
AJVR, Vol 73, No. 8, August 2012		  1207

Laminitis results in lamellar (laminar) dysadhesion 
within the suspensory apparatus of the DP that 

leads to anatomic change within the affected foot.1,2 
Anatomic changes include alterations in the inter-
nal relationships among the osseous structures of the 
foot and their relationships with the hoof capsule or 
changes to the morphometric characteristics of the DP. 
Objective methods of radiographic assessment are re-
quired to ensure accurate diagnosis of anatomic change 
within a laminitic foot, especially when mild changes 
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Objective—To establish and validate an objective method of radiographic diagnosis of ana-
tomic changes in laminitic forefeet of donkeys on the basis of data from a comprehensive 
series of radiographic measurements.
Animals—85 donkeys with and 85 without forelimb laminitis for baseline data determina-
tion; a cohort of 44 donkeys with and 18 without forelimb laminitis was used for validation 
analyses.
Procedures—For each donkey, lateromedial radiographic views of 1 weight-bearing fore-
limb were obtained; images from 11 laminitic and 2 nonlaminitic donkeys were excluded 
(motion artifact) from baseline data determination. Data from an a priori selection of 19 
measurements of anatomic features of laminitic and nonlaminitic donkey feet were ana-
lyzed by use of a novel application of multivariate statistical techniques. The resultant diag-
nostic models were validated in a blinded manner with data from the separate cohort of 
laminitic and nonlaminitic donkeys.
Results—Data were modeled, and robust statistical rules were established for the diag-
nosis of anatomic changes within laminitic donkey forefeet. Component 1 scores ≤ –3.5 
were indicative of extreme anatomic change, and scores from –2.0 to 0.0 denoted modest 
change. Nonlaminitic donkeys with a score from 0.5 to 1.0 should be considered as at risk 
for laminitis.
Conclusions and Clinical Relevance—Results indicated that the radiographic procedures 
evaluated can be used for the identification, assessment, and monitoring of anatomic 
changes associated with laminitis. Screening assessments by use of this method may en-
able early detection of mild anatomic change and identification of at-risk donkeys. (Am J Vet 
Res 2012;73:1207–1218)

are present. Previous studies3–6 have attempted to pro-
vide a quantitative basis for the diagnosis of anatomic 
change associated with laminitis in horses and ponies. 
However, progress has been limited because of the use 
of various assessment methods and limitations in data 
analysis. Hence, the objective diagnosis of laminitis-
associated anatomic change remains imprecise.

A lateromedial radiographic view represents the 
gold-standard image for the detection of anatomic 
change within a laminitic foot. However, an increasing 
number of distinct pathological changes are known to 
be associated with laminitis, including so-called cap-
sular rotation (generally defined as angular deviation 
between the dorsal aspect of the DP and the dorsum of 
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the hoof wall), phalangeal rotation, distal displacement 
of the DP, and combined rotation and displacement 
events.7 Various radiographic measurements have been 
used to document these pathological changes. This has 
resulted in the emergence of a complex data matrix that 
makes diagnostic interpretation difficult. Consequently, 
there has been a tendency among researchers to assess 
single or several measurements in isolation,3–5 rather 
than to analyze the combined information as a defini-
tive measure of anatomic change.

Among horses7 and donkeys,8,9 there is extensive 
variation in the clinical signs of laminitis; therefore, it 
is highly unlikely that any single radiographic variable 
would effectively capture the entire extent of anatomic 
change within an affected foot. This is of importance 
because prognosis is believed to be dependent on the 
nature and extent of anatomic change within a lami-
nitic foot.3–5,10 Some progress has been made to address 
this problem by use of stepwise regression methods 
to incorporate information from several radiographic 
measurements.6 However, this statistical approach, 
which, in the authors’ opinion, is not readily transfer-
able to clinical settings, only highlights the perceived 
critical importance of a single radiographic variable. 
Hence, there is a need to find an alternative means 
of evaluating the combined information derived from 
several radiographic measurements. Multivariate sta-
tistical techniques may provide the means to achieve 
this important objective. These techniques have been 
used successfully in veterinary medicine to assess other 
complex data matrices and have aided in the diagnosis 
of navicular syndrome11,12 and hind limb lameness in 
horses.13 However, these techniques have not been used 
previously to assess radiometric data, to our knowledge.

Multivariate exploration and classification tech-
niques enable variable- and object (individual)-direct-
ed analyses of multivariable data.14 These statistical 
techniques have been described in detail.15 Overall, 
exploration techniques provide information regarding  
individual and group variability and promote under-
standing of those measurements, which are responsible 
for this variability. Conversely, classification techniques 
are intended to mathematically model this variability 
and perform individual discrimination and group allo-
cation tasks.

The effectiveness of these analyses is dependent 
largely on selection of appropriate measurements. 
Hence, the critical step is the application of a priori 
knowledge to define an appropriate set of measure-
ments. For laminitis, these measurements must char-
acterize the key elements of radiographic images of the 
anatomic characteristics of the foot and enable detec-
tion of specific pathological events that are thought to 
be pathognomonic of the disease or of prognostic value. 
In our opinion, it appeared likely that multivariate sta-
tistical techniques could be used to develop a novel and 
robust method for the diagnosis and quantification of 
laminitis-associated anatomic change within donkey 
feet on the basis of lateromedial radiographic data.

Thus, the purpose of the study reported here was 
to establish and validate an objective method of radio-
graphic diagnosis of anatomic changes in laminitic feet 
of donkeys on the basis of data from a comprehensive 

series of radiographic measurements. The intent was 
to investigate various multivariate methods to model 
the radiographic data, to determine the methods best 
suited for the identification of anatomic change with-
in a laminitic donkey foot, and to assess whether the 
multivariate approach could be used successfully to 
develop a measurement-based diagnostic technique for 
the detection and appraisal of anatomic change within 
a laminitic donkey foot.

Materials and Methods

Sample size—Pre hoc sample size calculation for a 
2-sample t testa was based on a preliminary multivari-
ate analysis of radiometric data, assuming SD of 2.1, α 
of 0.05, power (1 – β) ≥ 0.8, and a desired detection 
difference in means of 1. This calculation gave a mini-
mum required sample size of 71 donkeys/study group. 
However, to account for potential experimental errors 
in data collection, radiographs were obtained from an 
initial group of 85 nonlaminitic and 85 laminitic don-
keys. In this way, it was expected that a minimum sta-
tistical power of 0.8 would be achieved.

