
ABSTRACT 

 

LABENS, RAPHAEL. Advanced Modeling Techniques in Equine Surgery. (Under the 

direction of Dr. Anthony T. Blikslager.) 

 

When observations are difficult or impossible to obtain in live animals, modeling 

techniques replicating the physical or physiological parameters of a tissue of interest 

represent a valuable alternative. In this thesis, the potential of two very different modeling 

techniques was explored for applications relevant to Equine Surgery and Orthopedics.   

In the first part of this thesis we focused on the utility of anatomic modeling 

techniques that are based on stereo-photogrammetric principles. The described photographic 

technique allowed reliable digital reconstruction of equine wounds and feet which enabled 

the acquisition of relevant measurements without the need of using costly or impractical 

alternatives. Experiments determined that the maximum disagreement of repeated wound 

measurements by one person remained below 6 percent of the mean value. For foot 

measurements the coefficient of variation associated with the use of this imaging technique 

by multiple operators was 4 percent. The potential of the same principle applied for other 

external conformational assessments and for intra-operative endoscopic measurements was 

also assessed but not found to be reliable.  

In the second part, a method to model synovial physiology was explored. The 

described ex vivo tissue model was then used to document the barrier function of the synovial 

membrane to gold nanoparticles. Results indicated size selective permeability of the 

synovium to gold nanoparticles and a direct anti-inflammatory effect on the membrane.   
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IN VIVO MODELING OF EQUINE ANATOMY USING PHOTOGRAMMETRY 
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Principles of photogrammetric modeling 

 Photogrammetry is the science of determining the geometry of an object based on 

photographic images. When this is performed on the basis of stereoscopic images then it is 

referred to as stereo-photogrammetry. Use of digital data for spatial reconstruction and 3D 

modeling encompasses the creation of point clouds representative of the object to be modeled 

which are subsequently converted into a triangulated network or mesh and surfaced to result 

in a virtual, “life-like” simulation. 
1
 

 

Potential relevance of photogrammetric modeling techniques 

 Recently, photographic techniques have facilitated the study of equine 

conformation and the development of orthopedic disease in Thoroughbred horses.
2
 These 

investigations and others have led to the recognition of certain conformational traits and their 

importance for athletic soundness.
3, 4

 Other researchers have reported on the use of a 

dedicated software program to assess conformation in digital images of feet and have 

established a reference range for the expected agreement between and within users for this 

modality.
5
 Their goal was to report on a method of conformational assessment that could aid 

in future studies on the role of equine foot conformation.  

 In general, conformation may be assessed using qualitative descriptors (valgus, 

varus, camped under, bench kneed, club footed….etc.) or quantitative “live” measures using 

recognizable often bony landmarks and an instrument (stock, tape or laser measure, 

protractors). 
6
 In situations when the examiner is remote from the patient as in multicentre 

studies or applications of telemedicine, observations are often made from digital 
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photographs. For study purposes this may reduce the variability in the data introduced by the 

effect of “multiple observers”. However, the system has to rely on the reliable placement of 

surface markers by an assistant, their visibility on images, the assistant’s ability to obtain 

similar images in all patients and the accurate calibration of images to produce valid angle or 

point measurements. These concerns were substantiated by our pilot studies into the 

variability of conformational measurements when three different examiners obtained images 

similar to a previously reported methodology (Addendum 1). 
2
 In these preliminary studies 

and using repeated measures analyses a significant difference between the three examiners’ 

measurements was detected. Unexpectedly though, repositioning of the animal did not affect 

the reliability of measurements.  

 Based on the above considerations, one could conclude that a “multi-angle” 

approach that minimizes the effect of photographic perspective would likely reduce 

calibration and measurement error. Photographic techniques commonly deployed in crime 

scene investigations allow spatial reconstruction of reference points based on multiple 

“stereo” photographic images.
7
 On the basis of these 3D computer simulations simple 

distance or angle measurements but also more elaborate volume or surface area 

measurements of objects can be performed. Consequently, in contrast to previous reports 
2, 5

 

this modality would facilitate novel assessments such as volume and surface area 

measurements which would not only be of significance to describe foot conformation but 

also be of relevance in related areas of equine surgery and orthopedics. To name potential 

applications, this three dimensional technique could be helpful for monitoring of wound 
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healing, enable quantitation of otherwise qualitative lay terms of equine conformation such 

as “hunters bump”, “goose rump” or “lowering of the croup” or facilitate the assessment of 

muscular development. By extending this imaging principle to the use of arthroscopic 

cameras this modality might also have the potential to be used in the diagnosis and treatment 

of equine joint disease. At the moment arthroscopic measurements of cartilage lesions are 

performed semi-objectively by estimation of a lesion’s dimensions in reference to surgical 

instruments. Use of such a technique for the three dimensional characterization of 

osteochondral defects would be expected to greatly advance the determination of treatment 

outcomes in the context of cartilage erosions.   

 

Initial experiences 

In an initial phase of the project a three dimensional imaging technique using a 

commercial software package (Photomodeler Scanner, Eos Systems Inc.) was adapted for 

assessment of equine hind limb and foot conformation (Addendum 2 and 3). This required 

the design of a frame that would surround the area of interest and allow attachment of a 

sufficient number of target points visible from a maximum number of different view points 

during the photographic study. These target points allow automatic recognition, calibration 

and 3D referencing by the software, which also includes an automatic step, correcting for 

lens distortion.  Furthermore a project camera was identified that would allow acquisition of 

images compatible with the software program (not all tested models appeared to be equally 

adequate). In a second step, appropriate skin markers were identified for use as point 
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references (felt pads), a clearly visible and adhesive tape for use as line markers on the 

horse’s coat (yellow electrical tape) and a fluorescent water-soluble paint pen for markings 

on the hoof capsule. In a third step the necessary point and line markings on a hoof were 

defined to allow 3D reconstruction and consequently volume measurements. Instructions and 

guidelines specific to each imaging process are shown in the addendum.   

 

Modeling of hind limb conformation 

As discussed earlier, stereo-photogrammetric modeling requires the acquisition of 

digital images from at least two different viewpoints. In the case of movement, images 

should be acquired at exactly the same time point to prevent inaccuracies of the virtual 

reconstructions. In preliminary experiments we found that images of horses’ hind limbs 

which were continuously acquired by slowly walking around them, enabled the 3D 

reconstruction of relevant points and contours (Figure 1, Addendum 2). However, this 

process was deemed unreliable due to imperceptible animal movement preventing successful 

modeling in select cases. To overcome this pitfall multiple simultaneously obtained images 

would be required, necessitating the construction of a complex imaging station.  This 

adaptation however would significantly complicate the imaging process and diminish any 

clinical utility. Consequently this application was not further investigated.      
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Modeling of foot conformation 

The acquisition of hoof measurements bears considerable clinical relevance in equine 

health management. 
8-10

 Three dimensional imaging of a horse’s foot was expected to be 

influenced less by movement due to a hoof’s firm contact with the ground. In preliminary 

studies investigating the utility of the photogrammetric method, three examiners were asked 

to mark up horses’ feet and image them according to the instructions outlined in Addendum 

3. The repeatability of measurements obtained according to this 3D imaging protocol was 

assessed and compared to the use of a 2D technique (Addendum 1). An image of a horse’s 

foot and the corresponding computer model showing the simulated reference points and lines 

for acquisition of measurements is illustrated in Figure 2. The comparison between the two 

imaging modalities illustrated significant differences between 2D and 3D measurements (2D 

larger than 3D measurements) and supported a significant effect of the user or examiner on 

data variability. Figure 3 illustrates the differences between repeated 3D and 2D imaging 

sessions for each examiner and measure separately. From this figure it can be concluded that 

length measures were more repeatable in 3D but that the precision deteriorated when 

performing angle measurements. To confirm that the imaging process was well understood, 

one of the examiners was not allowed access to an information or “cheat” sheet during the 

experiment. This person’s results, highlighted in yellow, did not appear to differ from the 

others suggesting that examiners were sufficiently informed to complete the imaging process.  

Concerning the validity of measurements specific to the 3D imaging process, 

assessment of hoof volume on the basis of reconstructed points and lines did not prove 
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reliable (Figure 4). Interestingly repeated analysis of the same set of images (from Examiner 

1) also showed considerable variability of the acquired data suggesting that the modeling 

method contributed greatly to this imprecision (Figure 5). The poor reliability of repeated 

volume measurements is likely explained by the fact that this measurement represents a 

summary statistic for the precision of the entire foot model. Smaller inaccuracies associated 

with the generation of reference points and lines likely add up and result in the significant 

and much larger imprecision observed with volume measurements. Therefore it was 

concluded that continued investigations into the utility of this imaging method should 

concentrate on the precision of repeated volume measurements. Once these are proven to be 

reliable, simple linear or angle measurements are expected to be of concurrent validity.   

In continued experiments supported by the release of an advanced version of the 

computer software, the promise of a complete virtual reconstruction of a horse’s foot was 

explored. In this updated version the generation of a computer model was dependent on the 

acquisition of approximately 20-30 digital images at equal angular separation around the 

entire circumference of a horse’s foot. The utility of this version was further increased by the 

fact that a target frame was no longer required as images were matched and orientated 

according to the recognition of identifying features. To generate a virtual model, the software 

automatically cross references identifiable marks between images to establish a spatial 

relationship and generate a set of control or smart points (Figure 6A). The proximal and 

distal outline of the hoof capsule is manually marked in each image and point clouds 

restricted to this area are created in an automated process controlled by the smart points 
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(Figure 6B). Through further procedural steps (meshing and triangulation), allowing manual 

corrections of the aggregate point clouds, a dense surface model of the entire foot is created 

(Figure 6C). During these steps, point clouds are closed at their edges by extrapolating a 

virtual surface in between and forming a hollow object, which is then surfaced (Figure 6D).  

Line marks of known distance in the periphery of the foot allow the project to be scaled. 

In experiments investigating the use of this advanced method (Addendum 4) it 

became apparent that not all of the three examiners were capable of obtaining images of the 

required quality to generate a computer model (Table 1, Figure 7). Consequently it was 

concluded that in order to make this technique applicable to all users a fully automated 

imaging process was needed. Results obtained on the basis of this further development of the 

technique, which included the use of an automated imaging table are presented in Chapter 3. 

 

Modeling based on arthroscopic images 

Preliminary experiments using the same software version determined that an 

arthroscopic camera with a 70 and 30 degree oblique forward angle can also be calibrated for 

photogrammetric 3D modeling. However calibrations were the strongest for the central 

portion of an arthroscopic image due to the inherent peripheral distortion of an endoscopic 

camera. Further experiments found that the smooth surface of healthy cartilage only allowed 

the recognition of view identifying marks and that this was only possible under gas 

distension and not in a fluid environment. Consequently the required image quality for a 

successful reconstruction of the intra-articular environment was difficult to achieve leading 
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to unreliable simulations.  In preliminary experiments cartilage lesions created in the 

radiocarpal and intercarpal joints of equine cadaver limbs were imaged repeatedly adhering 

to standard arthroscopic techniques. On the basis of these images it was possible to generate 

computer models of the articular surfaces but the measurements’ variability deterred from 

further use of this modality in this context. Figure 8A shows an arthroscopic image of a third 

carpal bone lesion which was traced and measured after this and other images of the same 

lesion had been processed to create a simulation. Figure 8B shows an image from a different 

set of images obtained by another user showing the same lesion. The same lesion’s surface 

area measured in image 8A was twice as large as when measured in image 8B illustrating the 

imprecision of the imaging and measurement process.  

 

Modeling of wounds 

The utility of photogrammetry has recently been recognized in people for the purpose 

of 3D assessments of wound healing and has led to the development of a commercial wound 

camera system. 
11, 12

 The feasibility of using the presented photogrammetric technique for 

monitoring of wound healing in veterinary patients was first investigated in a dog with a 

pelvic limb injury under general anesthesia (Figure 9). Evidenced by the target frame in the 

image, this application did not yet profit from the automated feature detection capability of 

the newer software version. Nevertheless this initial successful experiment encouraged 

completion of further investigations but with the understanding that such ideal imaging 

circumstances (no movement, excellent visibility) could not be expected. Continued 
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experiments therefore included the application of multiple, synchronized cameras and a 

customized target frame for use in equine patients. Results of these experiments are presented 

in Chapter 2.   

 

Conclusion 

 In initial experiments this modality has shown great promise for clinical 

applications relevant to Equine Surgery and Orthopedics. However, it has become obvious 

that prevention of the smallest, imperceptible amount of movement is paramount for the 

successful computation of models. It is also understood that it is not the software program but 

the unreliable imaging and processing of images, including the tracing of areas of interest or 

the scaling of models that is likely responsible for the observed imprecision. Therefore every 

effort has to be made to standardize and control procedural steps to utilize the full potential 

of photogrammetric measurements. It should also be acknowledged that some of the failed 

applications reported in this chapter would likely be successful provided some adjustments to 

the experimental methodology are made but for the purpose of this thesis investigations 

focused on the most promising applications – the modeling of equine wounds and feet.     
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Table 1: Quality of images when obtained by three examiners. 

Examiners completed 12 imaging sessions of horses’ feet during which they obtained sets of images for generation of computer 

models. Image sets leading to successful computation of a foot model are highlighted in yellow. Those that did not work are 

shown in red. Not all examiners managed to obtain images of the required quality. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Horse1 Horse2 Horse3 Succesful Imaging 

1st 2nd 1st 2nd 1st 2nd

front hind front hind front hind front hind front hind front hind

Ex1 12 of 12

Ex2 10 of 12

Ex3 2 of 12 
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Figure 1: Modeling of hind limb conformation. One image from a series of hind limb images 

(A) and the resulting simulation of reference points and contours (B). 

 
 
 
  

A B 
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Figure 2: Modeling of foot conformation. One image from a series of foot images (A) and the resulting simulation of reference 

points and lines (B). 
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Figure 3: Differences between repeated length and angle measurements for each examiner.  

Results of the person not allowed access to an information sheet during the experiment are illustrated in yellow. Red bars indicate 

the 95% CI for the mean of all represented differences. 
 

DHWL1 or 2 (Dorsal hoof wall length 1 or 2); HH (Heel Height); MHWH (Medial Hoof Wall Height); LHWH (Lateral Hoof 

Wall Height); SL (Support Length); DHWA (Dorsal Hoof Wall Angle 1 or 2); CBA (Coronary Band Angle); HA (Heel Angle); 

MHWA (Medial Hoof Wall Angle); LHWA (Lateral Hoof Wall Angle). 
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Figure 4: Differences between repeated volume and surface measurements for each examiner. 

Results of the person not allowed access to an information sheet during the experiment are illustrated in yellow. Red bars indicate 

the 95% CI for the mean of all represented differences. The black line represents the line of equality (no difference present).  

 

V=Volume; CS = Coronary Surface; Solar Surface; S=Hoof Wall Surface 
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Figure 5: Differences between measurements when the same set of images was repeatedly analyzed.  

Volume measures were associated with greater variability suggesting imprecision of the modeling/computational technique 
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Figure 6 : Steps to perform a complete virtual reconstruction of a horse’s foot 

Tablet A: Automated recognition of identifying marks allows matching and orientation of images. 

Tablet B: Generation of a point cloud simulating the foot shape. 

Tablet C: Point cloud after meshing and triangulation to create a dense surface model. 

Tablet D: Dense surface model after surfacing. 
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Figure 7: Computer model generated on the basis of a complete anatomical reconstruction of 

a horse’s foot. Relevant measurements can be made by importing the model into secondary 

software programs, such as 3D-Tool®. 
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Figure 8: Images of the same cartilage lesion obtained by two different surgeons. 

The lesion as traced in the left image measured twice as large as in the right illustrating the 

degree of variability associated with use of this modality for arthroscopic imaging. All other 

marks seen in the image represent recognizable surface points that are used in the automated 

orientation of images. From these it is obvious that healthy cartilage itself does not offer 

distinguishing marks but that it is the defect itself or the interface with the synovium at which 

points cluster  
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Figure 9: Successful wound model created from images of a canine patient under general 

anesthesia. 
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PRECISION OF A PHOTOGRAMMETRIC METHOD TO PERFORM THREE 

DIMENSIONAL (3D) WOUND MEASURMENTS COMPARED TO STANDARD 2D 
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Abstract  

  Reason for performing study: Methods of three-dimensional (3D) wound imaging in 

people play an important role in monitoring of healing and determination of the prognosis. 

Standard photographic assessments in equine wound management consist of 2D analyses, 

which provide little quantitative information on the wound bed. Hypotheses: 3D imaging of 

equine wounds is feasible using principles of stereophotogrammetry. 3D measurements differ 

significantly and are more precise than results with standard 2D assessments. Methods: 

Repeated specialized photographic imaging of four clinical wounds left to heal by second 

intention was performed. The intra-operator variability in measurements due to imaging and 

3D processing was compared to that of a standard 2D technique using descriptive statistics 

and multivariate repeated measures ANOVA. Results: Using a custom made imaging system 

3D analyses were successfully performed. Area and circumference measurements were 

significantly different between imaging modalities. The intra-operator variability of 3D 

measurements was up to 2.8 times less than that of 2D results. On average the maximum 

discrepancy between repeated measurements was 5.8% of the mean for 3D and 17.3% of the 

mean for 2D assessments. Conclusions:  The intra-operator repeatability of 3D wound 

measurements based on principles of stereophotogrammetry is significantly increased 

compared to that of a standard 2D photographic technique indicating it may be a useful 

diagnostic and monitoring tool. Potential relevance: The equine granulation bed plays an 

important role in equine wound healing. When compared to 2D analyses 3D monitoring of 
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the equine wound bed allows superior quantitative characterization contributing to clinical 

and experimental investigations by offering  potential, new parameters.  

Introduction 

Reliable wound monitoring in people has formed a considerable area of interest both 

for clinical and experimental applications 
1
. Two-dimensional (2D) wound area 

measurements have reportedly been performed using methods of manual planimetry 
2
, digital 

planimetry 
3
  and digital imaging combined with computer aided analysis 

4, 5
.   With manual 

planimetry, wound borders are traced on acetate sheets and used to approximate area 

measurements by counting squares of known size within the boundaries of the tracing on a 

superimposed reference grid. With digital planimetry initial acetate tracings are digitized by 

retracing them on a tablet allowing automated calculations.  Digital imaging and computer 

aided analysis is based on the concurrent visibility of distance markers on wound images for 

calibration purposes and calculation of area measurements from image tracings. In veterinary 

studies wound parameters are typically assessed using methods of digital image analysis 
6-8

. 

While 2D techniques allow quantification of epithelialization and contraction of a healing 

wound 
6
, they do not capture the specific characteristics of a granulation bed, such as the 

amount or quality of  tissue formed, for which the use of ordinal and verbal grading scales 

has been required 
7, 8

.   

The use of a three-dimensional (3D) laser based imaging and measuring device has 

been reported in people enabling wound bed characterization 
9
, but the technique’s reported 

measuring range may limit use in large animal traumatology. Stereophotogrammetry, the 
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science of obtaining measurements based on digital images from slightly different viewpoints 

has been described for wound imaging in people 
10

 but has only recently gained momentum 

due to technology advances and the availability of commercial camera systems 
11-13

. Given 

the pivotal role of granulation tissue in equine wound healing, quantitative topographic 

methods allowing 3D assessments would be expected to contribute greatly to investigations 

of wound treatment effects. Additionally the dependence of repeatable 2D analysis on the 

photographic perspective and any subsequent scaling error could render 3D analysis a 

superior imaging modality 
11

.  

The purpose of this study was to show that principles of stereophotogrammetry can 

feasibily be applied for 3D reconstructions and analyses of equine wounds using a self 

developed camera system and commercially available software program. Furthermore it was 

hypothesized that 2D measurements would differ significantly from 3D assessments and that 

3D techniques would be more precise than 2D methods when performed by one operator.  

