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Abstract

:

The assessment of foot pad dermatitis at slaughter is a suitable method to assess and monitor the welfare of broilers. The goals of this study were to define and validate a camera-based score that could identify macroscopic lesions of the foot pads, to identify errors, and to assess possible external factors that could influence the assessment. In the first phase 200 feet of broilers and in the second phase 500 feet were collected at slaughter, assessed visually, hung back into the evisceration line, and assessed by an automatic system. The camera score cut-off values were defined in the first (=calibration) phase. In the second (=validation) phase, the performance of diagnosis for these cut-off values was evaluated, and possible errors in the assessment of reference surface area and foot pad lesions were analyzed. The results showed that, in particular, Macro Scores 0, 2, and 3 could be identified with sufficiently high sensitivity. For Macro Score 1, the sensitivity of diagnosis was not sufficiently high in the two evaluated software versions. The current automatic assessment systems at slaughter could be adjusted to the cut-off values in order to classify foot pad dermatitis lesions. Furthermore, software updates can enhance the performance measures and lower the probability of errors.
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1. Introduction


The assessment of animal-based indicators, such as foot pad dermatitis (FPD), is considered a suitable method to assess and monitor the welfare of broilers at farm level [1]. Saraiva et al. [1] stated that FPD is the most frequently observed welfare indicator at slaughter, in addition to hock burn and dirty feathers. FPD causes inflammatory and often necrotic lesions of the foot and toe pads in broilers [2]. The authors assume that FPD is potentially painful [3]. However, FPD is not only a welfare problem, but can also cause economic losses due to carcass condemnation and low growth rate [2,4].



FPD can occur as a mild lesion with discoloration of the skin and hyperkeratosis or, in severe cases, it can cause swelling, erosions, and ulcerations [4]. The identified risk factors for the onset of FPD are nutritional aspects [4], seasonal effects, the age at slaughter, low daily weight gain [5], and the type of litter [6,7]. However, the most important risk factor is wet litter, especially if it is combined with chemical agents, such as ammonia [5,8]. The stocking density does not seem to be a major risk factor for the development of FPD [5]. De Jong et al. [9] observed that wet litter had a negative influence not only on FPD, but also on overall health and welfare parameters, such as gait score, hock burn, cleanliness, growth, feed intake, performance, and carcass condemnation or rejection.



Different possible scoring systems are used for the assessment of FPD. They vary in the number of score categories and the approach of the assessment. In most of the scoring systems, three [10,11,12], four [13,14] or five [15,16,17] categories are used for the classification of FPD. In some systems, especially the size of the FPD, lesions are considered [16], whereas other systems consider the depth or severity of FPD [13,14]. In Germany, officials at slaughter can use a three- or four-point scoring system to evaluate FPD in broilers [18,19]. Piller et al. [16] recommended a three-category classification of FPD for the identification of ulcers, whereby lesions larger than 0.5 cm in diameter have a high probability of consideration as a “deep” lesion.



Even though FPD is a suitable indicator for the assessment of broiler health and welfare [20,21], the authors state that welfare monitoring of broilers cannot be performed on the basis of only one type of lesion (e.g., FPD). Welfare monitoring is a multicriterial approach, and in addition to FPD, also hock burn, breast burn, skin scratches, and breast blisters should be assessed to draw conclusions regarding welfare problems [21]. Assessing animal welfare indicators is time consuming, and the automatic assessment offers a novel method to monitor welfare on a large scale [15].



According to a survey of poultry slaughterhouses in the German-speaking territory, FPD is currently monitored in general [22]. In slaughterhouses, 100 feet are examined by a veterinary official or additional camera systems are installed to monitor the foot pad health [15]. According to the “QS Qualitätssicherung,” a system to assure the quality of food in Germany, all of the slaughterhouses that slaughter more than 4000 broilers per hour need an automatic system to evaluate the foot pad health of all the flock feet [23]. The sample size of 100 feet in manual assessment is also recommended by other authors [23,24,25]. The authors of different studies agree that an official monitoring can reduce the prevalence of FPD. Directors of poultry slaughterhouses stated that not only the implementation of bonus–malus systems, but also the fear of consequences has increased the pressure to improve the care to prevent FPD [22]. In Denmark, an official monitoring of FPD in the year 2002 led to a distinct reduction in FPD by 2005 [5]. In approximately one third of the member states of the European Union, which account for 32% of the broiler production, FPD is monitored [26].