Donkeys—Two hundred thirty-two donkeys were 
randomly selected from the donkey herd managed by 
The Donkey Sanctuary, Sidmouth, Devon, England. 
One hundred seventy donkeys were selected for base-
line data determinations; 62 donkeys were selected to 
provide data for validation analyses. For baseline data 
determinations, 2 groups were established: a group of 
donkeys with clinically normal forefeet (n = 85) and 
a group of donkeys with unilateral or bilateral forefeet 
laminitis (85). The first recorded incidence of acute-
phase laminitis within the laminitic group ranged from 
6 months to 11 years previously. For the validation 
analyses, a randomly selected cohort of 62 donkeys was 
established; this cohort included donkeys with clinical-
ly normal forefeet (n = 18) and donkeys with unilateral 
or bilateral forefeet laminitis (44). These donkeys were 
not used in the initial baseline data determination. 

All donkeys were maintained under a standardized 
farriery regimen by a group of farriers experienced in 
trimming donkey feet. Case selection was designed to 
provide a random sample of nonlaminitic and laminitic 
feet with assorted anatomic characteristics and was es-
tablished by reviewing medical records. Nonlaminitic 
donkeys were determined to be unaffected on the ba-
sis of an absence of a history of foot-related problems 
and visual inspection to confirm the absence of gross 
pathological changes of the hoof capsule. Visual evi-
dence of a foot-related problem resulted in exclusion 
from the clinically normal group. Laminitic status was 
determined on the basis of clinical history of acute-
phase laminitis. Specifically, the clinical diagnosis of 
acute-phase laminitis was determined on the basis of 
a combination of clinical signs, including stance and 
gait irregularities, elevated digital pulse amplitude, in-
creased sensitivity to hoof testers in the dorsal aspect 
of the foot, elevated hoof temperature, signs indicat-
ing supracoronary depression, and general behavioral 
changes indicative of pain. Each hoof underwent visual 
inspection for signs consistent with laminitis, includ-
ing the presence of divergent growth rings (expand-
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ing circumferentially from the dorsum 
to the heels), expansion (widening) of 
the white line, extensive flattening of 
the sole, solar hemorrhage in the region 
adjacent to the dorsodistal margin of the 
DP, distortion of the hoof capsule, dorsal 
concavity of the hoof wall, and perioplic 
hyperproliferation.

At The Donkey Sanctuary, donkeys 
are under the care of a team of veterinar-
ians, and there are specific management 
guidelines (including protocols for feed-
ing and grazing access) for donkeys with 
laminitis. Palliative care and treatment 
of secondary pathological alterations, in-
cluding recrudescent changes in the feet 
(chronic abscess formation), were under 
the direction of the attending veterinar-
ian at all times. Use of orthopedic shoes 
and foot supports was determined on an 
individual animal basis.    

Radiography—Lateromedial radio-
graphic views of 1 forefoot of each don-
key were obtained. For donkeys with 
unilateral forelimb laminitis, the affected 
foot was evaluated; for donkeys with bi-
lateral forelimb laminitis, 1 forefoot was 
randomly selected for evaluation. For 
all donkeys, lateromedial radiographic 
views were obtained by a previously 
described procedure.9 In brief, radio-
graphic assessment was conducted at a 
random stage during the normal 6-week 
farriery cycle. Each forefoot undergoing 
evaluation was cleaned prior to radiogra-
phy. A soft wire marker of known length was attached 
to the dorsal aspect of the hoof wall. The marker was 
positioned at the palpable proximal limit of the hoof 
wall. This enabled radiographic calibration (to account 
for any magnification effects) and for discrimination of 
both the dorsal aspect and proximal limit of the hoof 
wall. The foot was placed on a wooden block (8 cm in 
height) containing a wire ground line marker. Care was 
taken to ensure that the limb was fully weight bearing, 
with the long axis of the metacarpal region positioned 
perpendicular to the ground. The contralateral limb 
was also supported on a wooden block to allow even 
weight distribution between the forelimbs.

The forefoot undergoing evaluation was positioned 
so that the bulbs of the heel were perpendicular to the 
x-ray film cassette. In this manner, a true laterome-
dial radiographic view of the foot was obtained, with 
beam obliquity lower than the critical value of 10°.16 
Exposure factors of 53 kV at 1.2 mA were used for a 
70-mm-wide hoof. Kilovoltage was adjusted by 1 kV 
(plus or minus) for a corresponding 5-mm (plus or mi-
nus) change in hoof width. All radiographs were ob-
tained at a film-focal distance of 80 cm, with the beam 
focused midway between the dorsal and palmar aspect 
of the foot and midway between the coronary band and 
the weight-bearing border. All radiographic procedures 
were performed by a single experienced operator (SNC) 
to optimize reproducibility and control for repeatability 

effects. Radiographs were scanned at a resolution of 400 
dots/inch on a flatbed scanner, and the resultant digi-
tized images were analyzed with a software program.b

Radiographic measurements were selected on the 
basis of previous study findings9 (Figures 1 and 2; Ap-
pendix). The measurements were selected to enable 
radiographic characterization of key anatomic features 
of a donkey forefoot and, by use of an a priori selec-
tion, enable detection of specific pathological events 
that are thought to be pathognomonic of laminitis or 
of prognostic value. The software program provided 
2 measurement protocols that could be used to evalu-
ate radiographic variables: a guided mark-up protocol 
and a free user-defined mark-up protocol. By use of the 
guided mark-up protocol, radiographic variables that 
are based on predefined anatomic reference points (se-
lected by the user) can be evaluated, and relationships 
between those structures and the ground and anatomic 
interrelationships are computed. The free user-defined 
mark-up protocol allows features of interest to be mea-
sured by the user with measurement tools to derive lin-
ear or angular measurements. 

Multivariate statistical techniques—Data analy-
ses were conducted with scan chemometric analysis 
software.a Data were assessed with the exploration 
method of PCA, and 7 supervised classification meth-
ods were evaluated, as described elsewhere.17–19 These 

Figure 1—Lateromedial radiographic view of a forefoot of a donkey without laminitis 
to illustrate the angular and linear measurements recorded by the software-guided 
mark-up protocol for use in establishing and validating an objective method of radio-
graphic diagnosis of anatomic changes in laminitic feet of donkeys on the basis of data 
from a comprehensive series of radiographic measurements. Dorsal angle of the DP 
was modified by use of the free mark-up protocol to control against measurement 
errors resulting from bone-modeling changes to the DP. Ang Ts = Dorsal angle of the 
DP. D = Distal displacement of the DP. Angle F = Distal interphalangeal joint rotation. 
MP = Middle phalanx. PAxis = Angle of pastern axis. S = Dorsal hoof wall angle. SA 
= Angle of solar aspect of the DP. (Adapted from Collins SN, Dyson SJ, Murray RC, et 
al. Radiological anatomy of the donkey foot: objective characterisation of the normal 
and laminitic donkey foot. Equine Vet J 2011;43:478–486. Reprinted with permission.)
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were nearest mean classification, linear 
discriminant analysis, quadratic discrim-
inant analysis, RDA, soft independent 
modeling of class analogues, K-nearest 
neighbors classification, and classifica-
tion and regression trees.