 

Materials and Methods 

Using the software package Photomodeler Scanner™ Version 6 
1
 a digital camera 

model 
2 

was calibrated for use in this study. Three cameras of the same model were 

positioned on a custom made holding device in adjacent angled positions to converge on the 

same image center (Figure 1). The remote simultaneous operation of these cameras was 

controlled via a camera specific operating command introduced  on the cameras’ storage card 

3
 and a central trigger switch 

4
 connected to the cameras’ mini USB port.  
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For automated computation of 3D reconstructions from simultaneous wound images 

using Photomodeler Scanner™, coded targets were affixed to an L- shaped stand-alone frame 

which surrounded all imaged wounds.   Generation of computer models entailed an 

automated marking and referencing step of coded targets; orientation of images based on the 

recognition of coded targets; idealization of images (correction of image distortion); image 

calibration; rendering of point clouds at a resolution of 0.5 mm via automated matching 

between image pairs and meshing and triangulation of point clouds to create surfaces (Dense 

Surface Modeling, DSM; Detailed information on step specific software settings is available 

upon request). 

To assess the precision of wound imaging, modeling and performing measurements 

using the 3D reconstruction by one operator (the first author), three sets of three 

simultaneous images were obtained at each follow up of four wounds that were allowed to 

heal by second intention. Repeated image sets were obtained without repositioning the horse. 

Wounds were located over the disto-lateral radius, lateral carpus, dorsal third metacarpus and 

dorsal pastern respectively.  Except for the metacarpus, wounds were followed from 2-6 days 

post injury to near complete healing. The metacarpal wound was first imaged approximately 

three months after it had occurred when it received veterinary attention due to delayed 

healing. The radial wound was seen 11 times, the carpal wound 14 times, the pastern wound 

15 times and the metacarpal wound eight times. Average number of days between follow up 

assessments was three (radial wound), 3.7 (carpal wound), 4.1 (pastern wound) and 8.1 for 

the metacarpal wound.  
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The three image sets from each sequential wound assessment were processed by the 

first author to compute three separate 3D computer models. On each of these models and in 

random order, the wound was manually traced using Photomodeler Scanner™, to generate a 

3D area and 3D wound circumference measurement.  One image from each set showing the 

wound straight on was subsequently selected, calibrated and the wound was traced and 

measured using a public domain software program 
5 

to generate 2D area and 2D wound 

circumference measurements. To guarantee a fair comparison of the two techniques by 

tracing and measuring the same wound area in 2D as in 3D, the wound surface of the 3D 

wound model was superimposed onto the 2D image adjusted for photographic perspective, a 

function supported by the software package. Measurements on each of the three generated 

models (3D measurements) and digital images (2D measurements) were recorded including 

the positive maximum differences (MaxDiffs) between repetitions. These differences were 

further expressed as a percentage of the mean of the three wound measurements at each 

follow up (maximum percent variability; %maxVar).  The 95 percent confidence intervals for 

all MaxDiffs and %maxVar applying each modality (2D and 3D) for area and circumference 

measurements were calculated. This statistic was comparable to the limits of agreement 

reported by Bland Altman 
14

. Pearson Correlations were performed between measurements 

with the same modality (area vs. circumference) as well as with different modalities (2D vs. 

3D).  

To assess the effect of repeated wound analyses (combined effect of image 

acquisition, modeling and wound measuring) isolated from the effect of repeated image 
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acquisition one image set from each follow up was randomly selected. These images were 

processed and analyzed a second time as described previously to generate repeat 3D and 2D 

measurements. Differences between results from the first and this repeated analysis of the 

same set of images were recorded and expressed as the %maxVar for each type of 

measurement and follow up. Ninety-five percent confidence intervals were also calculated as 

previously described. 

For each wound the %maxVar with area and circumference measurements was 

plotted against time using Microsoft Office Excel 2007 
6
. A linear regression line with 

intercept was fitted to each data set to illustrate a potential change in a method’s repeatability 

with a reduction in wound area.  

Using the “Mixed Procedure” in SAS Version 9.02 
7
 a multivariate repeated measures 

ANOVA was fitted to each data set (Data 1=absolute measurements; Data 2=%maxVar) for 

area and circumference measurements separately due to their high correlation (see Pearson 

correlation coefficients in the results section).   

For analysis of Data 1 main effects investigated were “Modality” (2 levels: 2D and 

3D), “Trial” (4 levels; trial 1, 2, 3 = repeated analyses on different sets of images, trial 4 = 

repeated analysis on the same set of images), “Follow-up” (15 levels; number of times a 

wound was seen) and their interactions. Repeated variables were “Modality” and “Trial”.  

For Data 2 analysis, a main effects model, variables were “Follow-up” (15 levels), 

“Modality” (2 levels) and “Location” (4 levels; Radius, Carpus, Pastern, Metacarpus) and the 

repeated variables were “Modality” and “Location”.  In all models each wound follow-up 
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was declared an independent  level of the “Subject” term (48 levels; radial wound 11 levels, 

carpal wound 14 levels, pastern wound 15 levels and the metacarpal wound eight levels). A 

direct product covariance structure (unstructured and compound symmetry) was defined for 

all models to allow multivariate repeated measures analysis.  An LS means statement with a 

Bonferoni adjustment was used to test simple contrasts.  For all statistical analyses 

significance was set at <0.05.  

 

Results 

Use of the illustrated imaging technique for 3D monitoring of equine wounds was 

easily achieved. It is estimated that positioning of the surface targets, camera set up and 

acquisition of the three sets of images was accomplished in less than 10 minutes.  Slight 

motion of the animal did not affect the imaging process due to camera synchronization and 

image capture speed. Provided knowledge of the software program, processing of one image 

set to generate a 3D model required approximately 30 minutes.  Images had to be acquired in 

well illuminated areas since use of a flash potentially affected the software’s matching 

process of image pairs.   

Wounds needed to be dried off immediately prior to taking images to avoid areas of 

light reflection and to prevent exudate or blood from altering the wound topography. At 

times since images were obtained in the animals’ natural environment fly infestations 

complicated image acquisition. Figure 2 shows a 3D wound model with a fly present on the 

wound bed and its effect on the topography of the model. 
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Descriptive results of repeated wound imaging, modeling and measuring are shown in 

Table 1. Correlations between 2D and 3D area measurements (r=0.97), 2D and 3D 

circumference measurements (r=0.97), 3D area and 3D circumference measurements 

(r=0.94) and 2D area and 2D circumference measurements (r= 0.93) were high and 

significant (p<0.000). Table 2 shows the results for repeated wound modeling and measuring 

using the same set of images.  

 

In Figure 3 the %maxVar for 3D and 2D area measurements are contrasted for each 

wound over time, including their linear regression fits. Figure 4  illustrates the circumference 

measurements in the same way.  Area measurements were less precise in 2D and over time 

the relative differences between repeated measurements increased with both modalities but in 

particular with 2D analyses. Circumference measurements were also more repeatable in 3D, 

but a consistent trend of later follow-ups to result in greater discordance of repeated 

measurements was not observed.  

Repeated measures ANOVA of Data 1 showed that “Follow-up” and “Modality” 

were significant for area (p=0.0002; p =0.0013) and circumference measurements (p < 

0.0001; p = 0.0004) while the other effects were not.  Wound area measurements were on 

average 2.34 cm
2 

larger in 3D than in 2D. Wound circumference measurements were on 

average 1.5 cm longer in 3D than in 2D. 

Analysis of area measurements in Data 2 showed that “Modality” (p<0.0001) and 

“Location” were significant (p=0.0286; radial wound significantly different from carpal 
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wound). For 3D circumference analyses only “Modality” was significant (p<0.0001).  The 

average estimated difference between the %maxVar with 2D and 3D area measurements was 

11.55, equivalent to 2.8 times the variability of 3D measurements. For circumference 

measurements the average difference was 4.85, equivalent to 1.88 times the variability of 3D 

measurements. 

Figure 5 shows a 3D computer model for each type of wound, the corresponding 

underlying mesh and image used for 2D measurement with the 3D surface superimposed and 

adjusted for the perspective. A video showing an example of a computer model for each 

wound can be viewed online. 

 

Discussion 

In reference to the study goals, the authors were unable to disprove any of the 

proposed hypotheses. Firstly it was shown that a stereophotogrammetric method using a 

custom made imaging system to perform 3D assessments of equine wounds is feasible. 

Furthermore 2D measurements were significantly different and on average underestimated 

3D measurements (Data 1 analysis, effect “modality”), an expected effect given the 

topography of each wound. Lastly, having formed the third hypothesis of this investigation, 

measurements were found to be less precise in 2D than in 3D using %maxVar for 

comparisons (Table 1 and 2, Data 2 analysis). 

Commercial wound camera systems like the LifeViz™ 
8
 obtaining a stereo pair of 

images based on dual lens optics or the Eukona Imaging Solution™ 
9
 obtaining four images 
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with one device, rival any other setup in practicality. However, a successful reconstruction of 

an object that is not well seen from a single view point would require the object to remain 

motionless for acquisition of additional sets of images from a different perspective. The same 

dependence on motion would be expected when using a single camera setup as described 

elsewhere 
11, 15

. Naturally this requirement poses a problem when imaging animals. While in 

the current investigation wounds remained fully visible from a single view point, the 

documented setup offers the distinct advantage over other systems that it can be adapted by 

adding additional cameras and capturing a complex wound using simultaneous image 

acquisition.  While in this investigation wounds were either located on the lateral or dorsal 

aspect of a limb, imaging of lesions located elsewhere are expected to be equally amenable to 

3D analysis provided adequate lighting conditions.  

The realization that image acquisition, processing and analyses require skill led to the 

investigation of intra-operator precision only. Consequently the authors acknowledge that 

this study lacks generalizability with respect to the use of this method by other operators.  

When data from this study are compared to a similar publication in people 
13

 the study 

presented here showed slightly lower precision. Bowling et al. 
13

 reported an average intra-

operator %maxVar of 3.2 for repeated modeling and measurement based on the same set of 

images while adjusting for the person acquiring photographs (value deduced from presented 

data). The equivalent result in the study presented here was 4.4. The average intra-operator 

%maxVar for modeling and measurement based on repeated images of the same wound 

while adjusting for the photographer was 4, compared to 5.8 in this study. Interestingly the 
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average inter-operator %maxVar in Bowling’s report for modeling and measurement while 

adjusting for wound and photographer was much higher at 16.8 percent. In contrast, when 

one operator analyzed image sets of the same wounds obtained by different photographers 

the average %maxVar was 5.4 percent. Naturally relevant differences exist between the two 

studies due to the imaging system used and the type, size and number of wounds imaged, 

complicating a comparison of the intra-operator precision. Despite these differences reported 

precisions were not fundamentally different to other 3D techniques 
5, 16

. Bowling’s 
13

 

observations further illustrate that the use of a 3D photogrammetric imaging method by other 

operators introduces additional variability predominantly due to a disagreement in tracing 

wounds and not due to the effect of another person taking images.  In fact individual 

differences in tracing wound margins have been named as one of the leading causes of inter-

operator variability when performing 2D assessments 
16

. Based on the computation of a 3D 

model a variability of 35 percent  in area measurement was documented when a manual 

wound tracing method was compared to the result with an automated method of wound  

border recognition and wound extraction 
17

. To minimize the effect of different wound traces 

in the current investigation 3D wound areas were superimposed onto digital images used for 

2D measurements. Hence, any variability in 2D measurements compared to 3D assessments 

was likely due to differences in photographic perspective and/or image calibration.  

Plassmann 
18

 states that variations in photographic perspective of 20 degrees have a 

significant effect on repeated 2D area measurements causing a 10 percent measurement error. 

This observation provides further strong evidence that this study’s discrepancy between the 
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precision of 2D area measurements using repeated images of the same wound and the 

precision of repeated measurements using the same wound image (average %maxVar 17.3 

vs. 9.8) was likely caused by differences in photographic perspective. Such a strong 

dependence of the precision on photographic perspective with 3D assessments was not 

observed in this study (average %maxVar 5.8 vs. 4.4) . Nevertheless, even when adjusting 

for photographic perspective 2D area measurements were significantly less precise than 3D 

analyses (average %maxVar 9.8 vs. 4.4) suggesting that this residual difference was caused 

by the intrinsic measurement error of the software program or far more likely by a systematic 

error due to image calibration. 

 

Finally, it remains to be said that a slight change in a patient’s position while 

maintaining the same photographic perspective could also affect the technique’s precision by 

altering wound morphology. This potential effect led the authors to avoid repositioning of the 

animal between repeated imaging.  

With regression analysis of the data no style of curve (linear, cubic, quadratic) 

adequately expressed the relationship of measurement variability with time (data not shown) 

suggesting that measurement variability was not a function of time as proven in Data 2 

analysis (effect measure “Follow-up”). Nevertheless, when examining Figure 3, %maxVar 

values appeared to increase with time (and smaller wound area) when a linear relationship 

was forced on the data sets.  
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The dependence of precision with area measurements on the absolute wound size has 

been explained in people 
16

. Consequently any comparison of precision between different 

imaging techniques would require an adjustment for wound size, something that has not been 

standard protocol.  While wound size did not appear to have a significant effect on precision 

in this investigation the type of wound did.  As illustrated by the radial wound, visibility of 

wound margins affected the precision of area but not circumference measurements creating a 

significant difference in reliability relative to the carpal wound, which showed well 

developed epithelial margins throughout the follow-up period. While images/models were 

measured in random order but in quick succession recall bias when identifying wound 

margins cannot be excluded. However, considering the results with analysis of the radial 

wound , which had ill-defined margins,  this potential bias played an insignificant role.  

 

For the purpose of this study the standard technique for measuring wounds in the 

authors’ institution was used for comparison which as illustrated cannot serve as a measure 

of accuracy. Instead a dedicated investigation of the method’s accuracy is needed which the 

authors plan to perform in the documentation of other applications of this approach. 

 

In summary, the 3D method investigated in this study has shown to be capable of 

satisfying clinical precision requirements in people 
11

, although this was not consistently 

achieved for all wounds. While this technique cannot compete with the practicality of 2D 

measurements, it has been shown to produce far more precise measurements providing 
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quantitative information on wound bed characteristics.  Based on the authors experience use 

of the methodology requires practice in obtaining good quality pictures and performing the 

analyses. Therefore different operators should validate their results first when planning to 

apply this technique.  Finally, 3D imaging of wounds shows great promise to be a valuable 

tool opening the path to extended investigations of granulation tissue behavior in equine 

clinical and experimental applications. 
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Table 1: Results with repeated wound imaging, modeling and measuring.  

Results are stratified by imaging modality, wound location and type of measurement.  
 
 
 

Repeated surface area 
measurements 
(based on repeated images) 

Radius Carpus Pastern Metacarpus All Data 
combined 

2D Average/Median of the MaxDiff’s   
(in cm

2
) 

(%maxVar) 
 

 
0.58/0.35  
15.63/13.48  

 
0.95/0.93 
16.65/16.75 

 
1.57/1.26 
17.89/15.95  

 
1.93/1.37  
19.71/20.82  

 
1.22/1.06  
17.31/16.75  

  
95% CI for all Max Diff’s  
(in cm

2
) 

(%maxVar) 

 
 

 
 

 
 

  
 
-0.88 to 3.32 
-0.18 to 34.81 

3D Average/Median of the MaxDiff’s   
(in cm

2
) 

(%maxVar) 

 
0.44/0.35 
8.39/7.73 

 
0.32/0.29 
4.52/4.27  

 
0.56/0.51 
5.22/4.72 

 
0.68/0.57 
5.31/5.57  

 
0.48/0.43 
5.76/ 5.78 

  
95% CI for all Max Diff’s  
(in cm

2
) 

(%maxVar) 

 
 

     
 
-0.26 to 1.23 
-0.96 to 12.48 

Repeated circumference 
measurements 
(based on repeated images) 

     

2D Average/Median of the MaxDiff’s   
(in cm) 
(%maxVar) 
 
95% CI for all Max Diff’s  
(in cm) 
(%maxVar) 

 
0.7/0.59 
8.22/7.88 
 

 
0.87/0.73 
9.48/9.01 

 
1.14/0.86 
8.82/7.71 

 
1.28/1.31 
9.73/9.77 

 
0.98/0.83 
9.03/8.36 
 
 
-0.26 to 2.27 
-0.23 to 18.28 

3D Average/Median of the MaxDiff’s   
(in cm) 
(%maxVar) 
 
95% CI for all Max Diff’s  
(in cm) 
(%maxVar) 

 
0.48/0.39 
4.7/4.59 

 
0.3/0.28 
2.59/2.52 

 
0.66/0.55 
4.59/4.74 

 
0.74/0.73 
5.48/4.63 

 
0.53/0.44 
4.19/3.91 
 
 
-0.30 to 1.36 
-1.87 to 10.23 
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Table 2: Results with repeated wound modeling and measuring based on the same images.  

Results are stratified by measuring modality, wound location and type of measurement. 
 

 
 

Repeated surface area 
measurements 
(based on the same  images) 

Radius Carpus Pastern Metacarpus All Data 
combined 

2D Average/Median of the MaxDiff’s   
(in cm

2
) 

(%maxVar) 

 
0.33/0.25  
8.97/8.78 

 
0.66/0.63 
12.46/9.97 

  
0.64/0.57 
9.41/7.36 

 
1.09/0.5 
6.92/6.82 

 
0.65/0.5 
9.78/7.57 

  
95% CI for all Max Diff’s  
(in cm

2
) 

(%maxVar) 

 
 

 
 

 
 

 
 

 
  
-0.95 to 2.26 
-6.08 to 25.65 

3D Average/Median of the MaxDiff’s   
(in cm

2
) 

(%maxVar) 

 
0.26/0.22 
5.37/5.79 

 
0.36/0.36 
5.32/4.36 

 
0.39/0.32 
4.0/3.02 

 
0.36/0.17 
2.23/2.34 

 
0.34/0.28 
4.4/3.86 

  
95% CI for all Max Diff’s  
(in cm

2
) 

(%maxVar) 

     
  
-0.21 to 0.9 
-2.07 to 10.88 

Repeated circumference measurement 
(based on the same images)  

     

2D Average/Median of the MaxDiff’s   
(in cm) 
(%maxVar) 
 
95% CI for all Max Diff’s  
(in cm) 
(%maxVar) 

 
0.29/0.24 
3.82/2.15 

 
0.45/0.49 
5.39/5.66 

 
0.58/0.5 
5.09/4.69 

 
0.67/0.66 
4.63/4.96 

 
0.49/0.41 
4.81/3.64 
 
 
-0.28 to 1.26 
-2.62 to 12.24 

3D Average/Median of the MaxDiff’s   
(in cm) 
(%maxVar) 
 
95% CI for all Max Diff’s  
(in cm) 
(%maxVar) 

 
0.69/0.75 
6.93/5.7 

 
0.46/0.22 
4.08/2.06 

 
0.33/0.16 
2.23/1.31 

 
0.85/0.61 
6.43/4.45 

 
0.54/0.4 
4.55/3.13 
 
 
-0.61 to 1.69 
-5.02 to 14.12 
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Figure 1: Camera setup. 

Three digital cameras in adjacent angled positions converge on the same image center. The 

central trigger switch is attached to the custom made holding device and connected to the 

cameras’ mini USB ports.  
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Figure 2: The effect of a fly (circle) on the local topography of the wound bed in frontal and 

side view. 
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Figure 3: Variability of area measurements. 

%maxVar for 3D and 2D area measurements for each wound over time, including linear regression fits.  
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Figure 4: Variability of circumference measurements. 

%maxVar for 3D and 2D circumference measurements for each wound over time, including linear regression fits.  
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Figure 5: Models of the investigated wounds. 

Top Row: Computer model of the wounds investigated 

Middle Row: Underlying Dense Surface Model 

Bottom Row: Wound image with 3D surface superimposed to perform 2D analyses 
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Materials 

1 Eos Systems Inc., Vancouver, BC, Canada 

2 Canon Powershot SD780 IS, Canon USA Inc., Lake Success, NY, USA 

3 Stereo Data Maker, http://stereo.jpn.org/eng/sdm/index.htm 

4 Gentles Ltd, Edinburgh, Scotland 

5 Image J, National Institutes of Health, USA 

6  Microsoft Cooperation, Redmond, WA, USA 

7 SAS Inc, Cary, NC, USA 

8 Quantificare, Sophia Antipolis, France  

9 Eukona Technologies Ltd, Oxford, UK 
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CHAPTER III 

 

VALIDATION OF A PHOTOGRAMMETRIC TECHNIQUE FOR COMPUTING 

HOOF VOLUME AND THE EFFECT OF FOOT TRIMMING 
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Abstract 

  Reasons for performing study: Assessment of foot conformation is often performed 

based on linear and angular measurements on lateral digital photographs. Quantification of 

external foot conformation however requires more comprehensive assessments to capture the 

entire foot.  Volumetric measurements of the hoof capsule represent a summary measure 

quantifying foot shape, which would further elucidate the relationship of foot conformation 

and lameness in clinical cases. Photogrammetric principles to perform such measurements 

are available but have not yet been described to that effect. Hypothesis: A photogrammetric 

method to compute virtual models from digital foot images allows precise and accurate 

volumetric measurements when compared to computer-tomographic (CT) assessments. 