Automatic assessment systems to evaluate the health of animals at slaughter are promising and are already used under conditions of practice [27]. The documentation of sensitivity, specificity, and replicability, as well as the implementation of frequent verification and calibration are claimed to be inherent features of quality assurance systems. However, the exact procedures are not specifically defined [23]. Even though threshold values need to be chosen carefully and should be validated to provide reliable results, there is no scientific literature considering these values. This study was performed to fill the gap of missing data in the literature considering threshold values and validated camera systems, as well as possible errors that occur in automatic assessment systems and how these could be avoided.



The general goal of this study was to improve and validate an automatic assessment system for FPD in broilers and to generate threshold values for relevant lesions. For this purpose, the specific goals were (1) to define a camera-based score that could detect macroscopic alterations of foot pads, (2) to validate this camera-based scoring system for the classification of foot pad lesions in broilers, (3) to identify errors, and (4) to assess possible external factors that might influence the identification of reference surface areas and FPD lesions.




2. Animals, Materials, and Methods


2.1. Animals and Materials


The feet (200 in the first phase, 500 in the second phase) of Ross 308 broilers of an age of 36–42 fattening days were collected at a slaughterhouse in Bavaria, Germany.




2.2. Inter-Observer Reliability Test


The inter-observer reliability was tested using the prevalence-adjusted and bias-adjusted kappa (PABAK) calculation by Byrt et al. [28]. For this test, 250 feet of Ross 308 broilers were evaluated by five observers. Piller et al. [16], who validated the used macroscopic assessment scheme histologically, already presented the results of the inter-observer reliability in their article.




2.3. Visual Assessment


2.3.1. Phase 1: Calibration


Two hundred feet (40 feet of each macroscopic score) of Ross 308 broilers were initially collected from the slaughter line for an individual assessment. The collection was conducted on 10 days from 6 February 2018 to 26 April 2018. On each day, between 7 and 32 samples were collected. An assessment scheme, revised according to the Welfare Quality® assessment protocol for poultry [10] and validated by Piller et al. [16], was used for the visual assessment (“macro score”) of FPD ranging from Macro Score 0 (no alteration) to Macro Score 4 (severe alteration). Macro Score 0 was defined as physiological skin without lesion, Macro Score 1 as single superficial lesion or several cumulated superficial lesions or deep lesion ≤0.5 cm, Macro Score 2 as superficial lesion >0.5 cm or deep lesion >0.5 to ≤1.0 cm, Macro Score 3 as deep lesion >1.0 cm, and Macro Score 4 as lesion on the foot pad and one or more deep lesions on the toe. The camera system only generates information on the foot pad and not on the toes. However, for Macro Score 4, contrary to Macro Score 3, the toe pads must have lesions in addition to the foot pad lesions. Therefore, for this study, Macro Score 4 was allocated to Macro Score 3. After the visual assessment, a photographic documentation of each foot was performed using a Sony Cyber-shot DSC-RX100 digital camera (Sony Europe Limited, Surrey, UK).




2.3.2. Phase 2: Validation


In the second phase of the project, 500 feet of Ross 308 broilers were collected from the slaughter line for an individual assessment (consisting of 85 samples of Macro Score 0, 86 of Macro Score 1, 159 of Macro Score 2, and 170 of Macro Scores 3 and 4). The sample collection was performed from 26 July to 11 December 2019. On 7 days of sampling, between 60 and 126 samples were taken per day. In this phase, the feet were similarly assessed using the same macro scores as in the calibration phase, and a photograph of each foot was taken.





2.4. Assessment by the Camera System


Following the described procedure of visual assessment and photographic documentation, each foot was individually hung back into the evisceration line and a picture of the foot, and if present of lesions, was taken by the camera system that was used by the slaughterhouse. For the automatic assessment, a 1.3-MP color camera (IDS Imaging, Obersulm, Germany) was used with “Chicken Check” software (CLK GmbH, Altenberge, Germany) and in combination with Halcon software (MVTec Software GmbH, Munich, Germany) for image processing. With this procedure, for each of the 200 (calibration phase) and 500 feet (validation phase), the size of the lesion in percent (%) measured by the camera system was evaluated (“camera score”). Two different software versions were used for each picture taken by the automatic assessment system to evaluate possible optimizations in terms of the detection of reference surface areas of the feet and the detection of lesions. In the following, these versions will be denoted as “original” and “updated” software. For the updated camera score, the camera detection limits were adapted and the threshold for the detection of differences in contrasts was lowered.