PCA—The principal component 
method is a vector-based unsupervised 
analysis technique that provides an op-
timized method of multivariable data 
inspection, in which interrelationships 
between measurements are anticipated.20 
Although multivariable data cannot be 
visualized simultaneously via conven-
tional statistical methods, the principal 
component method provides a visual ba-
sis by which this can be readily achieved. 
This allows group, individual, and vari-
able evaluations to be easily made. Prin-
cipal component analysis overcomes the 
inherent problem of handling multivari-
able data by calculating a series of new 
orthogonal theoretical axes (ie, compo-
nent axes), which maximize the variabil-
ity present within the original data (op-
timized). This is achieved by a rotational 
transformation of the original data axes, 
with the new component axes represent-
ing linear weighted combinations of all 
measured variables. In this way, each 
variable contributes in part to each of 
the new component axes. The plane of 
maximum variation within the original 
data is thus defined by component 1 and 
2 axes. This can be displayed graphically 
and represents the optimal inspection 
window for data assessment. Compo-
nent scores are calculated automatically 
for each individual on the basis of their 
weighted value for each measured vari-
able, thereby enabling projection of the 
individual onto the inspection window. 
Likewise, the vectorial contribution of 
each variable (loading) can also be pro-
jected onto the inspection window. In this 
way, the spatial distribution and inter- 
relationships of groups and individuals 
can be observed and the influence of the 
respective measured variables can be  
assessed.

Supervised multivariate classification—Super-
vised multivariate classification methods serve to allo-
cate individuals to one of several groups by means of 
an optimized classification rule. The classification rule 
is calculated from the mathematical model that best 
defines the relationship between the respective groups. 
The mathematical model and its classification rule are 
established from individuals of known group member-
ship (the training set [ie, nonlaminitic and laminitic 
donkey groups used for baseline data determination]). 
Once established, verified, and cross-validated, the rule 
can then be used to allocate individuals of unknown 

membership (the validation set [ie, nonlaminitic and 
laminitic donkey groups used for validation analysis]) 
as being either nonlaminitic or laminitic. The classi-
fication rule can be further optimized with regard to 
misclassification errors. In this manner, the rule can 
be weighted so that either type 1 (false-positive) or 2 
(false-negative) errors are further reduced. Seven multi- 
variate classification methods were initially assessed, 
and the best performing method (ie, the method that 
had the highest classification success and the lowest 
misclassification error) was selected for evaluation of 
the validation data.

Figure 2—Lateromedial radiographic views of a forefoot of a donkey without laminitis 
to illustrate the angular and linear measurements recorded by the free mark-up pro-
cedure of a software-guided mark-up protocol for use in establishing and validating an 
objective method of radiographic diagnosis of anatomic changes in laminitic feet of 
donkeys on the basis of data from a comprehensive series of radiographic measure-
ments.  Actual values for this animal are noted. AA = Apex angle. IDA = Integument 
depth (proximal site). IDB = Integument depth (distal site). IDM = Integument depth 
(mid-dorsal site). PCA = Proximal palmar cortex angle. PCL = Palmar cortex length. 
PPCL = Proximal palmar cortex length. RA = Reflex angle of palmar cortex. Ts = Dor-
sal angle of the DP. (Adapted from Collins SN, Dyson SJ, Murray RC, et al. Radiological 
anatomy of the donkey foot: objective characterisation of the normal and laminitic 
donkey foot. Equine Vet J 2011;43:478–486. Reprinted with permission.)
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Validation—Once the initial analyses had been per-
formed and an optimal classification method selected, 
a final independent validation exercise was conducted 
in a blinded manner by a single experienced operator 
(SNC) to assess the performance characteristics of the 
diagnostic technique. The validation analysis was per-
formed on the basis of data derived from a randomly 
selected cohort of 62 nonlaminitic and laminitic don-
keys. These donkeys had not been used in the initial 
baseline data determination. Group membership was 
determined on the basis of similar group inclusion cri-
teria. Group membership for the donkeys used in the 
validation analysis was confirmed only to the assessor 
after all analyses were completed.

ROC curve analyses—To evaluate and compare 
the discriminatory potential of the PCA component 
score of components 1 and 2 for identification of non-
laminitic individuals, data were analyzed by ROC curve 
analyses to assess sensitivity and specificity estimates 
for all cutoff points within the data on the basis of PCA 
component scores applied against the gold-standard 
health status derived from the medical history. Receiv-
er-operating characteristic curves of sensitivity versus 

1 – specificity for both PCA component scores for com-
ponents 1 and 2 were generated with a formal statisti-
cal testing applied to test the null hypothesis that the 
areas under both ROC curves were equal. Examination 
of individual data values was conducted to identify the 
PCA component score cutoff values for optimal sensi-
tivity and specificity. Receiver-operating characteristic 
analyses were conducted with software,c and values of 
P < 0.05 were considered significant.

Results

Donkeys—For baseline data determination, latero-
medial radiographic views of 1 forefoot of 85 nonlami-
nitic and 85 laminitic donkeys were obtained. However, 
images for 2 nonlaminitic (1 gelding and 1 mare) and 
11 laminitic (7 geldings and 4 mares) donkeys were ex-
cluded from the analysis due to motion blur or marked 
obliquity in the radiographic views. Hence, radiometric 
data from 83 nonlaminitic and 74 laminitic donkeys 
were used in the baseline data determination. There 
were 34 geldings and 49 mares in the nonlaminitic 
group (mean age, 15 years; mean body weight, 163 kg) 
and 40 geldings and 34 mares in the laminitic group 
(mean age, 21 years; mean body weight, 179 kg). The 
data matrix contained information for 20 angular and 
linear anatomic variables measured on the lateromedial 
radiographic view of each foot (1 foot/donkey). Howev-
er, due to multicolinearity effects with dorsal hoof wall 
angle and the angle of the proximal phalanx, the hoof 
pastern axis was excluded from the analyses.

PCA analysis—The results of the PCA revealed 
that components 1 and 2 cumulatively explained ap-
proximately 60% of the total variation present within 
the entire multivariable data set. Hence, the plane of 
maximum variation, defined by components 1 and 2, 
represented a highly informative inspection window for 
further data interpretation, given that a single variable 
axis in an independent data set of 19 variables would 
typically account for only one-nineteenth of the total 
variation. The spatial distribution of the nonlaminitic 
and laminitic group members within this inspection 
window, on the basis of the derived component scores 
for each individual, was plotted (Figure 3).