Changes in hoof volume post trimming are detectable using CT and compare well to 

photogrammetric evaluations. Methods: Different photographers imaged eighteen cadaver 

feet at different time points and one analyst processed their images to generate virtual 

computer models. Volumetric measurements were obtained from these models to determine 

their precision in the context of “Photographer”, “Time” and the effect of “Trimming”. CT 

imaging was used to assess the accuracy of the photogrammetric method. Analyses included 

agreement statistics and mixed effects repeated measures ANOVA. Results: Pre-trim 

photogrammetric measurements showed excellent precision and accuracy. Results did not 

depend on the person acquiring images but there was a trend for “Time” (p=0.056) to affect 

volumetric measurements. Accuracy of post-trim photogrammetric measurements 

deteriorated compared to the average CT measured differences (19 cm
3
). 
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Conclusions: Precise and accurate volumetric measurements were obtained using the 

photogrammetric method.  Average CT measured differences in foot volume are likely too 

small to be detected with confidence. Analyst bias was potentially responsible for changes in 

precision and accuracy of the photogrammetric method with “Time” and “Trimming”. 

Three-dimensional photographic modeling enables reliable volumetric measurements which 

will aid in the investigation of foot shape associated lameness. 

 

Introduction 

Equine foot conformation plays a formative role in the biomechanics of normal foot 

function and the development of lameness 
1
 . Veterinarians have assessed foot conformation 

using radiography, magnetic resonance imaging and digital photographs to link specific traits 

to lameness 
2-4

 but also to investigate the effects of corrective trimming 
5, 6

. Standard 

photographic methods are based on lateral images from which linear and angular 

measurements are derived 
7
. The information gathered while known to be of acceptable 

precision and accuracy is naturally limited to areas visible from a single point of view. 

However more complex measurements such as foot volume or surface area obtained by 

considering the entire foot may better quantify foot conformation and relate to lameness or 

injury 
8, 9

 .  Alterations in foot shape have been associated with lameness but are difficult to 

quantify using two dimensional methods 
3
.  Three dimensional photogrammetric methods 

require specialized software programs and repeated images from different vantage points to 

generate a virtual model of the object of interest. In biomedical sciences, such methods have 
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been described and validated for the monitoring of wound healing 
10, 11

. Similar methods 

applied to imaging the feet of horses may allow the computation of advanced foot 

measurements and further facilitate the acquisition of two-dimensional measurements 

independent of the photographic perspective. Beyond the benefit of acquiring additional 

measures, fusion of photogrammetric computer models with finite element analyses could 

potentially translate advances in force modeling 
12

 to decision making in clinical cases. 

The purpose of this study was to describe and validate a method for foot volume 

measurements that is based on virtual models generated from digital photographs.  It was 

hypothesized that volume measurements would be reliable when computed from images by 

different photographers and accurate when compared to measurements with computed 

tomography. Furthermore it was hypothesized that as with CT imaging the proposed three 

dimensional photogrammetric method would enable detection of changes in foot volume 

following hoof trimming by a farrier.  

 

Materials and Methods 

Preliminary studies determined that when asked to obtain circumferential, digital 

images of horses’ feet, not all participating photographers produced images of sufficient 

quality for further processing. Images were not taken at an equal angular separation to cover 

the 360° distance around a horse’s foot or they varied in distance and height relative to the 

foot.   Consequently a circular imaging table was designed which allowed the foot to be 

positioned on a wooden block while a two component platform was assembled with the 



51 

 

 

 

 

contralateral limb elevated. The lower stationary platform (Figure 1A red) incorporated a 

switch operated, battery driven motor that powered the upper rotating platform (Figure 1A 

black) via a timing belt. Subsequently a digital camera
a
 mounted on the upper platform was 

able to rotate around the foot at the level of the solar surface in less than one minute, while 

acquiring 30 - 40 images of standard distance, height and angular separation relative to the 

foot.  Continuous exposure of the camera was accomplished using a camera specific 

operating command introduced on the camera’s storage card 
b
 and a central trigger switch 

c
 

connected to the mini USB port. Images were processed as a “smart point project” using the 

software package Photomodeller Scanner® 
d
. Briefly, to generate a virtual model the 

software automatically cross references identifiable marks between images to establish a 

spatial relationship and generate a set of control or smart points. Then, the proximal and 

distal outline of the hoof capsule is manually marked in each image (Figure 2: Left) and 

point clouds restricted to this area are created in an automated process controlled by the 

smart points. Via further procedural steps (meshing and triangulation) allowing manual 

corrections of the aggregate point clouds a dense surface model of the entire foot is created. 

During these steps point clouds are closed at their edges by extrapolating a virtual surface in 

between and forming a hollow object.    Line marks of known distance shown on the surface 

of the wooden block allow the project to be scaled. Prior to proceeding with the actual 

validation experiments the adequacy of this design was tested in live, sedated horses.  

To ensure that foot morphology did not change between repeated imaging sessions, 

experiments were carried out using cadaver limbs of horses euthanized at the hospital.  For 
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this purpose 18 distal limbs (9 fore and 9 hind limbs) free of blemishes were collected by 

transection proximal to the metacarpo(tarso)phalangeal joint. The authors were unaware of 

the individual horses’ clinical history.  If present, shoes were removed and hair obscuring the 

coronary band trimmed.  

The first author then instructed two additional photographers (AB and RM) on the use 

of the imaging table by demonstrating the methodology on a practice leg not included in later 

experiments. Without further assistance photographers were asked to assemble the table 

around the circular wooden block on which a foot was positioned within a marked target 

area. Photographers were asked to lightly apply talcum powder on the hoof capsule to 

increase surface heterogeneity and improve the automated matching process.  Next, the 

camera was mounted ensuring that it was centered on the foot and a portable light source was 

positioned dorsally and palmarly to the foot.  Images were then continuously acquired by 

directing the electric motor and the camera remote to complete a full revolution of the table. 

Each photographer (AB, RM and RL) completed this process twice with approximately 5 

months in between. One hundred eight virtual computer models were generated by one 

operator (RL) with a minimum of two weeks between the same feet. Data from this 

experiment was used to assess the reliability of the imaging process (intra and inter-

photographer precision) when one person operated the software package (intra-analyst 

precision). In addition RL’s first image sets where processed twice (18 repeated models) to 

assess the intra-analyst precision of generating the virtual models separately from the 

imaging process. Operation of the software program required considerable familiarity, 
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consequently only one analyst was used in the reported experiments. The time required to 

generate each model and each model’s final error statistic and point marking residual (overall 

root mean square), provided a measure of model quality. Virtual models were exported as an 

STL file and further processed using a free 3D software package 
e
. Standardized front and 

side views of each foot were color coded to visualize areas of shared hoof wall angle.  

Categories of the ordinal color scale represented increments of 10° to the sagittal 

(side view) or frontal plane (front view) adding up to a total of 80°. (Azure (0°-10°); Cyan 

(11°-20°); Lime (21°-30°); Green (31°-40°); Yellow (41°-50°); Orange (51°-60°); Red (61°-

70°); Rose (71°-80°); Magenta (>80°)).  Standardized color coded views were stored as TIFF 

files and read by a  custom written software program designed to calculate for each color the 

proportion of all available pixels it occupies. This data allowed further comparison of the 

ultrastructure of each virtual model between repetitions. 

Accuracy of the photographic measurements was assessed using computed 

tomographic (CT) volume measurements. Feet were imaged using a 16-detector helical 

computer tomograph
 f
 acquiring 1mm thick slices at 110mA and 120KV using a soft tissue 

kernel for all reconstructions. Using an open source imaging software
g
 the first author traced 

the hoof capsule on each frontal plane slice as a region of interest (ROI). To relate to 

photogrammetric measurements, ROIs extended from the solar margin across the solar 

surface and from the coronary band across the foot (Figure 2: Right). In an automated 

process based on the summation of all ROIs a 3D reconstruction of the foot was created 
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resulting in a volumetric CT measurement. To document the repeatability of CT-ROI traces 

the first author traced all imaging studies twice, with a minimum of two weeks in between.  

To investigate the effect of foot trimming on volume measurements, CT imaging and 

photogrammetric modeling was repeated by the first author following foot trimming by an 

experienced farrier (18 models). The analyst was not blinded to this intervention. 

 

Data analysis 

Descriptive statistics 

First and second volume measurements deduced from images by all three 

photographers were summarized for each foot to assess the overall precision of this method 

(Combined effect of inter- and intra-photographer and intra-analyst precision). Statistics 

included the mean (± 95% confidence limit; CL) and coefficient of variation (CV). Intra class 

correlation coefficients (ICC) (± 95% CL) were calculated expressing the correlation 

between photographers and between first and second imaging. 

Paired, repeated volume measurements (first and second measurements for each 

photographer) were analyzed using an agreement index (AI) and 95% limits of agreement 

(95% LoA) 
7, 13

. This statistic served as a measure of the combined effect of intra-

photographer and intra-analyst precision. An AI greater than 0.9 represent was considered to 

be excellent agreement. Presented as a mean of the photographers’ AI (∆AI) for each foot it 

served as an alternate performance estimate to the CV. Agreement statistics were obtained 

using MedCalc®
h
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The CT and photogrammetric measurements by RL pre- and post-trim were 

summarized using mean differences, 95% LoA and CVs.  Photogrammetric volume and CT 

measurements based on repeat processing of the same image sets were summarized in the 

same way to describe intra-analyst (RL) precision and to compare this effect to the effect of 

intra-photographer (RL) precision and the effect of trimming.  

 

Statistical modeling 

Repeated photogrammetric volume measurements: 

Using the “Mixed Procedure” in SAS® Version 9.02
i
 a doubly repeated measures 

ANOVA was fitted to the data set. The model contained the main effect “Photographer” 

(Three levels: RL, RM and AB), “Time” (Two levels: First and second imaging), their 

interaction term and “Number of images” (2 levels: “29-39”; “51-64”) as a class variable. 

Repeated effects were “Photographer” and “Time”. “Foot” (18 levels: Front foot 1-9 and 

hind foot 1-9) was declared a random variable and the subject term. 

 

Analysis of model ultrastructure: 

A doubly repeated measures ANOVA was fitted to the data set of color distributions. 

This analysis only included color distributions that were normally distributed after square-

root transformation. Models included the same main effects, interaction terms and random 

variables as previously described and were run on front and side views separately. Subjects 

were nested (“Color” in “Foot”) and the variance components were grouped according to 
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“Color”. In front views, colors not considered were azure, green and red. In side views these 

were azure, cyan and red.  

 

Photogrammetric volume vs. CT measurements and the effect of trimming: 

A doubly repeated measures ANOVA was fitted comparing pre- and post-trim CT 

and photogrammetric measurements generated by RL. The model contained the main effects 

“Repetition” (Three levels: “1” = first pre-trim volume measurement, “2” = repeated volume 

measurement on same image sets as in level “1”; “3” = post-trim volume measurement) and 

“Modality” (Two levels: “CT” and “P”) and their interaction term.  

 

General:  

Normality of the data was assessed using the Kolmogorov-Smirnov test. In all doubly 

repeated measures ANOVA a direct product covariance structure (unstructured and 

compound symmetry) was defined. An LS-means statement was used to test relevant 

comparisons. Multiple comparisons included the Bonferoni adjustment. Significance for all 

tests was set at p < 0.05. 

 

Results 

Generally between 30 and 40 images were acquired on each foot with the exception 

of 23/54 2
nd

 imaging sessions, when nearly twice as many were taken. This was due to an 

unintended change in table revolution speed. Consequently the number of photographs was 
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included in later statistical models to adjust for potential bias. Generation of a computer 

model took on average 45 minutes per foot.  The average model quality statistic (Final 

error/Residual; in pixels) was similar between photographers (RL: 0.82/0.82; AB 0.68/0.91; 

RM 0.84/0.88) and imaging times (1
st
: 0.80/0.89; 2

nd
: 0.75/0.85) and below the recommended 

level of 1 pixel. Photographic modeling after trimming showed similar characteristics 

(0.81/0.81). An illustration of the camera positions in a foot imaging session is shown in 

Figure 1B. Figure 3 shows examples of the visual data acquired with CT and photographic 

imaging.  

Qualitative comparison between models associated with greater data variability 

showed that noticeable differences existed involving the heels such that further analysis of 

the models ultrastructure in this region was deemed unnecessary. Examples of the observed 

variability can be appreciated in Figure 4 showing two-dimensional views of the models’ 

heel region superimposed on their corresponding photograph.  

 

Descriptive analyses 

The average CV for the described methodology was 4% (Table 1). Feet resulting in 

greater variability in volumetric measurements were F9 (CV 5.74%; ∆AI 0.907), H4 (CV 

5.96%; ∆AI 0.937), F4 (CV 6.23%, ∆AI 0.904) and H8 (CV 6.88%, ∆AI 0.896). No 

consistent differences between these models and their quality statistics were appreciated. 

Judged from the individual photographer’s AI for each of these feet, the higher level of 

variability was not associated with a specific person. Furthermore the ICC for the effect of 
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“Time” was lower than that for the effect of “Photographer” underlining the lesser 

importance of the effect of “Photographer” on data variability (Table 2). The 95% LoA for 

volumetric measurements based on the same photographer’s images showed that at worst  

second measurements were between 19 cm
3 

higher and 87 cm
3
 lower than the first ones 

(Table 2). Generally a trend was appreciated for second measurements to be lower than first 

ones.    

The combined effect of intra-photographer (RL) and intra-analyst (RL) precision 

(∆AI “RL Time”) on volumetric measurements was greater than the effect of intra-analyst 

(RL) precision (∆AI “RL Repeat Processing”) (0.956 vs. 0.987; Table 1).   Repeat 

volumetric measurements on the same set of CT images resulted in the greatest agreement 

(Table 1). 

On average CT and photogrammetric, pre-trim measurements differed by 6 cm
3
 (95% 

LoA: -49.3; 37.4) and post-trim by 41.6 cm
3
 (95% LOA: -20.3; 103.6). Correlations were 

0.9731 (p<0.001) for pre-trim and 0.9407 (p<0.001) for post-trim measurements. Figure 5 

shows correlations before and after trim. Repeat processing of images resulted in 

measurements that with CT, were on average 4 cm
3
 greater (95% LoA: -21.8; 13.8) and with 

photographs, 1.8 cm
3
 smaller (95% LoA: -25.9; 29.5).  

On average trimming resulted in a reduction of CT measurements by 19 cm
3
 (95% 

LoA: -9.6, 47.6) and of photogrammetric measurements by 66.5 cm
3
 (95% LoA -14.5, 

147.6). Four of the 5 feet with the greatest reduction in CT-volumetric measurements were 

also identified using photogrammetry (H2, H3, H8, F9) but their ranks differed between 
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modalities. Differences in virtual foot shape were easily appreciated in particular with color 

coding of the models (Figure 3).  

 

Statistical modeling 

Repeated photogrammetric volume measurements 

Executing the doubly repeated photogrammetric measures model a strong trend was 

seen for the effect of “Time” (p=0.056) but not for “Photographer” (p=0.727). First 

measurements were on average 13.6 cm
3
 larger than second ones (LSMEANS estimated 

difference). The interaction term showed a significant effect (p=0.045). Performing multiple 

comparisons second volumetric measurements by RL were significantly different to first 

measurements by RL and AB. However after Bonferoni adjustment this significance did not 

persist.  

 

Analysis of model ultrastructure 

Use of a statistical model for analysis of the models’ ultrastructure in front views 

showed a significant effect of “Time” (p=0.015) but not of “Photographer” (p=0.3232), the 

interaction term (p=0.655) or “Number of images” (p=0.3938). For side views the same 

result was obtained (“Time” (p=0.0031); “Photographer” (p=0.4165); interaction term 

(p=0.3376); “Number of images” (p=0.395)).  

 

 



60 

 

 

 

 

CT vs. photogrammetric volume measurements and the effect of trimming 

Based on the fitted model, “Repetition” (p<0.0001) and the interaction term 

“Repetition” and “Modality” (p<0.0001) were significant. “Modality” was not significant 

(p=0.4992). In multiple comparisons significant differences were restricted to the comparison 

of pre-trim and post-trim volumetric measurements (p<0.0001). Repeated processing of the 

same image sets did not result in significantly different volumetric measurements (p=1.0).   

 

Discussion 

Previously a photogrammetric method has been reported to document hoof wall 

expansion based on the reconstruction of 22 specific hoof wall points under different loading 

conditions 
14

. Fundamentally similar principles were deployed in the acquisition of images 

albeit the current method is likely cheaper, allows greater resolution images to be acquired 

and based on the evolved software package results in automated surface modeling and 

complete virtual reconstruction of a horse’s foot.  

For the purpose of this paper only volumetric measurements were analyzed. Surface 

area measurements can naturally also be obtained from virtual models but due to the high 

correlation with foot volume this data analysis was omitted. Using the described 

methodology excellent precision between repeated volumetric measurements was achieved.  

It was further demonstrated that measurements did not depend on the person obtaining 

images contrasting results obtained during pilot studies. However, despite the greater number 

of photographers than in another study 
7
 the use of three individuals could have been 
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insufficient to detect a difference. The fact that 1
st
 and 2

nd
 measurements tended to differ 

from each other, nearly reaching significance, likely indicates the presence of recall bias. It is 

conceivable that the analyst had a tendency to process photographic images similarly within 

but not between each time point (1
st
 and 2

nd
 imaging). The longer time between 1

st
 and 2

nd
 

imaging (5 months) but shorter interval between processing of each session’s image sets 

(minimum 2 weeks) would have made this possible. This potential bias could have also 

affected the assessment of “intra-analyst” precision when the same image sets were 

repeatedly traced. Based on our findings we believe that the observed variability in 

volumetric measurements was predominantly due to the analyst processing images followed 

by the effect of the photographer operating the table and acquiring images. The relatively low 

CV associated with repeated volumetric measurements represents a “best case scenario”. 

Deploying multiple analysts is expected to affect outcome measures due to the interactive 

nature of the software program and individual differences in tracing hoof shape. From our 

perspective however, the photogrammetric technique could be a valid clinical research tool 

when a single individual is processing images regardless of the number of trained 

photographers. 

For the purpose of this paper, volumetric measurements based on CT imaging and 

automated 3D reconstructions were used as a gold standard. It should be emphasized that the 

described CT method does not represent an established gold standard for determining foot 

volume as its precision and accuracy is undetermined. However by comparison to this 

alternate imaging modality the accuracy of photogrammetric modeling was approached. 
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Photogrammetric measurements were on average slightly larger than CT assessments but the 

two modalities showed excellent agreement. Post-trim differences between the two 

measurements became more pronounced with photogrammetric measurements being 

consistently smaller than CT values (Figure 5). Since the analyst was not blinded to the 

effect of trimming such knowledge could have selectively affected photographic tracings 

given their demand for more complex decision making. As no other differences between pre- 

and post-trim imaging sessions were appreciated this potential bias could well explain the 

change in accuracy of photogrammetric measurements. 

With respect to the effect of hoof trimming, CT imaging detected a mean difference of 19 

cm
3
. Considering a normal distribution and the reported CV and LoA, differences between 

repeated photogrammetric measurements are most likely no more than 44 cm
3
 in an average 

sized foot but more extreme disagreements are certainly possible. In light of these estimates 

using the photogrammetric method to detect average CT measured differences is not 

recommended. Despite the disagreement between post-trim measurements both techniques 

agreed on 4 out of 5 feet with the largest volume reduction. The conclusion that CT and 

photogrammetric measurements are not fundamentally different was supported by the fitting 

of the statistical models that revealed no significant difference between the two modalities 

measured.   

