 
as there is a significant, positive correlation between 
the evaluated severity of laminitis and the measured 
degree of rotation of the distal phalanx within the 
hoof capsule. No significant differences were found 
in the shape and size of the ellipses between the 
2 groups (L and NS) and, therefore, relevance of 
these features remains questionable.

If arterial channels develop into ellipses, addi-
tional arterial channels have to become visible in the 
laminitic distal phalanges, as the sum of arterial chan-
nels and ellipses in the sectors of group L exceeds 
the sum in the sectors of group NS. Such a develop-
ment may be due to the hypertension within bone 
of potentially reduced quality such as described in 
the vascular canals of the root of the teeth.36 Due to 
the increased blood flow in laminitis, with localized/
regional hypertension,3 we expected the presence 
of more vascular structures in group L than in group 
NS, which is true, if the sum of ellipses and arterial 
channels is considered. However, the distribution 
of the sum of vascular structures is markedly differ-
ent, with the number of arterial channels smaller in L 
than in NS distal phalanges but the higher number of 
ellipses more than outweighs this.

Analyses of the arterial channels and ellipses in 
the 6 sectors also showed no differences in the main 
parameters. An interesting finding was the absence of 
ellipses in sector 2.2 in group NS and the total absence 
in sector 2.3 regardless of group. The absence of 
ellipses in the lateral and abaxial part of the third pha-
lanx could be explained by the smaller biomechanical 
stress in the third phalanx laterally than medially.38,39 
The increased biomechanical pressure on the medial 

side appears to induce the formation of ellipses. This 
theory is supported by the higher number of ellipses 
on the medial than on the lateral side (Table 2).

In many imaging studies in human medicine40–42 
software supported diagnosis and interpretation is 
widespread, and increasing. This is not yet similarly 
advanced in veterinary imaging, and the software 
tool used in the present study, that is, the Arteries 
Analyzer plugin of ImageJ, was developed to aid in 
the interpretation of radiographs in a clinical setting, 
but it is not a fully autonomous diagnostic tool. The 
measurement system can be classified as a compos-
ite human evaluator/software measurement, with 
the human evaluator identifying the structures and 
then applying the software to the structures already 
identified. The plugin allows quick and reliable mea-
surements for comparisons of anatomic features of 
the development and severity of laminitis-associated 
bone changes. The repeatability and reliability of 
software-assisted measurements are now fully rec-
ognized in veterinary radiology,43 and the results of 
the respective testing in the present study show ade-
quate repeatability, better in arteries than in ellipses. 
This may also be the reason why the presence of 
ellipses, but not the measurements of ellipses were 
significantly different between L and NS distal pha-
langes. The influence of the handedness of the evalu-
ators when outlining the structures cannot be ruled 
out, and, as the 3 evaluators were righthanded, this 
could not be assessed in the present study.

The present study represents the first occasion 
in which a specifically developed software tool was 
applied for the refined evaluation of distal phalanx 
radiographs of horses with laminitis. Specifically, 
the results of the present study have indicated 
that this tool may be used to successfully develop 
a robust means of identifying anatomic changes in 
equine laminitic feet from Oxspring or high coronary 
radiographic projections. This represents a logical 
progression to former methods of objective radio-
graphic assessment33 providing the basis for widen-
ing the subjective radiological assessments.

With this study, the goal of creating a new mea-
surement tool for the analysis of structures outlined 
by a human evaluator in horses with laminitis was 
achieved. With little additional effort on either of 
the 2 dorsoproximal palmarodistal radiographic view 
images it may be possible to add a helpful new diag-
nostic and radiological tool to evaluate cases of lami-
nitis even more reliably.
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