In the baseline data determination, the nonlami-
nitic group appeared as a cohesive cluster with few out-
liers, unlike the laminitic group. This indicated that the 
feet of the nonlaminitic group had a degree of anatomic 
similarity. Conversely, the diverse distribution evident 
within the laminitic group was indicative of greater in-
dividual variation in radiographic findings.

		  Nonlaminitic group (n = 83)			   Laminitic group (n = 74)

Variable	 Mean ± SD	 Range	 95% CI	 Mean ± SD	 Range	 95% CI

Component 1 score	 1.597a ± 1.299	 –1.662 to 4.010	 1.312 to 1.883	 –1.747b ± 2.747	 –9.228 to 2.787	 –2.379 to –1.114
Component 2 score	   –0.134 ± 1.947	 –4.794 to 5.719	 –0.562 to 0.294	 0.146 ± 1.886	 –4.814 to 4.264	 –0.287 to 0.580

Donkeys were classified as nonlaminitic or as having unilateral or bilateral laminitis on the basis of medical record review and assessment of current 
clinical signs. One forefoot of each donkey was used in the analyses. Initially, 85 nonlaminitic and 85 laminitic donkeys were evaluated ; data from 2 
unaffected donkeys and 11 donkeys with laminitis were excluded from the analyses because of motion artifact in the radiographic views.  

a,bDifferent superscripts denote a significant (P < 0.05) between-group difference determined by use of a 2-sample t test. 

Table 1—Component 1 and 2 scores derived via PCA of data from a series of 19 radiographic measurements in a study to establish and 
validate an objective method of radiographic diagnosis of anatomic changes in laminitic forefeet of donkeys. 

Figure 3—Scatterplot illustrating the spatial distribution and 
group separation of 157 donkeys of known laminitis status within 
an optimal data inspection window derived via PCA in a study 
to establish and validate an objective method of radiographic di-
agnosis of anatomic changes in laminitic feet of donkeys on the 
basis of data from a series of 19 radiographic measurements. 
Donkeys were classified as nonlaminitic (blue squares [n = 83]) 
or as having unilateral or bilateral laminitis (red circles [74]) on the 
basis of medical record review and assessment of current clinical 
signs. One forefoot of each donkey was used in the analyses. By 
use of PCA, multivariable data are expressed visually; scores for 
components 1 and 2 were calculated for each individual, based 
on their weighted value for each variable, and displayed in the 
inspection window (the maximum plane of variation within the 
original data defined by the component 1 and component 2 axes).       
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Component scores for the 2 study groups were 
summarized (Table 1). The 2 groups were separate with 
respect to component 1, with little between-group sep-
aration in the direction of component 2. The separation 
with respect to component 1 indicated the presence of 
important differences in certain aspects of the radio-
graphic characteristics between the 2 groups. Between-
group comparisons via a 2-sample t test, following 
confirmation of normal data distribution by use of the 
Anderson-Darling normality test, revealed a significant 
(P < 0.05) difference between mean component 1 scores. 
Evaluation of the scatterplot suggested that there was an 
effective between-group boundary at a component 1 score 
of approximately –1.0. However, group separation at this 
boundary was not complete, and a degree of overlap ex-
isted between the nonlaminitic and laminitic groups.

The corresponding vector plot for the radiograph-
ic variables (Figure 4) provided an understanding of 

the underlying causal factors that govern 
both individual and group distributions 
within the inspection window. The vector 
diagram indicated that component 1 was 
strongly influenced by angular deviation 
between the dorsal aspect of the DP and 
the dorsum of the hoof wall, apex angle of 
the DP, integument depth of the dorsal as-
pect of the foot at the mid-dorsal site, re-
flex angle of the DP, and phalangeal axis. 
Conversely, angle of the middle phalanx, 
middle phalanx length, angle of the 
proximal phalanx, and dorsal hoof wall 
angle strongly influenced component 
2. The remaining variables, which were 
oriented diagonally to the axes, exerted 
an influence with respect to components 
1 and 2.

Supervised multivariate classifica-
tion—Analyses conducted via 7 multi-
variate classification methods revealed 
that the RDA method best modeled the 
radiographic data (Table 2). The op-
timal RDA model provided the lowest 

group discrimination error (16%) and group predic-
tion error (17%). This RDA model was able to cor-
rectly classify 79 of 83 nonlaminitic donkeys (nega-
tive diagnosis) but could only classify correctly 52 of 
74 laminitic donkeys (positive diagnosis). A second 
analysis, with the classification rule weighted against 
false-negative diagnostic error, resulted in correct 
classification of 66 of 74 laminitic donkeys. Howev-
er, this weighting resulted in the misclassification of 
14 nonlaminitic donkeys.

The group allocation derived from the weighted 
RDA analysis projected onto the optimal inspection 
window was plotted (Figure 5). The weighted clas-
sification resulted in a shift to the right in the effec-
tive boundary between the nonlaminitic and laminitic 
groups within the inspection window, yielding a com-
ponent 1 score of approximately 0.5.

Validation analysis—Validation analysis of the new 
objective method of radiographic diagnosis of anatomic 
changes in laminitic forefeet of donkeys was performed 
involving data from an additional 18 nonlaminitic and 
44 laminitic donkeys. The performance of the method 
resulted in correct classification of 34 of the 44 lami-
nitic donkeys (10 laminitic donkeys were incorrectly 
classified); among the 18 nonlaminitic donkeys, 5 were 
correctly classified (13 nonlaminitic donkeys were in-
correctly classified). The weighted RDA model yielded 
a sensitivity of 77.27% (95% CI, 64.89% to 89.66%), 
specificity of 72.22% (95% CI, 51.53% to 92.91%), and 
positive and negative predictive values of 87.18% (95% 
CI, 76.69% to 97.67%) and 50.00% (95% CI, 36.26% to 
76.78%), respectively.

ROC curve analyses—Based on ROC curve assess-
ment, PCA component 1 score was considered to have 
performed adequately against the gold-standard health 
status, with an area under the ROC curve of 87.3% (95% 
CI, 81.6% to 92.9%; Figure 6). This was significant (P < 
0.001) and superior to PCA component score 2, which 

Figure 4—Loading plot illustrating the vectors for the radiographic variables of in-
terest (within the optimal data inspection window) for the 157 donkeys of known 
laminitis status described in Figure 3. Ang F = Distal interphalangeal joint rotation. 
Ang H = Angular deviation between the dorsal aspect of the DP and dorsum of the 
hoof wall. Ang R = Phalangeal rotation angle. C = Angle of middle phalanx. MPL 
= Middle phalanx length. U = Angle of proximal phalanx. See Figures 1 and 2 for 
remainder of key. 