The effect of foot trimming on external parameters deduced from radiographic 

measurements has been described 
6
. Based on these estimates and crude calculations 

comparing dorsal hoof wall shortening to the resection of a wedge, mean photogrammetric 
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volume reductions seem unrealistic and as mentioned before are likely biased. In post hoc 

analyses to support the accuracy of CT measurements select models (H2, H3, H8, F9 at 1
st
 

imaging) were virtually trimmed guided by their later post-trim digital images (data not 

shown). Comparing these “virtual clippings” to differences detected with CT volumetric 

measurements supported the accuracy of CT measurements detailing the effect of trimming 

at approximately 30 cm
3
. 

Analysis of the models ultrastructure also illustrated the independence of repeated 

modeling on the effect of “Photographer” and confirmed the important observation that 

models differed between the two time points. Given these results this analysis was not 

repeated for post-trim computer models but differences were assessed visually. Color coding 

of models helped identify changes at the dorso-distal border of the hoof wall as seen in 

Figure 3 but it also emphasized that the models’ surfaces were not smooth. Although 

additional rendering could have smoothed the surfaces observed in the virtual models 

continued alteration of the generated simulations would detract from the studies aim by over-

representing the “Analyst” effect on data acquisition.  

 

In summary the photogrammetric technique was of satisfactory accuracy and 

precision to be used in clinical research for the measurement of foot volume. For the 

detection of small changes as with foot trimming the precision of this method is likely too 

small to detect differences with confidence.   
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Future use of this modality concurrently with the investigation of other relevant 

conformational traits will help elucidate the role of foot volume in clinical cases. 

Measurements closely related to foot volume play an important role in the context of 

performance, lameness and injury. To mention a few, the size of the solar surface showed a 

protective effect against catastrophic injuries in racing Thoroughbreds 
9
 and correlated with 

peak vertical pressures generated upon ground contact 
15

. An index of foot size relative to a 

horse’s weight has been correlated with lameness and its prognosis 
8
. Uneven feet in elite 

jumpers significantly decreased the duration of their athletic career 
16

.  Linear and angular 

measurements of horses’ feet have been determined to affect in complex relationship the 

magnitude of tissue strains 
17, 18

. In recent studies external traits such as the shape of the 

coronary band 
3
 that would be better captured using 3D photogrammetric techniques and 

certain length and angle measurements 
4
 have been correlated with lameness. Interpretation 

of foot shape in the context of lameness is not always straight forward as horses with chronic 

lameness may develop a more upright foot shape subsequent to reduced weight bearing 
19

. 

Consequently the question of cause and effect arises when horses with an abnormal foot 

shape and chronic lameness are examined.  Therefore volumetric measurements are expected 

to be most informative when performed in horses with acute lameness, at a time when no 

adaptive processes have yet occurred. 

The computation of reliable and accurate volumetric data from virtual models will 

further elucidate the role of foot shape in clinical cases.  Minimal variation was observed in 

the ability of photographers to obtain viable images that could be later analyzed by an 
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individual skilled in making the measurements and analyzing the data. As noted with a 

similar photographic technique [7] the clinical value of the photogrammetric technique, and 

with routine radiographic imaging is dependent on the data analyst. The described 

photogrammetric technique has the potential to generate three dimensional data in a cost 

effective and precise way that may be of value to researchers interested in quantifying foot 

shape and potentially as the technology matures to clinicians.  

 

Materials: 

a) Canon Powershot SD780 IS, Canon USA Inc., Lake Success, NY, USA  

b) Stereo Data Maker, http://stereo.jpn.org/eng/sdm/index.htm 

c) Gentles Ltd, Edinburgh, Scotland 

d) Eos Systems Inc., Vancouver, BC, Canada 

e) 3D-Tool GmBH & Co. KG, Weinheim, Germany (www.3D-tool.de) 

f) Siemens Somatom Sensation 16, Siemens Medical Solutions, Forchheim, 

Germany 

g) OsiriX Imaging Software (www.osirix-viewer.com) 

h) MedCal 12.3, Broekstraat, Mariakerke, Belgium (www.medcalc.org) 

i) SAS Inc, Cary, NC, USA 

 

  

http://stereo.jpn.org/eng/sdm/index.htm
http://www.3d-tool.de/
http://www.osirix-viewer.com/
http://www.medcalc.org/
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Table 1: Descriptive statistics stratified per foot.  

N=number of observations; AI = Agreement index; Average AI = ∆AI; CL=Confidence 

limits; P=photogrammetric; CT=Computer tomographic 

Foot N Mean 
(cm3)  

Lower 
95% 
CL for 
Mean 

Upper 
95% 
CL for 
Mean 

CV AI  
AB 
“Time” 

AI 
RM 
“Time” 

AI 
RL 
“Time” 

∆ AI 
“Time” 
Per foot 

F1 6 529.05 509.55 548.54 3.51 0.959 0.984 0.992 0.978 

F2 6 514.53 494.88 534.17 3.64 0.974 0.928 0.977 0.960 

F3 6 397.11 383.06 411.15 3.37 0.995 0.912 0.964 0.957 

F4 6 429.03 400.97 457.08 6.23 0.901 0.835 0.977 0.904 

F5 6 665.99 645.59 686.39 2.92 0.974 0.919 0.972 0.955 

F6 6 461.20 444.51 477.89 3.45 0.939 0.935 0.994 0.956 

F7 6 461.34 446.24 476.44 3.12 0.953 0.962 0.953 0.956 

F8 6 669.04 641.99 696.09 3.85 0.980 0.926 0.934 0.947 

F9 6 410.20 385.50 434.91 5.74 0.886 0.947 0.889 0.907 

H1 6 445.16 429.95 460.36 3.26 0.930 0.952 0.983 0.955 

H2 6 628.60 608.12 649.09 3.10 0.910 0.998 0.990 0.966 

H3 6 635.95 608.26 663.63 4.15 0.931 0.984 0.974 0.963 

H4 6 517.70 485.31 550.09 5.96 0.972 0.891 0.947 0.937 

H5 6 552.39 528.20 576.58 4.17 0.927 0.907 0.974 0.936 

H6 6 512.08 497.35 526.80 2.74 0.982 0.997 0.922 0.967 

H7 6 590.44 570.15 610.73 3.27 0.955 0.954 0.919 0.943 

H8 6 704.84 653.95 755.73 6.88 0.832 0.985 0.872 0.896 

H9 6 564.51 540.94 588.07 3.98 0.886 0.959 0.972 0.939 

∆ AI  “Time”  
 

0.938 0.943 0.956  

Total ∆ AI for “Time” and “Photographer” combined 0.945667 
 

∆AI for RL “Repeat P-Processing” 0.98759 
 

∆AI for RL “Repeat CT-Processing” 0.978944 
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Table 2: Descriptive statistics 

ICC=intra class correlation coefficient, 95%LoA=95% Limits of Agreement 

 

 

 

 

  ICC for single measurements 

All observations combined 
(AB, RM, RL; first and second imaging) 

0.9491 

ICC for the effect of “Photographer” at 
1st imaging 

0.9521 

ICC for the effect of “Photographer” at 
2nd imaging 

0.9484 

ICC for the effect of “Time” 0.9249 

 
 

95% LoA between 1st and 2nd imaging results  

AB -19.32 to 87.32 

RM -10.58 to 69.04 

RL -18.08 to 66.49 
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Figure 1A/B: The imaging set-up and modeling of a foot. 

A: Illustration of the photographic imaging set-up (red: stationary platform; black: rotating table) 

B: A virtual foot model and the associated camera positions and images it was computed from 
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Figure 2A/B: Foot tracings performed on digital and CT images. 

Left (A): Examples of photographic foot tracings. In each image the proximal and distal 

outline of the hoof was marked where clearly visible. Using this method it is not required to 

trace the entire, visible hoof capsule.  

Right (B): Examples of CT foot tracings. Note that to replicate photographic markings foot 

traces spanned across the coronary band and solar surface. At the proximal extent horn tissue 

is easily differentiated from adjacent structures. 
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Figure 3:  Examples of visual data. 

Typical front and side views of the color coded models, the corresponding digital photographs and pre-trim CT reconstructions are 

shown for select models. In each row paired images represent pre- (left) and post-trim (right) views of the same foot. Differences 

due to the trim can be appreciated based on changes in shape and color distribution at the dorso-distal border of the hoof. 
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Figure 4: Examples of the encountered variability in repeated foot modeling at the level of 

the heels. Virtual models (grey) are overlaid onto a digital image of the represented foot. (top 

left: 1
st
 Model F9; top right: 2

nd
 Model F9; bottom  left: 1

st
 Model H8; bottom right 2

nd
 

Model H8) 
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Figure 5: Relationship of CT and photogrammetric volume measurements. 

Measurements are highly correlated. Post-trim photogrammetric volume measurements were consistently smaller than CT 

assessments. The line represents the line of equality when both modalities agree.
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CHAPTER IV 

 

EX VIVO MODELING OF SYNOVIAL PHYSIOLOGY USING THE USSING 

CHAMBER 
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Potential relevance of ex vivo modeling of synovium  

 Joint disease is the leading cause of equine lameness and as such has a 

significant impact on animal health and the life of caretakers. Joints are composed of a joint 

capsule, the weight bearing cartilage and the underlying subchondral bone. The joint capsule 

consists of an outer fibrous layer and an inner synovial membrane.  

 The synovial membrane or synovium can further be subdivided into the 

subintima, a layer of connective tissue and the synovial cell lining, the synoviocytes, facing 

the joint cavity. Contrary to epithelial tissues the joint capsule does not have a base 

membrane  nor do synoviocytes of the inner lining form a continuous layer- making the joint 

capsule a “leaky” membrane.  

 The joint capsule and particularly the synovium play a key role in 

orchestrating joint health. They regulate cellular and molecular composition of joint fluid, on 

which normal joint movement and cartilage function depend. They also have a direct impact 

on cartilage metabolism through the release of potent messenger substances. Consequently 

inflammation and dysfunction of the synovium (synovitis) have direct effects on cartilage 

health, potentially leading to degenerative joint disease (osteoarthritis) through cartilage 

damage.  

 Joint fluid is a modified transudate of blood based on the selective retention 

and addition of components. First, the primary filtrate is formed by pores in the lining of 

subintimal capillaries and is much lower in protein and cell content than blood. This 

transudate then passes through the connective tissues of the subintima which due to its 
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network of cells and extracellular matrix acts as a secondary filtration step. Prior to reaching 

the joint cavity the transudate is further modified by the synoviocytes’ addition of large 

molecules (hyaluronic acid compounds). These are large molecules which do not freely 

diffuse, are reflected by the synovial lining and are responsible for the fluid’s viscosity.  

 With synovitis and the release of inflammatory enzymes this multitier 

filtration barrier is known to degrade, leading to the break down and loss of high molecular 

hyaluronic acid through a more permeable synovial membrane. The resulting change in joint 

fluid composition together with the  influx of inflammatory cells into the joint cavity, form a 

significant threat to joint health and cartilage integrity. 
1, 2

  

 Hyaluronic acid compounds are being used in the treatment of inflammatory 

joint conditions however, while they are believed to exert a direct local anti-inflammatory 

effect, compounds do not remain within the joint for long-exerting minimal benefit to joint 

fluid viscosity.  Detailed knowledge of the filtration barrier is consequently paramount in the 

understanding of joint disease. Quantitation of the tissue’s “sieving” capability may serve as 

an indicator of joint health that is potentially qualified for use in an ex vivo model of 

synovitis.   

 Use of animal models for in vivo investigation of synovial function has been 

reported. In these studies indicator molecules of varying molecular weight such as hyaluronic 

acid compounds, were used to characterize the membranes sieving capability.  While these 

models produce elaborate physiologic data, they may be considered invasive and non 

practical, above all they require animal sacrifice.  Furthermore use of indicator molecules 
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will inaccurately size openings in the membrane due to the molecules’ asymmetric three 

dimensional configuration and the formation of reversible hydrogen bonds, all preventing 

undisturbed diffusion.  

 Therefore development of an ex vivo model of synovial membrane aiming to 

characterize the normal and abnormal behavior of synovium using particles of standard shape 

would add to the current knowledge base in a justifiable way and facilitate continued 

investigations on the subject.   

 

Background 

Osteoarthritis is the most common cause of equine lameness. A mountain of evidence 

supports the key role of the synovial membrane in the pathophysiology of the disease. 

Synoviocytes produce key pro-inflammatory cytokines such as metalloproteinases, 

interleukin-1β and tumor necrosis factor-α which exert a direct effect on the health and 

function of not only the synovial membrane but also the joint fluid and cartilage.
3
 The 

synovial membrane’s paramount function is the maintenance of a normal joint environment 

through the production of joint fluid. Characteristics of joint fluid such as volume and 

viscosity are influenced by synovial capillary filtration, the barrier function of the synovial 

membrane, the synoviocytes’ production of high molecular hyaluronan and the loss of joint 

fluid through intra-articular degradation of joint fluid components, increased intra-articular 

pressures and lymphatic drainage.
4
 Intra-articular supplementation of hyaluronan is a widely 

pursued supportive treatment for its direct anti-inflammatory effects, the consequent increase 
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in joint fluid viscosity and the outflow buffering of joint fluid.
4,5

  In vivo, following intra-

articular administration, hyaluronic acid molecules of varying molecular weight (140, 500 

and 2000 kiloDalton) and molecular domain size (20, 40, 100 Flory radius of gyration) have 

been shown to accumulate within the rabbit joint and pass into the subsynovial or lymphatic 

tissues depending on their molecular weight and size, consequently resulting in a greater 

reflection or intra-articular persistence of larger compounds.
6
 Based on the molecular domain 

size of successfully diffusing molecules one can gauge the effective membrane pore size, 

given the assumption that the solute is spherical and the receiving pore cylindrical.  This 

however translates into much smaller physical pore sizes than the Flory radius of gyration 

might suggest which may be explained by a molecule’s ability to deform and squeeze 

through a tight space. In Sabaratnam’s work 
6 

successful diffusion of HA 140, 500 and 2000 

therefore equates to an estimated pore size of 30-60 nanometer (nm) but this might not be an 

accurate representation of the true pore size.  

In continued studies of the rabbit synovial membrane by the same group of 

researchers the significance of hyaluronan reflection in diseased joints was further 

illustrated.
7
 Again, using a live animal model, the rabbit synovial membrane was exposed to 

proteolytic enzymes mimicking a pathophysiologic process in the inflammatory cascade. 

Following enzyme treatment the fraction of reflected intra-articular hyaluronan was 

significantly reduced relating to a 13 fold increase in synovial membrane permeability and a 

5.7 fold increase in pore size.  In addition to the loss of barrier function with simulated 

inflammation the group furthermore concluded that it is the non-collagenous portion of the 
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extracellular matrix that governs the tissue’s permeability. The significance of these findings 

is twofold. Firstly it provides proof of concept that with inflammation loss of hyaluronan is 

partly due to increased permeability of the joint membrane (next to intra-articular 

degradation), secondly it emphasizes the role of the non-collagenous matrix in maintaining 

normal joint fluid composition, further establishing joint permeability as an indicator of joint 

health.  Consequently this indicator may lend itself useful in the investigation of intra-

articular treatment effects of equine specific medications and the design of therapeutics with 

extended intra-articular persistence.  

A live animal model for the investigation of synovial function has been reported in 

the horse.
8, 9

 This model elaborately highlighted the complexity of synovial filtration, 

however due to its sophistication, subsequent cost and the resulting loss of animal life, use of 

this model in large numbers is difficult to justify. While use of this model has shed light on 

trans-synovial fluid forces in the horse, experiments were not designed to characterize matrix 

pore size.  

From this brief literature review it is obvious that further knowledge on the size 

selective permeability of the equine and the synovium in general is required and that a simple 

ex vivo model mimicking this key feature of joint function would be useful for continued 

investigations. Concluding from the findings of previous investigations 
6, 7 

gold nanoparticles 

would be most suitable for the quantification of matrix pore size. Use of gold nanoparticles in 

medicine is becoming more and more popular due to the particles’ standardized size and 

shape, excellent biocompatibility and the precise detection techniques available. 
10  
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Principles of ex vivo tissue modeling using the Ussing chamber system 

The using chamber system was first described by the Danish biologist Hans Ussing 

who developed this system to investigate the NaCl transport of isolated frog skin. 
11

 Since 

then it has been utilized as a temporary organ culture method to evaluate transport across 

various different epithelial tissues by performing electrical and/or flux measurements. 
12, 13

 

Central to the many different designs of the system is the chamber which allows the tissue to 

be suspended and bathed in separate fluid environments. Using external water jacked 

reservoirs and a gas lift consisting of 95% oxygen and 5% carbon dioxide, the fluid in each 

chamber compartment is heated and circulated. To investigate the tissues’ electrophysiology, 

electrodes feed into each chamber compartment and connect to an amplifier and data 

acquisition system to measure trans-membrane voltage, epithelial resistance and short circuit 

current. When used as a perfusion chamber electrophysiologic data is not acquired. Figure 1 

illustrates this setup in our laboratory. Easy access to each fluid reservoir means that fluid 

compartments can be treated and sampled individually allowing the investigation of tissue 

barriers in response to their environment. Furthermore, the standardization of experimental 

environments closely mimicking in vivo conditions and the ability to easily replicate 

observations represent advantages shared by other ex vivo tissue modeling techniques. 
14, 15 

When considering the use of synovial tissue samples in the Ussing chamber system, it should 

be emphasized that ex vivo permeability measurements are likely underestimating in vivo 

characteristics. Egress from the joint cavity is predominantly governed by lymphatic 

clearance and vessels located in the subintima of the synovial membrane. However, 
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harvested synovial tissue samples are likely thicker and can therefore only provide a crude 

surrogate measure for the in vivo permeability.  

In our laboratory and the modeling of gastric and intestinal physiology bathing fluids 

consist of species specific physiologic saline solutions. Typically glucose is added to the 

basolateral fluid reservoir to extend tissue viability. To counterbalance osmotic pressures 

mannitol is added at the same concentration to the apical side of the chamber to prevent 

glucose from interfering with active ion transport.  For the modeling of synovial tissue the 

same principles were applied.  

 

Initial experiences with synovial tissue modeling  

In preliminary experiments using biological tissues from post mortem examinations 

of different species (porcine, canine and equine) a reliable dissection technique to obtain 

continuous synovial tissue samples was developed. Figure 2 illustrates the dissection 

technique and the adopted barn door approach to the femoropatellar joint which left synovial 

membrane harvests attached to adjacent bones and facilitated mounting in the Ussing 

chamber. In mature horses euthanized at the hospital for unrelated conditions the synovial 

membrane of the femoropatellar joint showed  significant fat deposition, making collection 

of a standard tissue sample difficult (Figure 3).  A representative histologic image of the 

harvested porcine synovium is shown in Figure 4.  
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Tissue samples of 1.14 cm
2
 size were successfully mounted and maintained in the 

Ussing chamber provided 5 ml fluid reservoirs were used. Pressures exerted by larger fluid 

reservoirs proved too much, leading to tearing of the suspended membrane.   

Preliminary investigations further determined that the trans-epithelial resistance of the 

porcine and canine synovial membrane samples ranged between 4-15 Ohms/cm
2
 (Figure 5). 

Such low values can be explained by the tissue’s lack of a continuous cell surface or base 

membrane resulting in a much “leakier” and more permeable tissue than the intestinal 

mucosa.   Continued experiments did not further utilize electrical measurements to assess 

barrier function due to the improbability of detecting a further decline in electrical resistance.  

Preliminary experiments to assess the synovial barrier function also included the use 

of radiolabelled mannitol, a small sized sugar molecule (< 1nm). Based on these experiments 

and an average mannitol flux between 2 and 8 µmol/cm
2
/h, it was concluded that mannitol 

was too small to characterize the tissue’s permeability in the context of pathophysiologic 

processes and changing permeability.  
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Figure legends 

  

Figure 1: 

Ussing chamber system 

The membrane is suspended in contact with two separate fluid environments (stars) 

which are heated and circulated via water jacked reservoirs (arrow) and a gas lift.   