Once per sampling during the automatic camera assessment, the light intensity in lux (lx) (LMT Pocket-Lux 2B, LMT Lichtmesstechnik GmbH, Berlin, Germany), the relative humidity in percent (%), and the temperature in degrees Celsius (°C) (Testo 410-1 Flügelrad-Anemometer, Testo North America, West Chester, PA, USA) were measured at the height of the feet.



2.4.1. Phase 1: Calibration


In the first (=calibration) phase, camera scores were allocated for each macro score of foot pad lesions. Threshold values of camera scores for the respective macro scores (0–3) were defined, and the performance measures of the respective diagnosis were evaluated.




2.4.2. Phase 2: Validation


In the second phase, the threshold values generated in the calibration phase were validated in 500 feet. Additionally, errors in the assessment of the reference surface area of the foot pad and in the assessment of lesions were evaluated by the retrospective assessment of the pictures taken. In addition, possible impacts of climatic circumstances (temperature, humidity, and light intensity) were analyzed.





2.5. Statistical Methods


For all of the analyses, the statistical programming language R [29] was used. Prior to the experiment, we performed a power analysis to estimate the necessary sample size for assigning the macro score (categorized into three categories: 0, 1–2, 3–4) to the size of a lesion (categorized into three categories using two cut-off values). Multiple simulated data sets were generated assuming three different sets of assigned (conditional) probabilities (optimistic, neutral, and pessimistic). Multinomial regression models were used to analyze the simulated data sets in order to reveal the conditional probabilities. In this setting, power was defined as the probability that the true conditional probability lies within the estimated confidence interval. Given the optimistic and neutral conditional probability scenarios, it was estimated that 30 samples per macroscopic score would be sufficient for a power above 0.8. Given the pessimistic scenario, it was estimated that 100 samples would be necessary to reach this power. For this reason, we chose a sample size of 40 samples per macro score in the calibration phase. Another power analysis was conducted to estimate the required sample size for the validation of the scores. Here, different hypothetical sensitivity values (optimistic: 0.85–0.95, neutral: 0.70–0.80, pessimistic: 0.60–0.65) were considered. It was estimated that 45 samples were necessary to reach a sufficient power of estimation in an optimistic or a neutral scenario. Therefore, 500 samples were used, assuming an equal distribution among the macro scores.



To predict the conditional probabilities of macroscopic findings given specific camera scores, multinomial logistic regression models for categorical data were used. Following this analysis, the macro score categories with the highest probability according to the fitted models were used to determine the camera score cut-off values for macro score categories. To evaluate the performance for the classification of these cut-off values, performance measures were used as presented in Louton et al. [30]. Values close to 1.0 were in favor.



To measure the effect of software versions (original and updated) on the error assessment for reference surface areas and lesions. Similarly, multinomial logistic regression models for categorical data were used. The information of software versions was used as a predictor in the model, thus estimating the conditional probabilities (risk) of the different error types given the software version. To analyze the relationship between the two error types, another multinomial logistic regression model for categorical data was used. In this model, the conditional probabilities (risk) in the error assessment for reference surface areas were estimated given the error assessment for lesions.



Finally, to measure the effects of temperature, humidity, and light intensity on the error assessment for reference surface areas and lesions, further multinomial logistic regression models were used. The results are presented as estimated risks and their corresponding 95% uncertainty intervals. Comparisons are presented by risk ratios, relative risks, their corresponding 95% uncertainty intervals, and p-values.





3. Results and Discussion


The results of the inter-observer reliability were presented by Piller et al. [16]. The inter-observer reliability showed an average PABAK value of 0.88 with a range of 0.86–0.89, and thus represents an almost perfect inter-observer reliability [31].



3.1. Calibration of the Camera Scores, Threshold Values


Initially, the camera scores for the original (Figure 1A) and updated (Figure 1B) software are presented at given macro scores. As presented in the figures, both the original and the updated camera scores increased with an increasing macro score. The visual distinction, especially between the appearance of Macro Scores 0, 2, and 3 seems to be possible. Macro Score 4 was allocated to Macro Score 3 as described in the Materials and Methods Section, resulting in a macro score system ranging from 0 to 3 in further analysis. In the descriptive presentation, it is evident that the camera scores of the two combined macro scores were similar. Table 1 depicts a comparison of the visual and camera scores and the corresponding visual and camera pictures.