		  Group	 Group
	 No-model	 recognition	prediction
Method	 error (%)	 error (%)	 error (%)

Nearest mean classification	 47.8	 21.7	 —
Linear discriminant analysis	 47.8	 16.6	 22.3
Quadratic discriminant analysis	 47.8	 21.6	 21.6
RDA*	 47.8	 16.1	 17.2
Soft independent modeling	 47.8	 30.6	 35.7
  of class analogues
K-nearest neighbors classification	 47.8	 —	 26.7
Classification and regression trees	 47.8	 17.2	 19.1

All classifications assumed equal class prior and unit loss 
function.

*Optimal method for group recognition and group prediction.
— = Not modeled successfully.

Table 2—Group recognition and prediction performances for the 
7 multivariate classification methods, compared with the critical 
no-model statistic, used to analyze radiographic data obtained 
from 83 donkeys without laminitis and 74 donkeys with lamini-
tis in a study to establish and validate an objective method of 
radiographic diagnosis of anatomic changes in laminitic forefeet 
of donkeys.

10-08-0267r.indd   1212 7/20/2012   1:22:39 PM

Unauthenticated | Downloaded 02/09/23 07:02 PM UTC



AJVR, Vol 73, No. 8, August 2012		  1213

gression to former methods of objective radiographic 
assessment and offers a means for the quantitative ap-
praisal of donkey feet, thereby providing an important 
adjunct to traditional methods of subjective clinical as-
sessments. Confidence in these analyses can be inferred 
because the 2 multivariate techniques (PCA and RDA), 
each performed with different methods of calculation, 
provided results that were in broad agreement in the 
present study.

The principal component method provided a vi-
sual technique by which clinical appraisal of the radio-
graphic characteristics of donkey feet can be made. It 
allowed group, individual, and radiographic variable 
evaluations to be easily made. The inspection window 
provided a means of visual inspection of data related to 
the radiographic appearance of the anatomic features 
of donkey feet and data related to individual anatomic 
variations. This inspection window accounted for 60% 
of the total anatomic variation recorded across all 19 
variables assessed in the present study. This represents 
an improvement over former methods of objective as-
sessment, which rely on evaluating either information 
gained from a single variable of choice or information 
obtained by evaluating several variables in isolation. 
This is because single variable assessment alone pro-
vides limited information regarding the complete radio-
graphic appearance of the foot. Conversely, traditional 
methods for the interpretation of multivariable assess-
ment are neither intuitive nor easily achieved. Typically, 
the ideal outcome of a PCA, as commonly used when 
analyzing chemical spectral data, is that approximately 
90% of the variability is captured within the first few 
principal components. The variability explained in the 
present study decreased slightly below this ideal posi-
tion (78% by 4 components). This shortfall may result 
from measurement or experimental error associated 
with the study. Regarding the former, errors may have 
arisen from inconsistencies in the selection of the ana-
tomic reference points used by the software program.a 
In addition to this systematic measurement error, the 
performance of the PCA analysis may be affected by 
the presence of concurrent pathological changes af-
fecting the anatomy of the foot. In this regard, it has 
been argued that laminitis in donkeys forms part of a 
broader continuum of a degenerate foot condition.22 
Likewise, individual differences in trimming methods 
among farriers may add to the overall variability in foot 
conformation and thus the radiographic characteristics 
of the foot. Similarly, differences in hoof horn growth 
and wear rates among donkeys, irrespective of disease 
status, would further contribute to total variation in the 
radiographic data. 

The inspection window used in the present study 
readily highlighted differences in anatomic features be-
tween nonlaminitic and laminitic forefeet and provided 
a basis for the clinical assessment of donkeys by allow-
ing direct graphic comparison of radiographic data with 
known anatomic features of clinically normal and lami-
nitic donkey feet. The inspection window indicated a 
division between nonlaminitic and laminitic foot char-
acteristics in donkeys along the component 1 axis, at a 
value of a 0.5. The position of a donkey with respect to 
the component 1 axis reflects the degree of anatomic 

was not considered adequately discriminatory, with an 
area under the curve of only 43% (95% CI, 33.8% to 
52.1%). Sensitivity and specificity estimates for PCA 
component score 1 indicated an optimal cutoff value of 
0.5, which gave rise to overall estimates of sensitivity 
of 82%, specificity of 82.5%, positive predictive value 
of 84%, and negative predictive value of 80.5% for this 
discriminatory test.

Discussion

Although multivariate statistical methods are be-
coming widespread in the field of human medicine21 
and have recently been used in the veterinary field,11–13 
the present study represents the first occasion in which 
these techniques have been applied to the diagnos-
tic evaluation of radiographic data in equidae, to our 
knowledge. Specifically, results of the present study 
have indicated that these techniques can be used to 
successfully develop a robust means of diagnosing ana-
tomic change in a laminitic donkey foot from laterome-
dial radiographic views. This represents a logical pro-

Figure 5—Scatterplot illustrating the spatial distribution and 
group separation of the 157 donkeys of known laminitis status 
(described in Figure 3) within an optimal data inspection window 
following application of the weighted classification rule in weight-
ed RDA.  See Figure 3 for key. 

Figure 6—Plots of sensitivity versus 1 – specificity (ROC curves) 
for PCA component 1 scores (blue symbols) and PCA component 
2 scores (red symbols) assessed against a gold standard non-
laminitic health status for 157 donkeys with unilateral or bilateral 
laminitis (n = 74) or without laminitis (83) described in Figure 3. 
The ROC area for component score 1 is 0.8725, and the ROC 
area for component score 2 is 0.4395. 
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change in the forefoot associated with laminitis. For 
donkeys that have a component 1 score ≥ 0.5, the ra-
diographic appearance of the anatomic features of the 
foot is considered normal. Conversely, for donkeys that 
have a value ≤ 0.5, there is evidence of anatomic change 
in the foot. The actual component 1 score relates di-
rectly to the severity of the anatomic change evident 
within the foot. Hence, a score ≤ –3.5 is indicative of 
extreme anatomic change and a score within a range 
from –2.0 to 0.0 denotes modest change. Finally, non-
laminitic donkeys with a score within a range from 0.5 
to 1.0 should be considered at risk because they may 
have initial signs of subclinical anatomic change associ-
ated with laminitis. Such marginal cases would warrant 
further detailed medical appraisal. In the present study, 
the diverse distribution of the laminitic donkeys within 
the inspection window indicated that considerable be-
tween-animal variation in the anatomic features of the 
foot was present with respect to scores for components 
1 and 2. This corresponds with the large coefficients 
of variations reported previously for the respective ra-
diographic variables in clinically normal and laminitic 
donkey feet.9

In the present study, the vector plot (Figure 2) pro-
vided information regarding the individual and com-
bined effect of a radiographic variable on the anatomic 
variation among feet within the inspection window. 
The precise location of an individual is determined by 
the weighted interaction of the variable vectors. The 
plot highlighted the variables that are responsible for 
the anatomic differences between nonlaminitic and 
laminitic feet. Specifically, the vectors that act in the 
direction of component 1 were primarily responsible 
for the between-group separation. Conversely, variables 
that aligned with the component 2 axis had a minimal 
effect on group separation, but instead were major fac-
tors in determining separation on the basis of differ-
ences in conformation. Variations in the variables that 
lie between the 2 component axes contributed to both 
group and stance separation. The respective length of 
the variable vector indicates the relative importance in 
separation. Hence, the vector plot furthers understand-
ing of anatomic change in laminitic donkey feet, in which 
angular deviation between the dorsal aspect of the DP and 
the dorsum of the hoof wall, lamellar wedge formation, 
and osseous change to the DP are predominant.