 

* 
* 

* * 



85 

 

 

 

 

 

 
 

Figure 2: Illustration of the dissection technique in a pig and mounting of the tissue onto the 

Ussing chamber. 
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Figure 3: Representative images of the dissected equine femoropatellar synovium. 
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Figure 4: Transverse section of the porcine synovium harvested following the described 

method and stained with H&E.  
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Figure 5: Electrical resistance of canine and porcine synovial tissues measured over a period 

of up to 120 minutes. 
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EX VIVO EFFECT OF GOLD NANOPARTICLES ON PORCINE SYNOVIAL 
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Abstract 

Gold nanoparticles (AuNPs) have great potential as carriers for local drug delivery 

and as a primary therapeutic for treatment of inflammation. Here we report on the AuNP-

synovium interaction in an ex vivo model of intra-articular application for treatment of joint 

inflammation. Sheets of porcine femoropatellar synovium were obtained post mortem and 

each side of the tissue samples was maintained in a separate fluid environment. Permeability 

to AuNPs of different sizes (5 - 52 nm) and biomarker levels of inflammation were 

determined to characterize the ex vivo particle interaction with the synovium. 

Lipopolysaccharide or recombinant human interleukin-1β were added to fluid environments 

to assess the ex vivo effect of pro-inflammatory factors on permeability and biomarker levels. 

The synovium showed size selective permeability with only 5 nm AuNPs effectively 

permeating the entire tissues’ width. This process was further governed by particle stability 

in the fluid environment. AuNPs reduced matrix metalloproteinase and lactate 

dehydrogenase activity and hyaluronic acid concentrations but had no effect on prostaglandin 

E2 levels. Exposure to pro-inflammatory factors did not significantly affect AuNP permeation 

or biomarker levels in this model.  Results with ex vivo tissue modeling of porcine synovium 

support an anti-inflammatory effect of AuNPs warranting further investigation. 
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Introduction 

The medicinal use of gold can be traced back through many centuries, although 

historical proof for its efficacy is lacking. 
1
 Today’s evidence supports the systemic use of 

gold salts in man for the treatment of inflammatory arthritis 
2-5

 but the practical utility is 

decreased by the potential cytotoxic side effects. 
6
  There are reports of reduced pain and 

improved limb use in human and canine patients with arthropathies that receive gold beads 

implanted at acupuncture sites. 
7, 8

 The suggested beneficial effect is likely attributable to the 

local liberation of gold ions that can be traced to the surrounding connective tissues. 
9
  

As an alternative to the use of gold salts or locally applied gold particles, intra-

articular administration of gold nanoparticles (AuNPs) has recently been investigated. 
10

 
11

 

These studies showed that AuNPs reduced synovial pro-inflammatory cytokines and cellular 

infiltrates and resulted in fewer clinical and radiographic abnormalities in a rodent model of 

collagen induced arthritis. In addition to a potential primary therapeutic use, AuNPs may also 

serve as carriers for local drug delivery and thereby increase the half-life of therapeutic levels 

of select drugs. 
12-14

 Future intra-articular application of AuNPs will require specific 

knowledge of the synovial barrier-carrier interaction, including the permeability of the 

synovium to nanoparticles.  Ex vivo tissue modeling techniques are well established in a 

variety of biomedical fields and form an important step in advancing bench top discoveries to 

in vivo applications and ultimately clinical practice. 
15, 16

  Advantages associated with their 

use include the control and standardization of the experimental environment while 

maintaining physiologic tissue responses.
17, 18

  We are not aware of the use of similar 
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techniques as described herein for modeling of synovial pathophysiology. On the basis of 

these techniques we report on the AuNP-synovium interaction and synovial membrane 

permeation for potential future intra-articular application in treating arthritis. We 

hypothesized that by using ex vivo tissue modeling methods we could evaluate the size-

selective permeability of the synovium to AuNPs and determine whether this permeability 

pattern changes in the presence of lipopolysaccharide (LPS) or interleukin-1β (IL-1β), 

activators of synovial inflammatory cascades. 
19, 20

 Furthermore, we hypothesized that tissues 

exposed ex vivo to AuNPs would show a reduction in inflammatory biomarkers compared to 

control tissues.  

 

Results 

Details on experimental groups and sampling protocol are shown in Figure 1. Tissues 

exposed to AuNPs received either pro-inflammatory factors (Group AuNP/P-Infl), LPS and 

IL-1β, or their respective vehicle (Group AuNP/V). Groups that were not exposed to AuNPs 

(control group) received either IL-1β (C/IL-1β) or IL-1β vehicle (C/IL1V).  

 

AuNP permeation through the synovium 

AuNP permeation through the synovial membrane from the articular to the non-

articular chamber compartment was evaluated on the basis of the following measures: The 
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AuNP dose reduction (H1 minus H2 sample concentration), the sequential and cumulative 

amount of diffusing elemental gold (individual or sum of sample concentrations S1-S10) and 

the histomorphometric quantitation of gold specific tissue stains. The average AuNP dose 

(H1 sample) was 7.63 mg/L (range 3.17-18) which at the end of experiments (H2 sample) 

was reduced to 6.48 mg/L (H2 sample; range 1.11-14.08 mg/L). The average percent 

reduction in articular AuNP concentration was 23 % (SEM 2.63 %) for 5 nm, 22.6 % (SEM 

5.5 %) for 10 nm, 3.2 % (SEM 2.88 %) for 20 nm and 7.2 % (SEM 3.73 %) for 52 nm 

AuNPs.  

Dry state particle size significantly determined the amount of AuNP diffusion 

assessed by both histomorphometry, and cumulative and sequential elemental gold 

concentrations (P=0.001). While lesser diffusion was appreciated with greater AuNP size, 

only comparisons with 5 nm particles reached significance. This illustrated the fact that 

effective tissue permeation only occurred with the smallest particles (Figure 2). Next to 

particle size, the time of sampling also exerted a significant effect in all kinetic data analyses 

(P<0.001) and this was best appreciated with the use of the 5 nm particles (Figure 3).  As 

stated previously, this is explained by 5 nm particles permeating through the entire tissues’ 

width, which at the most measured 379.5 µm (SEM 20.9 µm) and at the least 216.3 µm 

(SEM 17.4 µm).   

Examples of the size-dependent permeation of the synovial membrane are 

demonstrated in Figure 4. Transmission electron microscopy was performed as an alternate 

method to gold staining to validate the presence of AuNPs in tissues, confirming the presence 
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of AuNPs in extra- and intra-cellular locations. Relatively few particles were observed in the 

interstitium, presumably due to particle loss during sample preparation. Figure 5 shows 

synoviocytes and surrounding interstitium after exposure to 5 nm AuNPs and demonstrates 

that particles were diffusely distributed throughout the cytoplasm. This observation suggests 

uptake of the AuNPs through the cytoplasmic membrane independent of endocytosis (Figure 

5, Panel C). Evidence suggestive of possible endosomal uptake in the form of a membrane 

bound electron lucent vesicle containing AuNPs (white arrow) and mitochondrial penetration 

(asterisk) was also seen (Panel D). Extracellular locations of larger agglomerates are 

indicated by black arrows (Panel A and B). Nuclear penetration was not observed.  

 

Effect of pro inflammatory factors on AuNP permeation 

When examining the individual effect of the two pro-inflammatory factors (LPS or 

IL-1β) and their vehicle controls (LPSV or IL1V) on synovial permeability, chambers 

containing IL-1β vehicle (1% bovine serum albumin solution) displayed significantly greater 

sequential and cumulative AuNP permeation (P=0.001). Figure 3 illustrates this effect for 5 

nm AuNP permeation. When compared to each of their vehicle controls, neither of the two 

factors exerted a measurable effect on ex vivo synovial AuNP permeation. With respect to the 

effect of “Time”, a significant difference in permeating AuNPs concentrations over baseline 

values was noted for vehicle and IL-1β use, 105 minutes and 90 minutes respectively after 

dosing (P=0.0119; P=0.0232).  
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AuNP effect on biomarkers of inflammation 

To assess the effect of permeating AuNPs on synovial tissues, biomarkers of 

inflammation (prostaglandin E2, PGE2; matrix metalloproteinases, MMP), cell integrity 

(lactate dehydrogenase, LDH) and synoviocyte function (hyaluronic acid, HA) were assessed 

in non-articular fluid samples.  There was no significant association of the experimental 

group with PGE2 concentrations.  Tissues that were exposed to AuNPs showed significantly 

less MMP (P<0.001) and LDH (P<0.001) activity and lower HA concentrations (P<0.001). 

For LDH and HA this significance was limited to individual comparisons with Group 

C/IL1V (Figure 6). Positive correlations between biomarkers were limited to LDH with 

MMP activity (correlation coefficient: 0.386; P<0.001) and HA concentrations (correlation 

coefficient 0.286; P=0.016). When tissues were exposed to AuNPs and pro-inflammatory 

factors, LDH, MMP and HA measures were on average 35.4%, 36.4% and 48% of the value 

when no AuNPs were present; when tissues were exposed to AuNPs alone these values were 

49.6%, 35.8% and 66.1% respectively of vehicle treated tissues.  

AuNPs size had a significant effect on MMP activity (P=0.0046; significant 

comparisons: 10 vs. 20 nm AuNPs/P=0.0285; 10 vs. 5 nm AuNPs/P=0.0082), LDH activity 

(P<0.001; 10 vs. 5 nm AuNPs/P<0.001; 20 vs. 5 nm AuNPs/P=0.0226) and HA 

concentrations (P=0.038; 10 vs. 20 nm AuNPs/P=0.0310). However, these significant 

differences did not translate into relevant conclusions regarding the effect of particle size on 

biomarkers.  
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To evaluate the effect of AuNPs on laboratory techniques and validate results, select 

biomarker analyses were repeated with AuNPs added. PGE2 and HA concentration standards 

with AuNPs added resulted in an average increase equal to 56 % and 4.5 % of the value 

when AuNPs were not present (corrected for dilution). MMP and LDH activity decreased by 

22.7 % and 0.77 %. 

 

Effect of pro-inflammatory factors on biomarkers of inflammation 

No significant difference in biomarker levels was observed between tissues exposed 

to pro- inflammatory factors and their controls (Figure 6). 

 

Histopathology of the synovial membrane 

Histologic changes were assessed on the basis of a semi-quantitative grading scale for 

which examples are shown in Figure 7. Notable ex vivo changes were limited to synovial 

ulcerations. Only one of the synovial membrane samples was categorized as edematous 

(Grade 2). When Group C/IL1V was considered the reference standard, the proportion of 

histologic grades differed significantly among the three remaining groups with 63 % in 

Group AuNP/P-Infl, 59 % in Group AuNP/V and 0 % in Group C/IL-1β showing ulceration 

greater than 5 % of the sections’ surface (P=0.0087). However in statistical analyses the 

histologic grade had no effect on biomarker levels. 
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Particle stability in the fluid environment 

The hydrodynamic size of AuNPs in components of articular fluid media was 

assessed to interpret the particles’ ability to permeate tissues in chamber experiments in the 

context of physical and functional size. When AuNPs were added to articular media, an 

increase in hydrodynamic size was noted which was attributed to particle agglomeration. 

This effect was most pronounced for 5 nm particles and when LPS was added to the media 

(Table 1).  Hydrodynamic sizes of AuNPs in IL-1β vehicle containing fluids remained 

relatively unchanged confirming a stabilizing effect of the 1% bovine serum albumin solution 

and supporting findings shown in Figure 3. 

 

Discussion 

Confirming the authors’ hypothesis, samples of synovial membrane were successfully 

mounted in the Ussing chamber and demonstrated size selective permeability to AuNPs both 

on inductively coupled plasma mass spectrometry and histomorphometry. However, effective 

permeation of tissue samples measured with mass spectrometry was only observed using 

AuNPs of 5 nm dry state size. Previous in vivo work in rabbit stifles suggests that effective 

matrix pore size ranges between 66 and 118 nm allowing smaller molecules to leave the joint 

environment freely.
21

 Our observation that 52 nm particles were unable to breach the 

subintima may be in line with these findings but the propensity of bare AuNPs to 

agglomerate and result in greater hydrodynamic size may make this conclusion less relevant 
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(Table 1).
22

   In contrast to our expectations, ex vivo exposure to pro-inflammatory factors 

did not significantly affect biomarker levels. This is likely the result of the inherent activation 

associated with tissue collection that cannot be surpassed by further ex vivo stimulation. A 

similar phenomenon has been observed when using porcine gastrointestinal tissues, which 

required pre-treatment with a cyclooxygenase inhibitor to study subsequent prostaglandin-

dependent outcome measures.
23

 The porcine and murine IL-1β cDNA sequence show 74 % 

homologies with the human form 
24

 and use of human recombinant IL-1β has been effective 

in tissues from both species. 
25, 26

 
27-30

  Nevertheless, heterology between human and porcine 

cytokines should also be considered in the absence of a significant IL-1β effect. Concerning 

the selection of IL-1β as the pro-inflammatory factor, the role of this cytokine in joint disease 

has been well documented.
20, 31-35

 The dose applied was chosen taking previous in vitro 
36, 37

 

and in vivo heterologous use of recombinant human IL-1β into consideration and adjusting 

for the typical fluid volume in injected joints versus the Ussing chamber system. 
38, 39

  

Despite these considerations the dose selection may have been inappropriate. The authors are 

aware of these specific limitations and future investigations will include the use of 

recombinant porcine IL-1β and dose-response experiments to further elucidate the pro-

inflammatory potential of this cytokine in an ex vivo model of synovial tissue. 

A previous in vivo study on rabbit synovium illustrated a loss in barrier function and 

increase in diffusion of hyaluronic acid molecules with enzymatic degradation of 

extracellular matrix proteins.
40

 In our study, use of IL-1β did not initiate a similar effect on 

AuNP permeation. This may have been caused in part by factors described in the preceding 
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section. However, inability to recruit vascular effector cells promoting tissue inflammation 

and degradation in an ex vivo model may also be involved.  In this study LPS exposure 

appeared to reduce synovial permeability to AuNPs compared to IL-1β use. However this 

effect was predominantly driven by the absence of IL-1β vehicle, leading to particle 

agglomeration and reduced permeation.  

Nanoparticles show complex behavior in biological systems based on their 

composition, size, shape, surface charge and chemistry.
41

 Derived from the intensity of 

scattered light the hydrodynamic size describes the dimension of a spherical particle in fluid 

media surrounded by the solvation layer.
41

 It provides information on the particle’s stability 

or agglomeration state which is dependent on surface charge and ultimately the particle’s 

interactions with different fluid components (ions and proteins).
42

 From the hydrodynamic 

sizing of AuNPs in different chamber fluid components it can be concluded that particles 

agglomerated in saline solution and that this was increased with the presence of LPS and 

decreased with the use of 1% bovine serum albumin solution. These effects have in part been 

reported previously 
22, 43, 44

 and are supported by our conclusion that presence of IL-1β 

vehicle increased AuNP permeation.  

From the results it may be further concluded that AuNPs promoted cell viability 

(reduced LDH activity) 
45

, reduced MMP activity and HA concentrations while exerting no 

significant effect on PGE2 concentrations. These findings need to be interpreted with caution 

as evidenced by the limited investigation of the AuNP effect on performed assays. 

Nanoparticles have the ability to interfere with biological assays based on adsorbance of 
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reagents or reporter dyes, optical absorbance and interaction with the primary analyte.
45-47

 

Although LDH assay performance was not affected by AuNPs in our study, this potential 

bias has been demonstrated for other nanoparticles.
48

 In contrast, PGE2 assays overestimated 

true concentrations by an average of 56%. Prostaglandin immunoassays are based on the 

competitive antibody binding of sample PGE2 and acetylcholinesterase bound PGE2 

molecules. Enzyme driven conversion of Ellman’s reagent results in a yellow color reaction 

that is inversely proportional to sample PGE2 concentrations. Considering the great affinity 

of nanoparticles to acetylcholinesterase, overestimation of the actual PGE2 content was likely 

caused by AuNP-dependent enzyme inhibition.
49

 Assuming that PGE2 concentrations are in 

fact lower than reported, they may be in line with the observed trend that AuNPs reduce 

biomarkers of inflammation.  

Based on the absence of a marked nanoparticle effect on HA assay performance, the 

conclusion that AuNPs reduced HA concentrations is likely valid. IL-1β stimulation has the 

potential to increase HA production via activation of synthases located on the inner surface 

of cell membranes.
50

 In this process synthases continuously assemble disaccharide molecules 

to form longer chains, extruding from the cell surface into the extracellular space.
51

  Possible 

explanations for the observed reduction in HA levels may include AuNP dependent 

inhibition of synthases or IL-1β adsorption.
52

 Alternatively, low concurrent LDH activity 

levels may be indicative of fewer HA chains being dissociated from the cell surface due to 

greater membrane stability when AuNPs were present. However, this potential explanation is 
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contradicted by the histological finding that exposure to AuNPs resulted in greater synovial 

ulceration.  

As alluded to previously, nanoparticles have the ability to interfere with cellular 

function based on their reactivity and binding of key proteins. This reportedly includes 

vascular endothelial growth factor and IL-1β.
10, 52, 53

 Exposure of LPS-activated 

macrophages, a cell line similar to synoviocytes (Type A), to polyethylene glycol coated 

AuNPs suggests that direct effects also include inhibition of inducible nitric oxide synthase 

expression.
54

 Besides these effects, administration of gold particles may lead to gold ion 

elution 
9, 55-58

 which in turn could result in therapeutic effects comparable to those of other 

gold-based pharmaceuticals.  Most importantly these effects could include inhibition of NF-

kappa B 
59-61

 and down regulation of the p38 MAPK pathway.
62

 In the present experiments, 

synovial tissue samples were maintained in Ussing chambers for 195 minutes. From other 

applications it is known that treatment-induced changes in PGE2 concentrations occur within 

this experimental time frame.
63, 64

 Whether this time is sufficient for the observed changes in 

HA or MMP levels to develop remains to be determined but causes that involve downstream 

interference at the level of enzyme function rather than the signaling pathway may be more 

plausible. In fact, significant in vitro IL-1β activation of intracellular signaling pathways to 

increase MMP synthesis was detected one hour post stimulation. 
65

 Recent evidence obtained 

in vivo demonstrated a significant change in MMP and PGE2 concentrations 4 hours post IL-

1β exposure.
66

 Taken together this may suggest that our experimental time frame may have 

been too short to illustrate significant upstream effects on biomarker concentrations.  
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Given that in our experiments, ability to permeate tissues was not associated with a 

greater effect on biomarkers, in vivo use of larger AuNPs may be preferred in an attempt to 

minimize systemic absorption and potential toxic side effects.
67-69

 Support for this conclusion 

may be found in the only other study available for comparison, which demonstrated that a 

positive in vivo treatment effect of AuNPs was also not dependent on particle size.
11

 

Interestingly, next to other dramatic positive effects of AuNPs in this study, a reduction in 

cell necrosis was also reported, further validating our observation of reduced LDH activity.  

Regarding systemic side effects, murine studies suggest that after intravenous 

administration biodistribution of AuNPs is in part size dependent and that particles 

predominantly accumulate in the liver, lung and spleen but can also be found in the brain if 

smaller than 50 nm.
67

  Gene expression profiling of liver tissue 30 minutes after intravenous 

administration of polyethylene glycol-coated AuNPs (4.3 mg/kg) showed that less than 0.5 % 

of all genes were specifically expressed and that these genes were responsible for apoptosis, 

cell cycle, inflammation and metabolic processes.
70

 Seven days after intravenous 

administration and depending on the dose administered (0.17 to 4.3 mg/kg) an average of 2.6 

to 8.5 % of liver cells underwent apoptosis compared to 0.4 % in controls.
71

 Collectively, 

these studies demonstrate the potential for systemic side effects following AuNP 

administration. While doses in our investigation should be considered high in light of the 

amount of tissue exposed (0.04 mg/1.14 cm
2
) they are low in the context of total body 

exposure and potential systemic biodistribution  (0.00148 mg/kg; by approximation). 
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In summary, the results reported herein suggest that intra-articular application of 5 

nm AuNPs (dry state size) leads to particle permeation through the joint capsule, facilitating 

systemic bioavailability. Based on this and previous work it is further expected that 

nanoparticles leave the joint cavity in a size dependent manor either unassisted or within cells 

and accumulate in the reticuloendothelial system. 
21, 72

 Beyond a yet to be determined size 

but likely in the range of 50 nm, we anticipate AuNPs to be largely retained within the 

synovial environment. We consider this to be a relevant characteristic in light of the potential 

use of AuNPs as drug carriers or primary therapeutics and the potential for systemic side 

effects. In this investigation, we associate AuNP administration with a significant reduction 

in inflammatory biomarkers except PGE2, but limitations of this study have to be considered. 