Considering the conditional probability, threshold values for camera scores were generated, at which the corresponding macro scores would have the highest probability. The threshold values for the original camera score were overall lower than the ones for the updated camera score (Table 2). Macro Score 1 was most probably at an original camera score of ≥0.01 and an updated camera score of ≥0.36, and below these camera scores, Macro Score 0 had the highest probability. Macro Score 2 had a threshold value of ≥1.45 with the original camera score and of ≥4.01 with the updated camera score. Original camera scores of ≥12.66 and updated camera scores of ≥16.68 denoted Macro Score 3. These scores are lower than the values that are applied in slaughterhouses with the increments 0–5 (Score 0), 6–20 (Score 1), 21–50 (Score 2), and 51–100 (Score 3) in scoring the severity [15]. The European Commission [26] stated that a monitoring system for FPD is only effective by setting up threshold values (“trigger levels”). If these are set too low, more reports than predicted would be generated and thereby unnecessarily overload authorities. If threshold values are set too high, welfare-relevant lesions would not be reported. The estimated threshold values described above and mentioned in Table 2 could be adapted to the applied macroscopic scoring system.



If the threshold values as described above were applied, the performance measures (sensitivity, specificity, positive predictive value, negative predictive value) for the given macro scores varied (Table 3). The sensitivity of diagnosis of 0.00 (original camera score) and 0.22 (updated camera score) indicates that Macro Score 1 is not diagnosable with the applied threshold values. If, for this reason, Macro Score 1 was allocated to Macro Score 0, the previous high sensitivity of diagnosis for Macro Score 0 dropped to 0.78 (previously 1.00), which still seems reasonable, and the accuracy of performance increased (Table 3). Macro Score 2 (FPD lesions >0.5 cm in diameter) was diagnosable with a sensitivity of 0.52 with the original and 0.70 with the updated camera software. In this case, the update of the camera version led to an improvement. Large foot pad lesions >1.0 cm in diameter were well diagnosed with a sensitivity of 0.99 (original) or 0.96 (updated) in the calibration phase. The current study evaluated the occurrence of FPD at slaughter. Therefore, the results can only be used to improve the health of subsequent flocks. Other authors evaluated FPD monitoring systems on-farm. Dawkins et al. [32] used a camera system on-farm to monitor the movements of broiler flocks. The authors stated that their evaluated camera-based optical flow system had more predictive power for the detection of FPD than the assessment of water consumption, bodyweight or cumulative mortality, and they recommended the monitoring system as a management tool. Others recommended a non-invasive measurement of dielectric constants of foot pads on-farm [33].




3.2. Validation of Threshold Values


In the second phase of the project, the identified threshold values were validated with a sample size of 500 feet. Similar to the results of the calibration phase, the sensitivity of diagnosis of Macro Score 1 was 0.00 (original camera score) or 0.19 (updated camera score), indicating that Macro Score 1 was not diagnosable with the camera system, whereas the specificity was 1.00 (original camera score) and 0.98 (updated camera score) (Table 4). The sensitivity of diagnosis of Macro Score 2 was 0.48 (original camera score) and 0.72 (updated camera score) if the threshold values were set as mentioned in Table 2. The specificity of diagnosis of Macro Score 2 was 0.83 (original camera score) and 0.76 (updated camera score) if these threshold values were set. Macro Score 4 was allocated to Macro Score 3, and with the threshold values of 12.66 (original camera score) and 16.68 (updated camera score), these scores were well diagnosable with a sensitivity of 0.82 (original camera score) and 0.81 (updated camera score) and a specificity of 0.80 (original camera score) and 0.87 (updated camera score). Jung et al. [34] examined the automatic assessment of keel bone damage using a similar camera system as described in our study. After optimizations of the system, the authors reached a sensitivity of 95% and a specificity of 80% from the previously determined sensitivity of 28% and specificity of 66%. For the FPD Macro Scores 0 and 3, sensitivity values above 90% were reached in our study. Solely small foot pad lesions of ≤0.5 cm in diameter showed low detection performance measures. Louton et al. (in preparation) observed similar results for the automatic assessment of hock burn lesions. Similarly, small hock burn lesions were identified with a lower sensitivity than no lesions or lesions >0.5 cm. Moreover, De Jong et al. [35] observed in an automatic assessment of foot pad lesions that the examined system showed very low agreement rates of their Visual Score 1 in a three-category (0–2) classification. These results are comparable to ours. Furthermore, Lund et al. [12] referred to the difficulty of inter-rater agreement if less severe lesions are evaluated. Interestingly, other authors observed for the automatic assessment systems of FPD a tendency that no camera scores could be generated for lesions with high macroscopic scores (as defined by experts on-farm or at slaughter) [36]. In another study, the visual assessment of foot pad lesions resulted in a low agreement between assessors, especially for Macro Score 2, and lesions were commonly underestimated. However, especially visual scoring of foot pad lesions of Macro Score 0 showed a high agreement between raters [37]. This finding is in agreement with the results of our automatic system, which identified no lesions (Macro Score 0) with the high agreement.