The overlap between the 2 groups within the in-
spection window in the present study cannot be ex-
plained definitively. This overlap may have arisen be-
cause the plane of maximum variation accounted for 
only 60% of the total information contained within the 
original data. Hence, additional separation may occur 
along other component axes. Conversely, this overlap 
may indeed be a true representation of the anatomic 
features in the evaluated forefeet. In this regard, the ret-
rospective group allocation method used in the pres-
ent study, in which a history of acute-phase laminitis 
was used as the selection criterion for inclusion in the 
laminitic group, was designed to deliver a continuum of 
anatomic change (from mild to severe) associated with 
laminitis disease progression. However, this approach 
was anticipated to result in potential group alloca-
tion error. It is possible that several of the acute-phase 

cases resolved successfully without anatomic change, 
thereby resulting in no anatomic abnormalities of the 
feet following disease recovery. It is also conceivable, 
given the stoic nature of donkeys, that the nonlaminitic 
group may have contained animals with undetected or 
subclinical laminitis in which mild anatomic change 
had developed without overt clinical signs. Hence, an 
overlap in anatomic features between groups was to be 
expected.

Data from a new clinical case can be used to gen-
erate component scores so that the individual can be 
positioned within the inspection window. This allows 
direct comparison with respect to the critical diagnos-
tic anatomic boundaries between nonlaminitic and 
laminitic feet and enables assessment of the severity of 
anatomic change present in the affected donkey. Spe-
cifically, it can be inferred that the degree of anatomic 
change within the foot relates directly, in an inverse 
manner, to the component 1 score. Thus, the lower the 
component 1 score, the greater the severity of anatomic 
change. The results of the ROC analyses were consis-
tent with the examination of the data by use of the op-
timal data inspection window method and indicated 
that component score 1 was significantly superior to 
component score 2 in discriminating between nonlami-
nitic and laminitic donkeys and yielded high diagnostic 
sensitivity, specificity, and positive and negative predic-
tive values.

Component 1 scores may also provide an objective 
basis for treatment. Treatment objectives for a donkey 
with a score ≤ –3.5 should be directed primarily at sup-
port of the degenerative foot, whereas objectives for a 
donkey with a score of –2.0 to 0.0 should be directed 
at prevention of further anatomic change. Variation in 
component 2 scores reflects individual anatomic dif-
ferences not associated directly with laminitis. Those 
scores reflect differences in foot conformation, char-
acterized by variation in dorsal hoof wall inclination 
and the angular alignment of the middle and proxi-
mal phalanges. It is not known whether such variation 
represents inherent differences in foot development or 
the effects of farriery. It is important to note that radio- 
graphic views used in the present study were obtained 
at a random stage in the normal farriery cycle and 
that studies23,24 in horses have revealed that normal 
foot trimming specifically alters the interrelationships 
between osseous structures of the foot. A similar far-
riery effect is to be expected in donkeys; thus, between-
individual difference in the stage of the farriery cycle 
may have further contributed to the variation evident 
in component 2 scores.

Component 2 scores also reflect variation in foot 
size, as measured by the middle phalanx length. How-
ever, the middle phalanx length is not related to donkey 
body weight.9 Collectively, the radiographic variables 
that influence component 2 are not of direct diagnos-
tic value. However, differences in foot conformation are 
likely to affect foot function and clinical attempts to 
stabilize the affected foot. Hence, they may ultimately 
prove to be of prognostic relevance in the management 
of a laminitic foot. Further studies are needed to as-
sess the importance of conformation on recovery from 
laminitis.
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A fundamental statistical requirement in multi-
variate classification is that the classification method 
can successfully model the training data and hence 
outperform the no-model situation. The optimal RDA 
classification method ultimately adopted in the present 
study met this criterion, indicating that a robust math-
ematical model could be derived to define the respec-
tive groups according to anatomic features. In addition, 
the resultant classification rule gave adequate levels 
of diagnostic group recognition and group prediction  
capabilities.

Initial unweighted analyses revealed that some 
limitations existed in achieving a high level of group 
recognition within the laminitic group of donkeys. This 
is of concern because there is an inherent welfare cost 
associated with the failure to diagnose, and hence a fail-
ure to treat, laminitis. The weighted classification rule 
achieved major improvements on the former position 
and reduced the number of false-negative diagnostic er-
rors considerably. In this way, detection rates for mod-
est anatomic change in the foot were further enhanced. 
This is of primary importance in achieving prompt in-
tervention and treatment for an affected animal.9 This is 
important for donkeys because clinical signs of pain as-
sociated with the development of chronic lameness are 
often absent until major degenerative anatomic change 
has occurred within the foot.9,25

In the present study, most misclassification er-
rors involved individuals for which component scores 
were close to the boundary between the nonlaminitic 
and laminitic groups. This is because the classifica-
tion rule was established on the basis of mathematical 
probability, and group assignment is least certain at the 
between-group boundaries. Measurement error, with-
in-group variation, and between-group overlap increase 
the level of uncertainty in the boundary region and 
hence increase the potential for diagnostic error. These 
issues reinforce the need for the adoption of a weighted 
classification rule to minimize the likelihood of false-
negative diagnoses. As a consequence of this weight-
ing, however, 14 nonlaminitic donkeys were classified 
in the laminitic group. It was not possible to confirm 
whether this represented an inherent limitation of the 
diagnostic model or a true indication of subclinical ana-
tomic change within the nonlaminitic group. In light 
of this uncertainty, these individuals must be viewed as 
potentially at risk, warranting further medical assess-
ment and diligent management.