Future studies will seek to validate our ex vivo experiments by including more analytical time 

points, in vivo exposure to homologous cytokines and AuNP while still collecting ex vivo 

outcome data. This approach will minimize potential bias of AuNPs on assays, increase the 

stimulatory effect of pro-inflammatory cytokines and allow time dependent assessment of 

biomarkers.  

 

Materials and Methods 

Tissue acquisition - Synovial membrane samples were obtained from pigs sacrificed 

at the authors’ institution for unrelated research or teaching purposes approved by the 

Institutional Animal Care and Use Committee. Animals weighed between 22 and 31 kg and 
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were euthanatized with an intravenous barbiturate overdose.  In each animal synovial 

membrane was harvested from one femoropatellar joint. To do so the patella was released 

from its proximal and distal attachments and bisected to open the joint in a “barn-door” 

fashion resulting in two areas of preserved synovial membrane located between each femoral 

trochlear ridge and hemi-patella. Continuous tissue samples were obtained by blunt 

dissection undermining the synovial membrane in that area.  Within 1 hour samples were 

transported to the laboratory in oxygenated (95% O2 and 5% CO2) Ringer’s solution (323.9 

mOsm/l; Na
+
 154.1, K

+
 6.3, Cl

-
 137.3, H2PO4

-
 0.3, Ca

2+
 1.2, Mg

2+
 0.7, HCO3

-
 24 mmol/l) at 

room temperature and mounted in Ussing chambers with a 1.14 cm
2
 aperture.  

Ussing chambers – Synovial tissue samples were bathed on the intima (articular) and 

subintima (non-articular) side with 5ml of oxygenated Ringer’s solution maintained at 37°C 

via water-jacked reservoirs. Glucose was added to the non-articular side and mannitol to the 

articular side (10mmol/L) of the Ussing chamber for oncotic balance. At time “0”, the 

articular side of the chambers were either treated with 100ng/ml of LPS in Ringer’s solution 

(from E. coli 0111:B4, L4130, Sigma-Aldrich®), 20ng/ml of human recombinant IL-1β 

(SRP3083, Sigma-Aldrich®) suspended in a 1% solution of bovine serum albumin or vehicle 

control solution (Ringer’s solution or bovine serum albumin solution). After one hour the 

articular fluid compartments were either dosed with an unconjugated spherical gold 

nanoparticle (AuNP) solution (Nanopartz™, Accurate Spherical Gold Nanoparticles, mean 

particle sizes 5, 10, 20 and 52 nm) that was previously sonicated for one minute or with a 

saline control. Subsequently the bathing fluid of the non-articular side was sampled (1ml) 
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and every 15 minutes thereafter until completion of the experiment (S1-S10, 60-195 minutes 

post tissue mounting). Fluid of the articular compartment was sampled twice (0.5ml at time 

“60” (H1) and “195” (H2)). Non-articular reservoir fluids were replenished using the 

Ringer’s and glucose solution. All fluid samples were immediately frozen in liquid nitrogen 

and stored at -80°C until they were thawed on ice, vortexed and further analyzed.  

AuNP hydrodynamic size – Samples of the nanoparticle dosing solution were mixed 

with the simulated articular fluid media or distilled water (1:4), sonicated for 5 min and the 

hydrodynamic size was assessed in a 100 µl sample using dynamic light scattering methods 

(ZetaSizer™, Malvern Instruments). Size measurements were averaged across 60 repeated 

measurements obtained in triplicate runs of the same sample.   

AuNP quantitation – Elemental gold concentration in articular and non-articular fluid 

samples was determined using inductively coupled plasma mass spectrometry (Varian 820) 

with an estimated detection limit of 0.1 µg/L. Gold concentrations of samples (S1-S10) were 

summed to give a cumulative amount of permeating AuNPs for each chamber. 

Prostaglandin E2 (PGE2) quantitation – A competitive ELISA kit (Cayman 

Chemical, Item No 514010) was used with samples analyzed in triplicate. Outliers that 

resulted in a coefficient of variance greater than 30 % were excluded from the analysis.  

Hyaluronic acid (HA) quantitation – An enzyme linked binding protein assay was 

used to determine HA concentrations (ng/ml) of articular fluid samples in duplicate analyses 

(Corgenix Inc., Item No 029-001).  The effect of gold particles on the PGE2 and HA assays 
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was determined by running the standards (S4 and medium molecular weight HA) with and 

without AuNPs added.  This was performed in duplicate for each nanoparticle size. 

Matrix metalloproteinase (MMP) activity – Using a previously described technique 
73

 

MMP activity (MMP 2, 3, 7, 9, 12 and 13) was determined using an activatable near infra-red 

(NIR) fluorescent probe added to articular fluid samples in a 96 well plate (MMPSense™ 

750 FAST, PerkinElmer) and a NIR fluorescence reader (Ivis Lumina II®, PerkinElmer).  

The effect of AuNPs on MMP measurements was investigated by repeated analysis of three 

fluid samples with and without 5 nm AuNPs added. 

Lactate dehydrogenase (LDH) activity – A toxicology assay kit (TOX7, Sigma-

Aldrich®) was used to determine the enzyme’s activity in articular fluid samples based on a 

stoichiometric colorimetric reaction measured at a wavelength of 490 nm. Samples of Group 

C/IL1V were rerun in duplicate with AuNPs (all sizes) added. 

Tissue processing – Tissue samples were fixed using MacDowell’s and Trump’s 

4F:1G solution, embedded in paraffin and three cross sections per synovial membrane were 

acquired. One section was stained with hematoxylin and eosin (H&E) only, two underwent 

autometallographic gold enhancement for 20 minutes (Goldenhance™-LM/Blot, 

Nanoprobes) and one of these was later also stained with H&E. Tissue samples were also 

embedded in Spurr resin followed by ultrathin sectioning for transmission electron 

microscopy. 
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Histomorphometry - Slides were anonymized, randomized and for each synovium 

sample, the entire length of the sample was photographed at 10X and 40X using an Olympus 

DP 25 digital microscope camera with the CellSens® digital imaging software mounted on 

an Olympus BH 41 microscope (Olympus Corporation, Tokyo, Japan). Using Adobe 

Photoshop CS4 (PhotoshopCS4; Adobe Systems) and via batch processing, 40X images were 

converted to 6000x4500 pixels (100 pixels/cm) and to black and white in order to highlight 

the gold particle. The batch processing procedure allowed the same setting to be applied to 

all images in a given data set.  The best setting was determined empirically by testing images 

with the lowest and highest amount of gold particles. Finally, images were thresholded in the 

“intermodes” setting and the area fraction covered with the gold particles, expressed as a 

percentage of the picture surface area, was measured using an open source image analysis 

system (ImageJ, NIH). 10X images were used to measure the tissue’s maximum and 

minimum width in each image and measurements were subsequently averaged to give an 

average maximum and minimum width for each sample. 

Histology – A board certified pathologist, blinded to the identity of each slide graded 

the degree of synovial ulceration (0=no ulcer or less than 5%; 1= up to 25%; 2=up to 50%; 

3=up to 75% and 4=more than 75% of the synovial surface) and sub-synovial connective 

tissue edema (0=no edema; 1=mild; 2=moderate; 3=severe). Tissue samples that were neither 

stimulated nor had gold exposure (Group C/IL1V) were used as a reference standard.  

Transmission electron microscopy – Synovial samples were fixed in 4F:1G, 

dehydrated in a graded series of ethanol, and embedded in Spurr resin.
74

 Semithin sections, 
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0.5 μm thick, stained with 1% toluidine blue in 1% sodium borate, were examined under a 

light microscope. Ultrathin sections, 90 nm thick, of appropriate blocks were examined with 

a FEI/Philips EM 208S transmission electron microscope. Only tissue samples exposed to 

5nm AuNPs were examined.  

Statistical analyses – A Fisher’s exact test was used to compare proportions of 

histologic grades by experimental group (AuNP/P-Infl, AuNP/V, C/IL-1β). Using the mixed 

procedure (SAS 9.2®, SAS Institute Inc.) the significance of individual independent 

variables, AuNP presence (yes or no), AuNP size (5, 10, 20, 52 nm), use of pro-inflammatory 

factor (yes or no), type of pro-inflammatory factor (IL-1β or LPS), experimental group 

(AuNP/P-Infl, AuNP/V, C/IL1V, C/IL-1β), was determined. Variables showing co-linearity 

were analyzed separately. Models were fitted separately for each biomarker (PGE2, MMP, 

LDH, gold stain area, cumulative elemental gold concentration).  Relevant comparisons were 

performed using an LSMEANS statement and the Tukey adjustment for multiple testing. 

Relationships between dependent variables were investigated using Pearson correlations. 

Kinetic data obtained with mass spectroscopic gold determinations were analyzed using 

repeated measures ANOVA with “Time” as the repeated variable. For all statistical analyses 

the critical P-value was set at 0.05. 
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Table 1: Hydrodynamic size of gold nanoparticles (AuNPs) in different fluid environments.  

IL1β-C =  Interleukin-1β vehicle, LPS = Lipopolysaccharide 

 

Dry State 

Size 

(nm) 

 

In  Distilled 

Water 

(nm) 

In Simulated 

Chamber 

Fluid 

(nm) 

In Simulated 

Chamber 

Fluid + IL1β 

(nm) 

In Simulated 

Chamber Fluid 

+ IL1β-C 

(nm) 

In Simulated 

Chamber 

Fluid + LPS 

(nm) 

5 30 700 157 72 790 

10 24 432 98 78 495 

20 25 345 69 62 489 

52 64 284 88 84 293 
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Figure 1: Experimental Protocol. 

A: Schematic of the experimental group; B: Schematic of the experimental procedures 

(AuNPs=gold nanoparticles, Au=elemental gold, LPS = lipopolysaccharide, LPSV = LPS 

vehicle, IL-1β=interleukin-1β, IL1V= interleukin-1β vehicle, MMP=matrix 

metalloproteinase, LDH=lactate dehydrogenase, HA=hyaluronic acid, PGE2=Prostaglandin 

E2) 
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Figure 2: Size dependent permeation of the synovial membrane assessed by 

histomorphometry. 

Bars represent the average surface area of the gold specific tissue stain (pixel
2
) for each size 

of gold nanoparticle (AuNP) used (5, 10, 20 and 52 nm). Significance was reached for all 

comparisons with 5 nm AuNPs (P<0.001). Error bars represent the standard error for the 

mean.  
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Figure 3: Time dependent permeation of 5 nm gold nanoparticles through the synovial 

membrane. 

 

A significant difference in synovial AuNP permeation was observed between chambers 

receiving IL-1β vehicle and LPS or LPS vehicle. Significantly different permeation curves 

(P<0.05) are indicated by different letters. Stars above time points indicate when and for 

what group sample concentrations were significantly different from baseline values. Error 

bars represent the standard error for the mean. (LPS=Lipopolysaccharide, IL-1β=Interleukin-

1β, V=Vehicle)  
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Figure 4: Representative images of the size dependent permeation of the synovial membrane. 

Tissues had been exposed to (A) 5 nm AuNPs; (B) 10 nm AuNPs; (C) 20 nm AuNPs and (D) 52 nm AuNPs prior to gold 

enhancement.  5 nm AuNPs can be seen penetrating all tissue layers. Elemental gold appears black. (AuNPs = gold nanoparticles; 

scale bar = 50 µm) 
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Figure 5: Representative transmission electron microscopic images of AuNP localization. 

 

By enlarge AuNPs were scattered throughout the cytoplasm and organelles of synoviocytes 

including the smooth endoplasmatic reticulum and mitochondria (Panel C and D). 

Extracellular location of large particle agglomerates were also appreciated (Panel A and B, 

black arrows). Evidence for larger AuNPs aggregates in endosomes (white arrow) is 

illustrated in Panel D. 
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Figure 6: Molecular biomarkers by experimental group. 

Group AuNP/P-Infl: Tissues exposed to AuNPs and pro-inflammatory factor; Group 

AuNP/V: Tissues exposed to AuNPs and vehicle; Group C/IL1V: Synovium exposed to 

Interleukin-1β vehicle only; Group C/IL-1β: Synovium exposed to Interleukin-1β.  Error 

bars represent the standard error for the mean. Bars above group comparisons indicate 

significance (P<0.05).  
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Figure 7: Representation of synovial ulceration. 

The degree of synovial ulceration was graded based on the estimated percentage of synovium missing over the length of the 

sample evaluated. Panel A shows a representation of the synovial lining at 60 X magnification that was considered normal; a 

continuous lining of synovial cell is present. Panel B represents tissue at the same magnification with ulceration of the synovium; 

a discontinuous lining of synovial cell is observed over the subsynovial connective tissue. (Bar=30µm) 
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Abstract 

Medicinal use of gold or chrysotherapy has a long history in man but rigorous 

evidence for a therapeutic effect is only available since Koch’s discoveries in the 

19
th

 century. During the 20
th

 century gold enjoyed great popularity as a disease modifying 

anti-rheumatic drug but this gradually diminished due to concerns over potential side effects 

and the arrival of biological agents. In veterinary medicine, oral gold compounds have also 

been used for the treatment of immune mediated joint disorders, albeit with less wide spread 

acceptance. Implantation of gold beads for treatment of chronic joint pain is available and 

has been utilized both in people and canine patients. Today there is a renewed interest in the 

therapeutic use of locally applied gold due to advances in nanotechnology and the application 

of nanoparticles for drug delivery. Besides anti-inflammatory effects and excellent 

biocompatibility, interest in this area is further fuelled by the general ease with which gold 

nanoparticles can be manufactured and functionalized. This review focuses on the treatment 

of joint disease, and compares conventional gold therapy to the use of gold nanoparticles and 

beads by highlighting and contrasting shared and differing mechanisms of efficacy and 

toxicity.  It further discusses the challenges and the future potential associated with the use of 

gold nanoparticles for the treatment of arthropathies. 

 

Introduction 

 Gold has captured people’s minds for thousands of years 
1
. While medicinal powers 

have been attributed to this so-called “noble metal” throughout time the first scientific report 
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for a potential medicinal effect dates back to the early nineteenth century when a French 

physician, Jean-Andre Chrestien, promoted the use of gold salts (gold sodium chloride) for 

the treatment of scrofula (tuberculous cervical lymphadenitis) and syphilis 
2
. Further 

experimental evidence became available in the latter part of the century when Robert Koch 

established the cause of tuberculosis and documented on the basis of in vitro experiments the 

bactericidal effect of gold cyanide on mycobacteria 
3, 4

.   It was not until 1927 when both 

Landé and Pick reported individually on their results with gold therapy for joint disease 

including cases of polyarthritis 
5, 6

. At the time and explaining the application of gold, 

rheumatoid arthritis was considered a likely infectious condition and potentially associated 

with tuberculosis 
7
. Thereafter, further administration of gold salts was pioneered and driven 

by the experiences of Jacques Forestier. Responsible for many accomplishments, including 

the development of contrast myelography, he also paved the way for the recognition of 

intramuscular gold as a disease modifying anti-rheumatic drug (DMARD) and its extensive 

use until the mid-1980’s 
8
. Today, chrysotherapy or the therapeutic use of gold in the form of 

oral (tetraacetyl-β-D-thioglucose gold(I) triethylphosphine, auranofin, Figure 1A or 

injectable compounds (sodium aurothiomalate, Figure 1B and aurothioglucose, Figure 1C) 

has largely fallen out of favour 
9
. This has been attributed to side effects, the emergence of 

profitable biologic agents as alternatives and a concurrent disinterest of the pharmaceutical 

industry in gold compounds 
10, 11

. However, the growing field of nanomedicine has ushered 

in a revival of chrysotherapy and a modern day “gold rush” in areas such as bio-imaging, 

oncology, infectious diseases and rheumatoid arthritis due to the ease with which particles 
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can be synthesized and functionalized 
12-14

. The potential promise for rheumatoid arthritis is 

highlighted by two publications on the experimental use of intra-articular gold nanoparticles 

for treatment of adjuvant induced arthritis 
15, 16

. 

Implantation of gold beads at acupuncture sites has been investigated for its 

therapeutic effect on clinical signs associated with osteoarthritis in veterinary 
17

 and human 

patients 
18

. Besides the proposed direct effects on acupuncture points, secondary therapeutic 

effects may be caused by the elution of gold ions from implanted beads 
19

. This claim is 

supported by the work of others that has suggested that gold ions may elude from wedding 

bands into the underlying skin 
20

 and that gold ring wearers with rheumatoid arthritis have 

less articular erosion in associated ring fingers 
21

. However, this potential protective effect of 

gold has been contested 
22, 23

. 

In this review we intend to discuss the relevance, known molecular mechanisms and 

veterinary applications of gold for treatment of joint disease. We intend to lead on from 

previously published reviews on veterinary chrysotherapy 
24-26

 by focusing on recent 

advances and offer an overview of particular challenges associated with the promise of gold 

nanoparticles.  

 

General characteristics of gold products 

 For therapeutic purposes, gold is typically present in three oxidation states: The 

metallic ground state, Au (0), taking the form of gold nanoparticles (colloidal gold) and gold 

beads; Au (I) present in parenteral and oral gold compounds (auranofin, aurothiomalate and 



130 

 

 

 

 

aurothioglucose); and Au (III) a highly reactive gold metabolite generated within tissues 
27

. 

In people intramuscular administration of gold (I) complexes results in rapid absorption and 

peak serum concentrations within 2-6 hrs. The vast majority of parenteral gold (I) is bound to 

albumin, resulting in extensive biodistribution, preferential accumulation in the 

reticuloendothelial system and urinary excretion of non-sequestered gold 
28-30

. Oral, highly 

lipophilic gold (I) compounds also bind to albumin but to a lesser degree and their 

administration results in overall lower systemic concentrations, shorter elimination times and 

predominantly faecal excretion 
31-34

. Depending on their size, gold complexes are 

internalized either via phagocytosis, pinocytosis 
35, 36

 or independent of endosomal uptake by 

simply permeating through the cell membrane 
37, 38

. Gold contained within phagolysosomes 

(aurosomes, Figure 2 insert) may accumulate in skin cells causing a blue-gray discoloration 

39-41
. Furthermore once inside the lysosomal environment gold (0) and (I) may turn into the 

highly reactive gold (III), thought responsible for some of the gold associated side effects 
42

. 

Gold in the metallic ground state (0) is renowned for its excellent biological compatibility. 

Gold nanoparticles are available in different sizes, shapes, solvents, and they come with 

varying surface modifications and charges. Based on this diversity gold nanoparticles 

entertain complex tissue interactions in biological systems that reach far beyond the 

relevance of their initial oxidation state which we will allude to throughout the review.  
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Rationale for use of gold products 

Pathophysiologic context 

While the significance of synovial inflammation varies across different joint 

conditions, local production of interleukin (IL)-1β and tumor necrosis factor (TNF)-α 

however is a common feature in all arthropathies and responsible for the activation of 

inflammatory pathways and expression of clinical symptoms.  Released by synoviocytes, 

chondrocytes or effector cells recruited from the blood stream these pro-inflammatory 

cytokines may lead to erosive joint disease and synovial hypertrophy via arachidonate 

metabolites, degradative enzymes and reactive oxygen intermediates. Detailed reviews of the 

pathophysiologic process are available elsewhere 
43-47

. 