3.3. Errors in Assessments of Reference Surface Area of Foot Pads and Lesions


Figure 2 depicts the errors in the assessment of the reference surface area of the foot pad with the original and the updated software in the validation phase. The results show that the updated software led to an improvement in the correct identification of the reference surface area of the foot pad (risk original software = 0.66 [0.62–0.70]; risk updated software = 0.74 [0.70–0.78]; relative risk [RR] original vs. updated software = 0.890 [0.818–0.969; p = 0.008). In addition, to the less shifted reference surface areas (risk original software = 0.23 [0.19–0.26]; risk updated software = 0.17 [0.14–0.20]; RR original vs. updated software = 1.334 [1.039–1.723]; p = 0.021) compared with the original software. Only on rare occasions, the reference surface area of the foot pad was assessed as “too large” or “completely wrong”.



Considering the identification of lesions, the software versions differed in their potential of correct identification (Figure 3). The updated software differed in nearly all of the types of faulty identification from the original software and showed an improvement in most of the types. The probability of a correct identification of lesions was significantly higher if the updated software was used than if the original software was used (risk original software = 0.74 [0.70–0.77]; risk updated software = 0.80 [0.77–0.84]; RR original vs. updated software = 0.914 [0.854–0.978]; p = 0.01). The original software had a significantly lower risk of identifying lesions as too large than the updated software (risk original software = 0.01 [0.00–0.02]; risk updated software = 0.04 [0.03–0.06]; RR original vs. updated software = 0.132 [0.034–0.377]; p < 0.001). The updated software showed an improvement concerning not identifying the lesions at all (risk original software = 0.17 [0.14–0.20]; risk updated software = 0.08 [0.06–0.11]; RR original vs. updated software = 2.093 [1.487–3.045]; p < 0.001) or identifying them as too small, although the latter improvement was not statistically significant (risk original software = 0.09 [0.07–0.12]; risk updated software = 0.07 [0.05–0.09]; RR original vs. updated software = 1.289 [0.845–1.954]; p = 0.224), compared with the original software. The differences were only marginal, and the accurate estimation was probably caused by the large sample size. The results are in line with a study by Jung et al. [34], who found that optimizations of algorithms led to an improvement in the detection of keel bone damage in automatic assessments. The authors observed that the camera system generally underestimated the presence of keel bone damage. In our study, considering the detection of FPD lesions, especially if the updated software version was used, the risk of a faulty detection of FPD lesions was lower than the chance of a correct identification, which had the highest probability. However, approximately 20% of the lesions were not identified correctly. This aspect should be improved, especially if the systems are used by authorities for monitoring poultry welfare.



Furthermore, we assessed the association between the errors in the assessment of the reference surface area of the foot pad and the errors in the assessment of lesions (Figure 4 and Figure 5). The probability of the correct identification of lesions was highest, even if the assessment of the reference surface area of the foot pad was incorrect, both with the original and with the updated camera software.



In a study by Vanderhasselt et al. [36], 15.2% of the feet were not recognized by the systems. In addition, in 49.4% of the broilers’ feet, the systems identified a lesion erroneously even if a lesion was not present. Compared with their results, the system presented in this study demonstrates a major improvement. The authors stated that the correlation between the automatic score and the expert score was improved if only data without a faulty assessment of lesions were used. As a possible explanation for this discrepancy, they pointed out that the automatic systems do not consider the depth of the lesion. However, according to Vanderhasselt et al. [36] and Heitmann et al. [13], the size of lesions correlates to their depth. Therefore, one could assume that an automatic system could identify the macro score, given a macro score that considers the size of the lesion. This aspect underlines the importance of the choice of macro score and the adaptation of software systems and algorithms to the chosen macro score. The system used in the present study assessed the size of the lesion in relation to the reference surface area of the foot pad. However, the examined software could be adapted, and the size of the lesion (e.g., 0.5 cm or 1.0 cm) rather than the percentage of a camera score could be set as the threshold.