The results of the validation analysis highlighted 
the robust nature of the new diagnostic technique in 
terms of diagnostic sensitivity and positive predictive 
performance. These diagnostic capabilities are essential 
to ensure clinical intervention in response to anatomic 
change. Explanations for the 10 false-negative errors in 
the present study are equivocal. Component 1 scores 
for most of those 10 donkeys (n = 7) were close to the 
between-group boundary. Hence, they could represent 
either true diagnostic error or recovery from laminitis 
without anatomic change. The component 1 scores for 
the 3 remaining donkeys identified as false-negative re-
sults were > 2.5 (ie, values typical of feet with normal 
anatomic features). It is therefore highly probable that 
these 10 cases represented donkeys that had recovered 

from laminitis without anatomic change. Further stud-
ies are now required to test these assertions by com-
paring the diagnostic value of this new multivariate 
approach against traditional methods of subjective and 
objective radiographic assessment of nonlaminitic and 
laminitic (both acute and chronic phase) donkeys.

The findings of the present study have suggested 
that this novel multivariable approach can provide the 
basis for an objective radiographic diagnostic technique 
to identify and evaluate anatomic change within don-
key feet. The RDA-weighted multivariate classification 
rule was used to perform an initial diagnostic evalua-
tion of the anatomic features of the donkey feet in the 
present study. The weighted rule minimized the likeli-
hood of failure to treat. The PCA inspection window 
enabled direct anatomic comparison between nonlami-
nitic and laminitic donkeys and provided an under-
standing of the extent of anatomic change within the 
affected feet. This method is likely to be of particular 
clinical relevance because results of previous studies3,4,6 
in horses with laminitis have indicated that treatment 
outcome and return to former performance levels are 
related to the extent of anatomic change within a lami-
nitic horse foot.

By use of all the information derived from a lat-
eromedial radiographic view via this method, it may be 
possible to relate anatomic change more accurately to 
recovery. It is widely recognized that locomotor func-
tion and the anatomic features of a foot are closely 
interrelated and that anatomic change affects locomo-
tor function. Although the precise functional effects of 
anatomic change associated with laminitis are poorly 
defined, it is likely that they are determined by both the 
nature and extent of anatomic change. Hence, different 
anatomic changes are expected to have different loco-
motor effects. Empirical evidence suggests that don-
keys with laminitis are more tolerant of distal displace-
ment of the DP than they are of rotational dislocation.26 
Additional studies are needed to assess the biomechani-
cal effects of anatomic changes in laminitic feet and to 
establish the precise prognostic value of those changes.

The diagnostic technique evaluated in the present 
study potentially provides a means of delivering im-
provements in the management of laminitic donkeys. 
Specifically, detection of modest change would lead to 
prompt medical and farriery intervention at an early 
stage, when prospects of recovery and return to former 
performance levels are most favorable. The identifica-
tion of at-risk animals that have signs of subclinical an-
atomic change would enable appropriate veterinary in-
spection and diligent foot management to be initiated.

For those clinicians who currently use the software 
programa used in the present study, it would be possible 
to introduce this multivariate approach with little ad-
ditional time needed to derive the radiographic data. 
With that data, the component scores for a given indi-
vidual can be simply and immediately generated with a 
proprietary spreadsheet, then plotted directly onto the 
optimal inspection window for visual assessment and 
diagnostic interpretation.

Given successful validation, this new technique 
could also provide an ideal method for delivering ad-
ditional improvements in prospective monitoring of 
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laminitic equids and in the assessment of treatment ef-
fectiveness in preventing additional anatomic change. 
Better knowledge of the anatomic changes that are cur-
rently associated with a guarded prognosis will allow 
identification of donkeys that are most likely to remain 
refractory to current treatments and also help focus and 
direct the future development of enhanced treatments. 
Overall, these advances will collectively allow the de-
sired shift in management emphasis from a reactive to a 
proactive position. By achieving this, it may be possible 
to further minimize the debilitating effects of laminitis 
and to optimize recovery prospects in equidae.

a. 	 Minitab, Minitab Inc, State College, Pa.
b. 	 Metron, version 2.06, Epona Tech, Creston, Calif.
c. 	 Stata, version 9.2, StataCorp, College Station, Tex.
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Variable	 Symbol	 Anatomic definition	 Method of determination	 Selection criteria

Angular variables				  
  Dorsal hoof wall angle	 S	 Angle subtended between 	 Directly determined by 	 Important factor in force distribution in the 
		    the dorsal aspect of the	   guided mark-up protocol	   distal portion of the limb; required to determine 	
		    hoof wall and the ground line	   	  	angular deviation between the dorsal aspect of 
				      the DP and dorsum of the hoof wall and hoof 
				      pastern axis (the angular difference between  
				      the dorsal hoof wall angle and long axis of the  
				      proximal phalanx); changes  in dorsal hoof wall  
				      angle are associated with laminitis
   
Dorsal angle of the DP	 Ts	 Angle subtended between the 	 Directly determined by free	 Required to determine angular deviation 	
		    dorsal aspect of the DP and the 	   mark-up ground line	   between the dorsal aspect of the DP and
 		    ground line	   procedure as defined 		  dorsum of the hoof wall and phalangeal rotation
			     by 2 reference points: 	   and hoof pastern axis; changes in dorsal angle
			     dorsal margin of the articular 	   of DP are associated with laminitis
			     surface of the DP and 
			     dorsodistal limit of the DP 
			     palmar cortex	  			   		
 	
 Angle of proximal phalanx	 U	 Angle subtended between 	 Directly determined by guided 	 Required to establish pastern and hoof pastern
		    the long axis of the proximal 	   mark-up protocol	   axes and to determine phalangeal rotation
		    phalanx and the ground line		

 Angle of middle phalanx	 C	 Angle subtended between the 	 Directly determined by guided 	 Required to establish pastern axis and
		    long axis of the middle phalanx 	   mark-up protocol		  to determine DIP rotation events
		    and the ground line		

 Angle of solar aspect	  SA	 Angle subtended between the 	 Directly determined by guided 	 Additional indicator of DP rotation events;
    of the DP		    solar aspect of the DP and the 	   mark-up protocol		  control against effect of measurement
		    ground line		    errors in variable Ts due to DP remodeling
 
 Angle of pastern axis	 PAxis	 Angular difference between the  	 Derived as U –  C 	 Key descriptor of the stance characteristics
		    long axis of the proximal			   of the distal portion of the limb
		    phalanx and the middle phalanx		

 Angular deviation between 	 Ang H 	 Angular difference between the 	 Derived as Ts – S 	 Primary rotational event associated with DP
    the dorsal aspect of the		    dorsal aspect of the DP 			   dislocation; important diagnostic and
    DP and dorsum of the		    and the dorsal hoof wall angle			   prognostic indicator for laminitis
    hoof wall
  
Phalangeal rotation angle	 Ang R	 Angular difference between 	 Derived as U –  Ts 	 Primary rotational event associated
		    the dorsal aspect of the DP			   with DP dislocation; argued to be the true
		    and the long axis of the proximal			   measure of rotation within a laminitic foot
		    phalanx