Cyclooxygenases (both COX-1 and COX-2) produce intermediaries, prostaglandin G2 

and H2, which cytosolic (cPGES) and membrane-associated prostaglandin E synthases 

(mPGES-1, mPGES-2) convert to PGE2. Of these mPGES-1 plays a predominant role in 

inflammation. Other synthases and isomerases convert PGH2 into prostacyclin, thromboxane, 

prostaglandin D2 and F2α 
48, 49

. Regulation of COX-2 expression is orchestrated at 

transcriptional and post-transcriptional levels. Specific MAP kinase pathways (p38 and JNK) 

control COX-2 mRNA stability and consequently COX-2 activity 
50-55

. MAP kinases, once 

activated via phosphorylation, translate extracellular stimuli into specific cell responses via 

activation of transcription factors ultimately resulting in gene expression 
56, 57

. This process is 

further governed by specific phosphatases (MKPs) designed to dephosphorylate activated 

MAP kinases thereby deactivating the signalling pathway 
58

.  
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Mice deficient in mPGE-1 have illustrated the importance of PGE2 in the 

development and severity of adjuvant induced arthritis, the response to inflammatory stimuli 

and the sensation of pain 
59-61

. Further support for the importance of PGE2 is provided by 

observations that in chondrocytes COX-2 gene expression is increased 
62

, that cartilage 

explants from osteoarthritis patients produce 50 times more PGE2 than tissues from normal 

subjects 
63

 and that via activation of the prostaglandin receptor EP4, PGE2 inhibits 

proteoglycan synthesis and promotes matrix degradation 
64

.  

 

Gold salts - Au (1) 

Based on an expert consensus and review of the scientific evidence, the European 

League Against Rheumatism (EULAR) has recently endorsed the use of parenteral gold salts 

for treatment of rheumatoid arthritis 
65

. By contrast oral gold salt compounds were not 

mentioned in that statement likely reflecting the conclusion that oral formulations are 

clinically inferior 
10, 66-69

. While the anti-erosive and anti-inflammatory effect of injectable 

gold salts has been well documented clinically 
70-73

 evidence for the associated molecular 

mechanism is still being elucidated. 

In one well-controlled study, injectable and oral gold salts (aurothiomlate and 

auranofin) were shown to inhibit COX-2, metalloproteinase 3 and IL-6 expression both by 

murine and human chondrocytes 
74

. This effect was explained by a concurrent increase in 

MKP-1 expression which decreased p38 MAPK pathway activation. Tumor necrosis factor, 

IL-1, IL-8 and inducible nitric oxide synthase are other effector molecules under the 
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influence of p38 MAPK, some of which activate the pathway themselves 
50, 75-79

. 

Interestingly this effect on p38 MAPK is comparable to that of dexamethasone a potent anti-

inflammatory and inhibitor of phospholipase and consequently the cyclo- and lipo-oxygenase 

pathways 
51, 80

. Anticipated from the effect of dexamethasone, use of selective inhibitors of 

the p38 MAPK pathway is considered a worthwhile drug target 
81, 82

. Treatment with 

aurothiomalate was also demonstrated to down-regulate gene expression in rheumatoid 

chondrocytes to levels characteristic of normal donor cells 
62

. In addition to these effects on 

chondrocytes other studies have shown similar effects on macrophages and synovial 

fibroblasts via the inhibition of NF kappa B (NF-κB) 
83-85

. [NF-κB is a cytosolic protein 

complex which upon activation by kinases translocates into the cell nucleus, binds to specific 

response elements in the DNA sequence and facilitates synthesis of mRNA]. Au (I) is also a 

potent non-competitive inhibitor of lysosomal cysteine proteases, the cathepsins, and 

neutrophil derived collagenases which play a pivotal role in inflicting local tissue damage 
86, 

87
.  

In summary, gold ions inactivate p38 MAPK pathways and NF-κB signalling which 

has the potential to have a profound impact on inflammation. Previous evidence has 

suggested that aurothiomalate reduces PGE2 
88

, IL-6 
84, 89

, TNF-α and IL-1β production 
84, 90

 

and more recent evidence suggests a mechanistic explanation. Additional therapeutic effects 

of Au (I) relate to the inhibition of degradative enzymes preformed in lysosomal vesicles 
86

. 

Different from the purpose of its original conception, Auranofin has been studied in 

recent years for its anti-tumor, anti-parasitic and antimicrobial effects which have led to its 
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classification as an “orphan drug” 
91

. At the centre of this extended clinical use is the 

involvement with toll like receptor (TLR) signalling, MAPK pathways and the inhibition of 

NF-κB activation, pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-8) and PGE2 

synthesis 
92-97

. 

Of further therapeutic value, auranofin has been shown to prevent oxidative 

inactivation of the tissue inhibitor of matrix metalloproteinases (TIMP) 
98

 and to increase 

expression of heme oxygenase-1 (HO-1) thereby decreasing the synthesis of pro-

inflammatory cytokines, nitric oxide and prostaglandins 
92, 99-102

. The cytoprotective potential 

of HO-1 and its transcription factor, hypoxia-inducible factor-1α (HIF-1α) has drawn 

considerable attention 
103, 104

 also in  the fields of rheumatoid arthritis and osteoarthritis 
99, 105

.  

The reviewed evidence suggests that auranofin shares similar mechanistic effects with 

aurothiomalate leading to the reduction of pro-inflammatory cytokines and mediators that are 

relevant in the pathogenesis of arthritis/osteoarthritis. 

 

Metallic gold - Au (0) 

The potential efficacy of metallic gold compounds rests on two main principles. 

Firstly, macrophages may liberate charged gold atoms from implants, a process termed 

“dissolucytosis” and documented in in vitro and in vivo experiments 
19, 106

. Secondly, 

“nanogold” (typically < 100 nm) may bind proteins and change their conformation thereby 

interfering with various aspects of cell function 
107

. It has been suggested that liberated gold 

ions take the form of gold cyanide molecules, Au (I), similar to gold salt metabolites found in 
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clinical patients 
106, 108

. This process is facilitated by the formation of a dissolution membrane 

around the implant and the generation of cyanide from thiocyanate and hypochlorite by 

reactive macrophages and polymorphonuclear cells 
106, 109, 110

.  

The effect of gold beads (20-45 µm, total dose 5.4-463 mg) has been investigated for 

the treatment of focal brain injury and diffuse experimental autoimmune encephalomyelitis 

111-113
. These investigations demonstrated that gold implants eluded gold ions, slowed down 

symptoms of disease progression, increased cell survival and promoted recruitment of 

progenitor cells. An extension of this treatment principle is the implantation of gold beads at 

acupuncture sites in close proximity 
18

 to the femoropatellar and coxofemoral joint 
17, 114-116

. 

In the former study, a double-blind, randomised and placebo controlled trial, three gold beads 

(1x2.5 mm, approx. 35 mg) were implanted at five points if patients were included in the 

treatment group. In the control group, patients underwent acupuncture without gold 

implantation. All participants were followed up for 12 months and outcome assessments 

included grading of knee pain, stiffness and function. While on average patients tended to 

improve in outcome measures a significant treatment effect was only observed assessing 

knee stiffness in patients previously responding to conventional acupuncture.  

A similar study examined the effect in veterinary patients with hip dysplasia, using 

implantation of 2 beads per site and control dogs received needling at non-acupuncture sites 

17
. A significantly greater improvement in owner and veterinarian assessed outcomes was 

observed in treated dogs after 6 months which persisted for an additional 18 months upon 

non-blinded follow-up 
114

. Considering the study design, the conclusions by Jaeger 
17, 114

 can 
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however only relate to the combined use of acupuncture and gold bead implantation with the 

effect of gold being impossible to assess from this data. Long term tissue responses following 

gold bead implantation were reported by the same group 
117

. Tissue reactions included the 

formation of an eosinophilic fibrous capsule surrounding the implant with concurrent 

lymphocyte infiltrations resembling de novo lymphoid follicle formation. Other similarly 

blinded and controlled studies were unable to detect a positive effect of gold bead 

implantation but sample size, case selection, duration of follow-up and a placebo effect may 

have biased outcomes 
115, 116

. Gold bead implantation at acupuncture points has also been 

investigated using a cross over study design for seizure control in dogs with idiopathic 

epilepsy 
118

. While the associated mechanism remains unknown this procedure reduced the 

severity and frequency of attacks without exerting any measurable effect on 

electroencephalographic recordings.  

Detectable gold ion elution occurs from implanted gold beads which may be 

responsible for local anti-inflammatory effects similar to the action of injectable or oral gold 

salts.  Presumably chronic disease processes and variable gold concentrations at the level of 

the joint capsule may contribute to the limited treatment success with gold bead implantation 

for treatment of canine osteoarthritis. If gold bead implantation is associated with beneficial 

effects, the optimal placement of gold beads has not been determined.  

Bare gold nanoparticles administered intra-articularly prior to the induction of 

collagen induced arthritis reduced clinical, radiographic and histologic features of disease 
15

. 

Colloidal gold particles (5 nm and 13 nm) bound vascular endothelial growth factor (VEGF), 
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a protein linked to increased neovascularisation in rheumatoid synovium and pannus 

formation 
119-121

 and inhibited its activity in an endothelial cell proliferation assay 
15, 122

.  In 

addition, levels of TNF-α and IL-1β were significantly reduced. Interestingly, a significant 

effect was only observed using bare and not with polyethylenglycol (PEG) coated 

nanoparticles, which show less protein affinity 
123

. However, beneficial effects may not be 

exclusive to the direct interaction of proteins with gold particles as VEGF was also inhibited 

by gold salts, presumably due to interference with cell signalling pathways 
124

. Another 

important observation by Tsai 
15

 was that treatment with gold nanoparticles after the onset of 

collagen induced arthritis was significantly less effective in alleviating symptoms.  This 

observation contrasts findings by another group which reported a marked reduction in 

clinical and histological features when gold nanoparticles (13 nm and 50 nm) were injected 

and collagen induced arthritis had already been established 
16

. In this study daily injections 

and consequently a greater total gold dose were conceivably responsible for the better 

treatment outcome.  Of further interest are the findings by Brown 
11

 that subcutaneously 

administered gold nanoparticles also exert a beneficial effect by reducing mean arthritis 

scores in three experimental models of arthritis (collagen, pristane and mycobacterium 

induced). Taken together these findings may provide rationale for the veterinary investigation 

of peri-articular or intra-articular injections of gold nanoparticles for treatment of 

arthropathies. 

Initial studies in our laboratory using an ex vivo model of porcine synovial membrane 

have suggested a protective effect in that administration of gold nanoparticles reduced lactate 
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dehydrogenase, an indicator of cell membrane disruption, and MMP activity. Hyaluronic acid 

levels were concurrently reduced which was attributed to a reduction in inflammatory 

stimulation of its synthesis 
38

. 

 

Additional evidence for an anti-inflammatory mechanism of gold nanoparticles is 

provided by Sumbayev 
125

 who on the basis of citrate stabilized particles showed a reduction 

in IL-1β dependant TNF-α expression and by Ma 
126

 who demonstrated inhibition of iNOS 

expression in LPS activated macrophages using PEG-coated gold nanoparticles.  

Gold nanoparticles likely exert an anti-inflammatory effect based on their interference 

with intracellular signalling pathways and consequently gene expression and their potential 

disturbance of protein function.  Toxic side effects hampering the current clinical use of gold 

salts may be overcome by the local administration of gold nanoparticles. The complexity of 

nanoparticle behaviour in biological systems will however require a consorted effort to 

standardize their experimental use in order to arrive at valid clinical recommendations. 

Figure 1 provides an overview of the discussed mechanisms of available gold compounds.  

 

 

Side effects of gold products 

With therapeutic use of gold salts, toxic reactions are not typically correlated with 

blood serum concentrations making the recognition of early side effects paramount in the 

monitoring of patients 
127

. These side effects ultimately lead to the discontinuation of 
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treatments in the majority of cases 
128

. Thirty to 50% of patients treated with injectable gold 

salt compounds may experience side effects. These may include dermatitis, proteinuria, 

stomatitis, thrombocytopenia and less commonly hepatotoxicity 
129

. Use of oral gold 

compounds is generally associated with less severe side effects of which diarrhoea, other 

gastrointestinal complaints and dermatitis occur most frequently and thromboctypenia and 

proteinuria infrequently 
9, 66, 130, 131

. Gastrointestinal side effects of Auranofin have been 

related to changes in colonic transport systems executed via the enteric nervous system 
132

. 

Gold bead implantation has led to no recognizable side effects other than a transient 

increase in lameness in the post implantation period 
17, 116

. So far concerns over gold bead 

migration or significant interference with advanced diagnostic imaging techniques such as 

MRI have not substantialized 
115, 117, 133

.  

Side effects of gold nanoparticles depend on the dose, form of administration, method 

of synthesis, shape, solvents, dry matter and hydrodynamic particle size, charge and type of 

coating 
134-136

. Ultimately all of these characteristics put together govern the subsequent 

behaviour in the biological environment and determine the in vivo effect 
107, 123, 135

. Still 

largely unknown, the molecular mechanism by which nanoparticles exert a toxic effect are 

thought to include oxidative stress, cell membrane disruption, lysosomal dysfunction and 

charge considerations 
137, 138

. For small particle sizes, known to have greater cytotoxic 

potential 
139, 140

, one of the suspected mechanisms is binding of B-form DNA 
141

.   

Toxicologic results may further vary depending on the cell type or the species investigated, 

adding complexity to the issue 
142

. In terms of bioavailability it may be concluded that gold 
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nanoparticles in the size range of 10-100 nm accumulate largely in the reticuloendothelial 

system and that this occurs more uniformly with decreasing particle sizes. Furthermore, gold 

nanoparticles are likely to cross the blood brain barrier in a size dependent fashion, if smaller 

than 15-20 nm 
134

. Size dependant enteral absorption of gold nanoparticles (4-58 nm) has 

been reported in mice 
143

 and should serve as a reminder that with careless handling, 

absorption by personnel may occur.  Regarding the potential hazard of dermal absorption, 

current knowledge suggests that healthy skin represents an effective barrier 
138

.  

In the context of intra-articular administration of bare gold nanoparticles available 

data suggests that significant adverse events do not occur 
16

. In this study rat ankles with 

established collagen induced arthritis were injected with bare gold nanoparticles (13 and 50 

nm) 12 times and necropsy was performed 28 days after the first treatment. Control 

observations were obtained in rats injected with saline. Besides the positive effects discussed 

earlier, gold administration (13 nm particles) significantly reduced blood serum markers of 

oxidative stress, leukocyte counts, erythrocyte sedimentation rate, and inflammatory changes 

in many of the harvested organs. Synovial membranes showed significantly less oedema 

formation, cell necrosis, and inflammatory cell infiltration. A protective effect on cartilage 

tissue was also observed evidenced by less erosion, fissure or pannus formation. Similar to 

our ex vivo observations and the immediate effect of gold nanoparticles on biomarkers of 

inflammation, Leonaviciene 
16

 did not find an effect of particle size on therapeutic efficacy.   

 

Challenges associated with the use of gold nanoparticles  
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A significant challenge associated with the experimental use of gold nanoparticles is 

interference with analytical tests for the quantification of biological outcome measures. 

Depending on the nanoparticle and its extended characteristics, cell viability assays 

quantifying mitochondrial activity, LDH release and markers of necrosis, apoptosis and 

lysosome integrity may all be biased. In addition, nanoparticles may directly bind cytokines 

rendering them unavailable for detection, or interfere with antibodies and enzymes relevant 

for the function of biological assays 
144, 145

. Based on the high affinity of gold nanoparticles 

for acetylcholinesterase 
146

 a significant effect on PGE2 enzyme-linked immunosorbent assay 

(ELISA) performance was experienced in our own work 
38

. Therefore, and to ensure the 

reliability of detection systems, it is of utmost importance in continued research to include 

internal quality controls or to analyse samples without nanoparticles present. 

Of further importance for a future intra-articular use of nanoparticles is knowledge of 

the behaviour in synovial fluid. As discussed previously the hydrodynamic size of particles 

and consequently biologic effect depends on the relationship with other constituents in 

biological fluids. Preliminary experiments in our laboratory showed that gold nanoparticles 

(5, 10, 20 and 50 nm) added to equine synovial fluid samples markedly increased in 

hydrodynamic size presumably due to particle aggregation. Future investigations on intra-

articular nanoparticle use should therefore provide a natural environment to enhance our 

understanding of the interaction with the synovium.  
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Potential future applications and relevance for veterinary patients  

Veterinary gold salt therapy for treatment of immune mediated inflammatory 

conditions is not the first treatment of choice 
24

. However the continuously growing evidence 

suggests that we have yet to completely understand and make use of the full therapeutic 

potential gold has to offer.  The rationale and potential impact of its use as a primary anti-

inflammatory agent for treatment of arthropathies, including osteoarthritis is obvious. The 

role of the synovial membrane in the pathogenesis of arthritis has long been established but 

its involvement in osteoarthritis has only recently gained recognition 
46

. As such, methods to 

decrease COX-2 and MMP activity, nitric oxide levels and the expression or effect of pro-

inflammatory cytokines represent recognized treatment targets or are currently being 

investigated in clinical trials 
147, 148

. As outlined in this review, gold has been shown to affect 

many of these targets and associated molecular pathways. 

As a carrier and in the context of drug delivery nanogold may meet demands to 

extend intra-articular drug residence times. The ability to functionalize the particles’ surface 

and their ready internalization by synovial cells (Figure 2) holds promise to achieve this goal 

149
. A recent review evaluating the role of microspheres for drug delivery eloquently 

discusses the rationale and challenges behind this specific approach 
150

 and others have 

thoroughly highlighted the potential of nanomedicine for the veterinary field 
151

. 

Next to the intracellular delivery of therapeutics, gene-therapy and gold as a 

transfection method deserves further attention. Use of a “gene gun” has been shown to 

deliver gold particles (1 µm) coated with reporter genes to synovial tissues consequently 
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leading to their expression 
152

. The documented ability of small gold nanoparticles to 

permeate through the cell membrane without being compartmentalized together with the 

ability to functionalize their surface renders them excellent candidates for in vivo gene 

transfer to the synovium 
37, 135, 149

. 

 

Conclusion 

Gold delivered in salt or colloidal form has documented anti-inflammatory effects 

indicated in the treatment of inflammatory and degenerative arthropathies. Use of gold 

implants adjacent to synovial structures may have pain relieving effects due to acupuncture 

point stimulation but direct effects on synovial inflammation due to eluding gold ions remain 

to be determined. The rapidly advancing field of nanomedicine will lead to the availability of 

intra articular drug delivery systems of which gold is likely going to be one. 
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Figure 1: Schematic of the likely effects of gold beads, gold salts and gold nanoparticles (AuNPs) on synoviocyte metabolism. 

 

Elemental gold [Au(I)] from gold salts or eluding from gold nanoparticles (AuNPs) and gold beads interferes with NF-κB and 

p38-MAPK pathways, leading to down regulation of inflammatory biomarkers. Gold particles may be internalized in 

phagolysosomes (aurosomes) or be freely available in the cytoplasm. Toxic side effects of Au(I) are attributed to the formation  

of reactive Au(III) metabolites. In addition to the illustrated effects, AuNPs have the potential to inhibit degradative enzymes 

directly. 

 

Mφ=macrophage, Gold salt drugs: A = tetraacetyl-β-D-thioglucose gold(I) triethylphosphine (Auranofin); B = sodium 

aurothiomalate; C = Aurothioglucose; TNF = Tumor necrosis factor; IL = Interleukin; iNOS = inducible nitric oxide synthase; 

COX = Cyclooxygenase; HO-1 = Heme oxygenase-1; HIF-1α = hypoxia-inducible factor-1α; MKP-1 = specific phosphatase 

inactivating MAP kinases; MMP=Matrix metalloproteinases 
1
(Berners-Price and Filipovska, 2011) 
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Figure 2: Transmission electron microscopy of the porcine synovium post 5 nm gold 

nanoparticle exposure (80 KV/X44000; insert 80KV/X71000) 

 

Extra and intra-cellular locations of gold agglomerates within a macrophage like synoviocyte 

are indicated by a white and black arrow respectively. The insert illustrates 5 nm gold 

nanoparticles associated with the smooth endoplasmatic reticulum and in the form of 

agglomerates within an endosome. 
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Photogrammetric modeling 

 

We have associated photogrammetric measurements of foot volume with acceptable 

reliability to justify the clinical application of this modality. Data collection has already 

begun with the aim of establishing a database for 3D foot conformation in horses undergoing 

MRI examination. By using MRI as the gold standard for diagnostic accuracy, this data will 

allow investigation of the relevance of foot size in the context of lameness. For this project 

the imaging table as described in Chapter 3, has been adapted further to allow acquisition of 

images with greater ease. Regarding the utility of this technique for acquisition of linear and 

angular measurements, experiments have already been performed to answer this specific 

question. 

Use of photogrammetry for wound modeling and monitoring of healing holds great 

promise and will allow novel assessments. A pilot study to commence in the immediate 

future will be investigating the effect of a topical treatment on porcine wound healing 

supported by the generation of photogrammetric wound models.   

 

Use of intra-articular gold nanoparticles 

Experiments have already been performed investigating the in vivo effect of intra-

articular gold nanoparticles which also included the assessment of biodistribution of 

particles. We expect that this data will support the anti inflammatory effects and permeability 

profile of gold nanoparticles observed ex vivo. Further experiments are pending investigating 

the long term effects of gold nanoparticles on the porcine articular environment. On the basis 
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of these combined results we intend to establish that the administration of gold nanoparticles 

is safe leading on to the investigation of their use as drug carriers. 
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APPENDIX A. OPERATOR INSTRUCTIONS FOR PILOT PROJECT  

 

Guidelines for placement of markers and acquisition of digital photographs 

 
1. For imaging of the proximal limb place the provided  markers (2.5 cm x 2.5 cm 

squares of single sided adhesive grey tape) on the following reference points 

(Figure 1): 

a. Most caudoventral aspect of tuber coxae 

b. Most dorsal aspect of the cranial eminence of the greater trochanter 

c. Lateral condyle of the tibia at the level of the insertion of the lateral collateral 

ligament of the femorotibial joint 

d. Lateral malleolus of the tibia 

2. Position the horse on a flat and even surface with the metatarsus vertical to the 

ground.  

3. Obtain a picture of the horse’s record or hospital sticker for identification of the 

case 

4. Obtain a lateral digital photograph of the proximal limb and proximal 

metatarsus showing the affixed markers (Figure 1). 

5. Obtain a lateral digital photograph of the distal limb (hoof to mid metatarsus) 

centered on the fetlock as if obtaining a lateromedial radiograph. Place the provided 

Styrofoam board against the inside of the leg (Figure 2). 

6. For imaging of the foot place the provided adhesive marker (grey square with 

double sided tape on top) and affix the provided nut over the reference point (a) 

by removing the liner. (Figures 3 a and b): 

a. Most dorsal aspect of the coronary band 

7. Obtain a lateral photograph of the foot with the camera on the ground and 90 

degrees to the sagittal plane of the foot (as if obtaining a lateromedial radiograph). 

Place the provided Styrofoam board against the inside of the leg (Figure 4). 

8. Obtain a dorsal photograph of the foot (as if obtaining a dorsoplantar radiograph) 

in line with the dorsal marker and with the camera on the ground. Place the provided 

Styrofoam board against the plantar aspect of the leg and indicate the lateral side of 

the image (Figure 5) 

9. When imaging a feathered horse and  the coronary band is not visible please affix 

markers (see 6) over the following reference points : 

a. The most dorsal aspect of the coronary band  
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b. The most plantar aspect of the coronary band  

c. Mid distance between a and b at the coronary band (on lateral and medial side 

of the foot) 

 

 

 Required Images: 

 
 

 

Figure 1:  
Lateral image of the proximal limb and 

proximal metatarsus showing the affixed 

markers.  Note that the required minimum 

amount of the metatarsus (proximal third) is 

visible. The horse is standing square with the 

metatarsus in vertical alignment with the 

ground!   

a. Most caudoventral aspect of 

tuber coxae 

b. Most dorsal aspect of the 

cranial eminence of the greater 

trochanter 

c. Lateral condyle of the tibia at 

the level of the insertion of the 

lateral collateral ligament of 

the femorotibial joint 

d. Lateral malleolus of the tibia 

 

 

 

a 

b 

c 

d 

Figure 2: 

Lateral image of the distal limb centered on the 

fetlock. Note that the metatarsus is vertically 

aligned with the ground and that a Styrofoam 

board was placed behind the leg.  
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Figure 3 a: 

Marker used for foot 

assessment 

1 = single sided adhesive tape; 

2 = double sided adhesive tape 

with liner on top ; 3 = liner 

removed and nut affixed 

1 
 

2 
 

3 
 

Figure 4: 

Dorsal image of the foot with the 

marker in place. Obtained with the 

camera on the ground and centered 

on the foot as if obtaining a 

dorsoplantar radiograph. Please 

provide a lateral marker in the 

background. 

 

1 2 

L 

 

2 

1 

3 

Figure 3 b: 

Lateral image of the foot with the 

marker in place. Obtained with 

the camera on the ground and 

centered on the foot as if 

obtaining a lateromedial 

radiograph 
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Outline of experiment 

 

Six horses are selected at random from a local dressage horse training facility. Three 

examiners (not including the primary investigator) are given written instructions on 

the acquisition of digital images and asked to obtain these images in one of the 

horses’ at random selected hind limbs.  

Once a lateral image of the proximal or distal hind limb is obtained, the horse will be 

moved and repositioned according to the instructions (with metatarsus vertical) and 

another image is obtained. For each of the six horses this will be done three times by 

each examiner. 

One week later this process is repeated in the same group of horses and hind limbs 

but this time each examiner will only obtain lateral images once. 

Any horse receiving farriery in between repeated measurements will be excluded 

from the analysis and an additional horse is randomly selected to take its place. 

 

The primary investigator will then obtain the required measurements using a 

dedicated software program. The effect of the different examiners (E1, E2 and E3) 

placing markers and positioning horses is assessed using an analysis of variance on 

repeat measurements. The effect of the primary investigator using the software 

program to repeatedly generate measurements on the same image will be assessed 

using the same analysis.   

 The following measurements will be obtained: 

 

Data: 

 Pelvis angle:    
o Angle between line x and y  

 Stifle angle:    
o Angle between line y and z  

 Tibial length:  

o Length of line z 

 Fetlock angle: 
o Angle between the dorsum of the pastern and metatarsus 

 Tarsal angle:  
o Angle between line z and the dorsum of the metatarsus (should 

be  a  vertical line)  

 Hoof pastern angle:  
o Angle between the dorsal hoof wall and pastern 

 Dorsal hoof wall angle:  
o Angle between ground surface and dorsal hoof wall 

 Coronary band angle: 
o Angle between coronary band and ground surface 

 Heel angle:  



169 

 

 

 

 

o Angle between heel and ground surface 

 Dorsal hoof wall to heel height ratio   

 Medial to lateral hoof wall height ratio 

 Angle between medial and lateral hoof wall to ground surface 

 Support length 

Lines:  

 Line x:  
o Between tuber coxae and cran. eminence of greater trochanter 

of the femur 

 Line y: 
o Between cran. eminence of greater trochanter of the femur  and 

lat. condyle of the tibia (insertion of collat. ligament) 

 Line z: 
o Between lat. condyle of the tibia (insertion of collat. ligament) 

and lat. malleolus of the tibia 
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APPENDIX B.  STALL SIDE INFORMATION SHEET – UPPER LIMB 

IMAGING 

 

Stall side information sheet  - UPPER LIMB (Stall frame) 

 

Frame assembly and positioning (Please watch the “How to” video first) 

Assemble and use the frame in a well illuminated area with a minimum of 12 feet of free 

space surrounding the area. 

 

Frame attaching to the stall door (More information on the video): 

 At approximately 6 feet 4 firmly attach the left and right T piece (1A/B) to the stall 

door using a zip tie.  

 Assemble the U – shaped top frame connecting the two side bars (2A and 2B) with 

the front bar (2C) so that the Velcro straps face outwards.  

 Slide the T connector (4) onto the side bars of the top frame (2A and 2B) and attach 

the side bars to the T piece (1) on the stall door by tightening the screws. Loop the 

string and hook over the stall door and anchor the hook in the open end of 2A/B.  

 Connect the left and right vertical side bars (3A and B) to the T pieces (4) on the top 

frame. Adjust the height of each vertical bar so that it supports the frame.  Align the 

markers so that the Velcro straps face outwards at an angle. (Figure A: Entire frame 

assembled) 

 Attach the target plates (3 plates each on 3A and B and 2 plates each on 2A, B and C. 

When correctly assembled the vertical targets are at an angle to the horizontal ones 

(similar to the foot frame). 

 

Position the horse so that it stands square on a level surface with the metatarsi as 

vertical to the ground as possible. If the stall floor is at the same level as the barn corridor 

you may walk the horse into the stall so that the top frame ends above the tail head. This will 

reduce the space required to acquire images. If you step down into the stall, let the horse face 

the stall entrance as closely as possible while standing in the corridor. (Figures B and C). 

 

Markings 

 Tie up the tail and place the following felt pads: 

1. Left and right (L+R) Tuber coxae (most cranioventral aspect) 

2. (L+R) Tuber sacrale 

3. (L+R) Tuber ischium 

4. (L+R) Patella at origin of lateral patellar ligament 

5. (L+R) Tuber calcis (most proximoplantar aspect of the point of the hock) 

6. Highest point of the withers 
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Additionally place two felt markers 5 inches apart over the dorsal aspect of the 

metatarsus and pastern (below the fetlock and above the coffin joint capsule) 

 Join 1 and 2; 2 and 3; 3 and 4; 3 and 5 with yellow electrical tape. Lay the tape down 

in a straight line connecting the landmarks without tensioning the tape as it will 

otherwise lift off. Ensure that the tape extends to the felt marker! 

 To secure the line highlighting the hamstring contour (line between marker 3 and 5) 

hold the tape in place with additional tape encircling the leg at the musculotendinous 

junction of the gastrocnemius tendon. With a Sharpy draw two bullet points on the 

electrical tape, 5 inches apart over the distal aspect of the gastrocnemius tendon. 

 Figures D and E show all felt and tape markers in place.   

 

Image acquisition 

 Please refer to the “Foot” stall side information sheet and section 1) 2) and 3), as 

camera settings are the same. 

 Walk promptly around the frame but STOP for each of at least 5 images of each 

side and corner of the frame (Approx 15 total images - Figure F). This is different 

from imaging of the foot where continuous shooting while moving around the frame 

is preferred. As for the foot, if the horse moves or sways heavily between images 

please repeat the study. 

 The required distance from the frame is the distance that allows the entire frame to 

appear in the image’s peripheral border. Please ensure that the entire frame and all 

markings are visible, as in Figure B and C  

(Horse not marked yet). 
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Figure F:  At least 5 Images required in each of the three sections. Stop for taking images individually. NO 

continuous shutter release! 

        
       

 

    

                                                                         

Figure A:   Figure B:   Figure C:    Figures D and E: 
Entire frame assembled  Position of horse and correctly  Position of horse and correctly  Surface markers  

orientated camera  with no “step  orientated camera in case of a “step  

down stall”   down”  stall      
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Stall side information sheet  - UPPER LIMB (Stand alone frame) 

 

Frame assembly and positioning (Please watch the “How to” video first) 

Assemble and use the frame in a well illuminated area with a minimum of 12 feet of free 

space surrounding the area. 

 

Stand alone frame (More information on the video): 

 Screw the vertical telescoping bar 3A and 3B into the base plate A and B. Align the 

bar and base plate so that the markers match up (Figure A). 

 Assemble the U – shaped horizontal bar connecting the two side bars (2A and 2B) to 

the front bar (2C) so that the Velcro straps face outwards.  

 Connect the assembled horizontal bar to 3A and 3B via the L shaped connector. 

 Attach the corner support as shown to further stabilize the frame. 

 Weigh down the two bases with a water bucket each and extend the frame to the 

indicated height on the telescoping bar. Further ensure that markers on the 

telescoping bare are in alignment.  

 Attach the target plates (3 plates each on 3A and B and 2 plates each on 2A, B and C. 

When correctly assembled the vertical targets are at an angle to the horizontal ones 

(similar to the foot frame). 

 

Position the horse so that it stands square on a level surface with the metatarsi as 

vertical to the ground as possible.  Position the frame and horse so that the horizontal bar 

(2C) extends just above the tail head. Figure C shows the frame assembled and the horse 

positioned correctly with all markers in place. 

 

Markings 

 Tie up the tail and place the following felt pads: 

1. Left and right (L+R) Tuber coxae (most cranioventral aspect) 

2. (L+R) Tuber sacrale 

3. (L+R) Tuber ischium 

4. (L+R) Patella at origin of lateral patellar ligament 

5. (L+R) Tuber calcis (most proximoplantar aspect of the point of the hock) 

6. Highest point of the withers 

Additionally place two felt markers 5 inches apart over the dorsal aspect of the 

metatarsus and pastern (below the fetlock and above the coffin joint capsule) 

 Join 1 and 2; 2 and 3; 3 and 4; 3 and 5 with yellow electrical tape. Lay the tape down 

in a straight line connecting the landmarks without tensioning the tape as it will 

otherwise lift off. Ensure that the tape extends to the felt marker! 
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 To secure the line highlighting the hamstring contour (line between marker 3 and 5) 

hold the tape in place with additional tape encircling the leg at the musculotendinous 

junction of the gastrocnemius tendon. With a Sharpy draw two bullet points on the 

electrical tape, 5 inches apart over the distal aspect of the gastrocnemius tendon. 

 

Image acquisition 

 Please refer to the “Foot” stall side information sheet and section 1) 2) and 3), as 

camera settings are the same. 

 Walk promptly around the frame but STOP for each of at least 5 images of each 

side and corner of the frame (Approx 15 total images - Figure B). This is different 

from imaging of the foot where continuous shooting while moving around the frame 

is preferred. As for the foot, if the horse moves or sways heavily between images 

please repeat the study. 

 The required distance from the frame is the distance that allows the entire frame to 

appear in the image’s peripheral border. Please ensure that the entire frame and all 

markings are visible, as in Figure C. 

 

 

  

Figure A: 

Align markers on the base 

and on the vertical bar 
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Figure B:  Acquire at least 5 images  in each of the 

three sections. Stop for taking images individually. NO 

continuous shutter release! 

 

Figure C: 

Position of horse with markers in place and 

correct camera orientation  

A complete list of photos for a successful upper 

limb study can be found on a separate sheet 
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APPENDIX C.  STALL SIDE INFORMATION SHEET – FOOT IMAGING  

 

 

STALL SIDE INFORMATION SHEET – FOOT 

 

Markings (please watch the “How to” video first) 
 Hoof needs to be cleaned before marking. You may brush off dirt and use alcohol swabs to wipe off 

any remaining dust. Wash the hoof first if severely contaminated. Please allow time to dry before 

marking with the poster paint pen. 

 Draw a line from the coronary band to the solar margin at the most dorsal, medial, lateral and 

plantar aspect of the hoof. Draw additional in-between vertical lines to divide the obtained 

quarters in approximately equal sections => this creates 9 vertical lines; (Figure A) 

 For creation of the plantar or heel line (most plantar aspect of the coronary band to the most plantar 

aspect of the solar margin; Figure B) the foot is best lifted off the ground.  

 Finally bisect all but the heel line using a short horizontal mark.  

Lines do not have to be perfectly straight but should be only as thick as the applicator tip allows.  Therefore 

please do not repeatedly draw over existing lines to enlarge them. If the pen does not transfer paint sufficiently 

clean off the tip as dirt will have accumulated. The pen will work best if held upside down during usage.  

 
Foot frame assembly and positioning (please watch the “How to” video first) 

 Take the two pillars (P1 and P2) and press the long arms of the top bar, marked HL and HR, into the 

notch at the top of each pillar so that the Velcro straps on the pillars point outwards. 

 Attach the horizontal front (HF), left (HL) and right (HR) target plates to the top bar by pressing them 

onto the corresponding Velcro straps. Attach the vertical left (VL) and right (VR) target plates to the 

pillars in the same way. Note that this will position the vertical target plates at an oblique angle to the 

horizontal plates. 

 Stick one ground target plate (FM) to each pillar base using the Velcro straps in the area marked (FM). 

Note ground targets are located on the inside of the frame and slope towards plantar. 

 For imaging of the foot the horse is best NOT standing square to increase the space between hind 

limbs. 

Dorsal 

Line Medial 

Line In-between 

lines 

Bisecting 

line 

Figure A: Hoof cleaned and lines drawn.   Figure B: Plantar or heel line 

illustrated on a specimen 

Lines may extend onto the shoe. 
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 Position the frame so that the short front bar (HF) is located in the frontal plane of the foot and as 

close to the digit as possible.  Since most feet will be rotated outwards the frame should follow this 

orientation.  

 Ensure that there is sufficient ambient light which does NOT cast any shadows. A red camera symbol 

on the screen of the camera indicates insufficient light (see camera instructions) 

Image acquisition (please watch the “How to” video first)   
1. Check that when first switching the camera on or when pressing the “DISP” button, the display shows 

the same icons as in the example image below. Note that the camera should always be operated in the 

P (Program) mode. In the unlikely event that the preset settings have been lost and the display is 

different press the menu button and set “AF Frame” to FaceAiAF/“Digital Zoom” to OFF/“AF-Point 

Zoom” to OFF/ “AF-Assist Beam” to ON/“Flash Settings” to OFF/“i-Contrast” to OFF/ “Review” to 

2sec/ “Review info” to OFF/ “Disp Overlay” to OFF/ “IS Mode” to OFF/ “Date stamp” to OFF.  

Pressing the “FUNC SET” button allows you to set “ISO” to Auto /”AWB” to Auto/”My colors” to 

OFF/ “Focus” to Evaluative/”Shutter” to Continuous /”Image size” to L . 

 
 

 

 

 

 

 

 

 

2. NEVER use the zoom function. Beware that you are not accidentally operating the zoom button (see 

IMAGE) as this will prevent processing of the acquired images! 
3. Should a red camera symbol appear upon pressing the shutter button it indicates that you DO NOT 

HAVE enough light to operate without flash. This means you need to adjust your location to allow for 

more light. 

4. Acquire at least 5 images from different camera stations facing each side and corner of the frame 

with the camera held at the level of the horizontal target plates pointing slightly distal. Your 

distance to the frame should be no more than 3 feet resulting in images with targets spanning the 

peripheral border of each picture (Figures C-E). 

5. The easiest way to obtain images is by moving around the frame while keeping the shutter release 

button pressed in the continuous shooting mode. When obtaining plantar images start with the camera 

as close to the ground level as possible and move the camera proximal until you reach the level of the 

top bar of the bar . Also obtain images moving from lateral to medial.  

6. If the horse moves while obtaining any foot images please start again. 

7. Mark and image both hind feet 

(1) 

(3) 

 

(7) (2) 

(4) (5) 

(6) (7) 

(1) 

(3) 

Auto ISO (1); Evaluative focusing (2); Continuous shutter mode ON (3); Large image file (4); Image 

stabilizer OFF (5); Flash OFF (6); Program mode (P) (7); Zoom function -  Do not operate!    
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Figure E:  
Keep the shutter release button 

pressed and slowly move around 

the frame as indicated in Fig D 

obtaining at least 5 images per 

sector (between arrows) 

Figure C:  

“bad” camera position 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D: 

“good” camera position 
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APPENDIX D.  INFORMATION SHEET – FOOT IMAGING (new software) 
 

Instructions on 3D imaging of feet 

 Place the foot in the approximate center of the circular block with paint spatters. 

Position the contra lateral foot on a block as well. 

 Place the z-axis indicator to the front edge of the circular block. 

 Clip overhanging hair 

 Place the target band around the pastern 

 Start at the dorsal aspect of the foot to obtain images and move around the foot 

keeping the same distance and angle to the foot. This is best achieved using the 

continuous exposure function while moving very slowly around the foot. 

 Images should depict the wooden block and the entire foot including the band of 

targets. 

 Obtain a minimum of 30 pictures in total (15 pictures per side of the foot). 

 Images should not be obtained in direct sunlight as the photographer is likely to cast 

shadows while moving around the foot disturbing the referencing algorithm.  If the 

camera display shows a red camera symbol upon exposure then an insufficient 

amount of light is present.  

 A series of images that make up as successful study are shown below. 

 