DIP rotation angle	 Ang F	 Angular difference between 	 Derived as C –  Ts 	 Measure of DP rotation about the DIP;
		     the dorsal aspect of the DP 			   control against effect of measurement error
		     and the long axis of the 			   in phalangeal rotation angle due to broken 
		     middle axis			   pastern axis		

Linear variables	
    Integument depth of	 IDA	 Perpendicular linear distance	 Directly determined by free 	 Measures combined effect of angular deviation
      the dorsal aspect of		    between the dorsal aspect 	   mark-up procedure as defined 		   between the dorsal aspect of the DP and
      the foot (proximal site)		    of the hoof wall and the	   by the dorsal aspect of hoof wall 	  dorsum of the hoof wall and distal
		    dorsal surface of the DP,	   and a selected DP reference site 	 displacement of the DP; diagnostic indicator of
		    immediately distad to the	   distad to the junction of 		   laminitic wedge formation in conjunction    
		    distal limit of the extensor	   the extensor process	    with integument depth of the dorsal
		    process			    aspect of the foot (distal site)
    		   	    					        
		   			 
					   
Integument depth of the 	 IDB 	 Perpendicular linear distance 	 Directly determined by free 	 Measures combined effect of angular deviation
   dorsal aspect of the foot 		    between the dorsal aspect of the 	   mark-up procedure as defined 	   between the dorsal aspect of the DP and
   (distal site)		    hoof wall and the dorsal surface	   by the dorsal aspect of hoof 	   dorsum of the hoof wall and distal
		    of the DP proximal to the apex	   wall and a selected reference 		  displacement of the DP; diagnostic indicator of
		    of the DP	   site proximad to the apical		  laminitic wedge formation in  conjunction with
			     region of the DP	   integument depth of the dorsal aspect of the  
				      foot (proximal site)
	   
Integument depth of the 	 IDM 	 Perpendicular linear distance 	 Directly determined by free	 Measures combined effect of angular deviation
   dorsal aspect of the foot		    between the dorsal aspect of	   mark-up procedure by use 	   between the dorsal aspect of the DP and
   (mid-dorsal site)	   	   the hoof wall and the dorsal	   of measurement site 	   dorsum of the hoof wall and distal displacement
		    surface of the DP at the midpoint	   established along the dorsal 		  of the DP; important diagnostic indicator of early
    	  	   between the proximal and distal	   aspect of the hoof wall at 50% 	   laminitic change in equids
		    integument depth of the dorsal	   of the linear distance between		    
	  	   aspect of the foot sites	   the proximal and distal 
			     integument depth of the dorsal 
			     aspect of the foot sites

Appendix
Direct and derived radiographic variables and morphometric characteristics of the DP in the forefoot of donkeys assessed in a study 
to establish and validate an objective method of radiographic diagnosis of anatomic changes in laminitic feet of donkeys on the basis 
of data from a series of 19 radiographic measurements. (Adapted from Collins SN, Dyson SJ, Murray RC, et al. Radiological anatomy 
of the donkey foot: objective characterisation of the normal and laminitic donkey foot. Equine Vet J 2011;43:478–486. Reprinted with 
permission.)
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Variable	 Symbol	 Anatomic definition	 Method of determination	 Selection criteria

 Distal displacement of 	 D	 Perpendicular linear distance 	 Directly determined by guided 	 Absolute measure of distal displacement of the	
  the DP		    between the proximal limit of	   mark-up protocol		  DP; important diagnostic and prognostic
		    the hoof wall and the extensor 		    indicator for the laminitic condition in equids
		    process of the DP		

Middle phalanx length	 MPL	 Linear measurement of the long  	 Directly determined by guided	 Control indicator of potential scaling effects
		    axis of the middle phalanx	   mark-up protocol	
				  
Morphometric 
  characteristics of the DP				  
    Proximal palmar cortex	 PPCA	 Angle subtended between the 	 Directly determined by free 	 New descriptor for the characterization of the 
       angle		    proximal palmar cortex of the	   mark-up procedure as	   DP; additional indicator of DP rotation events
		    DP and the ground line	   defined by 2 reference points: 
			     articular process with the 
			     navicular bone and point of 
			     insertion of DDFT

   Reflex angle of the	 RA	 Internal angle subtended between	 Directly determined by free 	 New descriptor for the characterization of the 	
     palmar cortex		    the proximal and distal palmar	   mark-up procedure as defined 	   DP; potential indicator for remodeling and  
		    cortex of the DP	   by 3 reference points: articular	   resorption of the DP
		     	   process with the navicular 	     
		     	   bone, point of insertion of DDFT, 
			     and dorsodistal limit of the 	    
			     DP palmar cortex		

   Apex angle	 AA	 Internal angle subtended between 	 Directly determined by	 New descriptor for the characterization
		     the distal palmar cortex and the 	   free mark-up procedure as 	   of the DP; potential indicator for remodeling
		     dorsal aspect of the DP	   defined by 3 reference points: 	   and resorption of the DP
			     point of insertion of the DDFT, 		    
		      	   dorsodistal limit of the DP 
			     palmar cortex, and dorsal 		    
			     margin of the articular surface 
			     of the DP 	

   Palmar cortex length	 PCL	 Linear distance between the apex 	 Directly determined by free	 Indicator of resorption of the DP		
  		    of the DP and the articular	   mark-up procedure as
		    process of the navicular joint	   defined by 2 reference points: 
			     dorsodistal limit of the DP
		     	   palmar cortex and articular 
			     process with the navicular 
			     bone

   Proximal palmar cortex 	 PPCL	 Linear distance between 	 Directly determined by free 	 New descriptor for the characterization of the 	
     length		    the point of insertion of	   mark-up procedure as defined 	   DP; control indicator of potential scaling effects
		    DDFT and the articular	   by 2 reference points:  	   	   
		    process with the navicular  	   dorsodistal limit of the DP
		    bone   	   palmar cortex and articular 
			     process with the navicular bone
		     

DDFT = Deep digital flexor tendon. DIP = Distal interphalangeal joint. 

Appendix (continued)
Direct and derived radiographic variables and morphometric characteristics of the DP in the forefoot of donkeys assessed in a study 
to establish and validate an objective method of radiographic diagnosis of anatomic changes in laminitic feet of donkeys on the basis 
of data from a series of 19 radiographic measurements. (Adapted from Collins SN, Dyson SJ, Murray RC, et al. Radiological anatomy 
of the donkey foot: objective characterisation of the normal and laminitic donkey foot. Equine Vet J 2011;43:478–486. Reprinted with 
permission.)
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