De Jong et al. [24] defined several important criteria that should be fulfilled by the camera system. First, more than 70% of the feet should be scored by the system. With the setup of our study, we cannot draw conclusions on the overall scoring of feet on a flock basis. In our study, with the use of the updated software, the chance for a correct identification of the reference surface area of the foot pad was 74% and the chance for the correct identification of lesions was 80%. Furthermore, even if the reference surface area of the foot pad was assessed as too small, the chance of a correct identification of lesions had the highest probability. Our study does not allow the conclusion that 70% of the feet were scored, since we did not assess the feet on the flock level. Therefore, our study is not directly comparable. However, considering the identification of the reference surface area and lesions, this criterion seems to be fulfilled by the automatic system in our study. Recent numbers that were registered by the slaughterhouse in which the study was performed show that in 2017 (98.4%), in 2018 (87.0%), in 2019 (53.4%), and in 2021 (January to October 97.9%) of all of the feet that passed the camera system were scored (51 million feet passed the camera system in 2017, 48 million in 2018, 51 million in 2019, and 42 million in 2021). The low percentage of scored feet in the year 2019 could be due to a technical issue in which an additional function was tested, which caused a high sensitivity of only the scoring feet that hung correctly in the shackles. At that time, it was considered most important that only the feet that hung correctly in the shackle would be assessed. With a new software, the scoring rate was improved in 2021. Overall, the system seems to comply with the mentioned criterion of scoring 70% of the feet if no serious disruptions occur. Nonetheless, the overall scoring rate is an important aspect to evaluate the general functioning of the system, although it does not coercively affect the quality of the results in scoring the reference surface area or the lesions. The other criterion mentioned by de Jong et al. [24] was that the agreement of the generated camera score with a golden standard should be at least 75%. In our study, this agreement was reached by the updated camera score, depending on the macro score. Regarding Macro Score 0 (no lesion) and Macro Score 3 (lesions >1.0 cm in diameter), the agreement was above 75%. However, especially small lesions ≤0.5 cm were not identified with sufficiently high certainty.



The statistical methods we used considered the evaluation of foot pad lesions of individual feet. This method has the advantage that visual camera-based pictures can be allocated exactly to the manual visual assessment of the respective foot. Other previously published studies evaluated automatic assessment systems that assessed the health of the feet on a flock basis, which poses the risk of incorrect allocation of individual feet. The advantageous or superior functions of the assessed camera systems are that by adaptations of the software, major improvements of the general scoring and the precision of scoring are possible. Furthermore, if needed, the software could be adapted to changes in politics and regulations, for example, if the absolute size of the lesion should be scored rather than the percentage in relation to a reference area.




3.4. Effects of Temperature, Humidity, and Light Intensity on Errors


The temperature ranged from 24.7 to 27.3 °C, the relative humidity from 60.0% to 78.7%, and the light intensity from 5200 to 7820 lx in the calibration phase. In the validation phase, the temperature ranged from 23.5 to 29.9 °C, the relative humidity from 44.9% to 94.9%, and the light intensity from 3723 to 6880 lx. The effects of temperature, humidity, and light intensity on the errors in the assessment of the reference surface area of the foot pad and on the errors in the assessment of lesions were evaluated. These climatic effects are presented in the Supplementary Material, in Figures S1 and S3–S5 for the reference surface area of the foot pad and in Figures S2 and S6–S8 for the errors in the assessment of lesions. The possible effects were rather small. The correct assessment of the reference surface area of the foot pad decreased slightly (in both software versions) with the increasing temperature and humidity. In terms of the assessment of foot pad lesions, the associations with climatic circumstances were similarly very low, and the effects were small. Increasing the humidity or light intensity increased the possibility of identifying the lesions as too small.





4. Conclusions


The automatic assessment of FPD is a hot topic. In our study, threshold values of a camera score to identify different categories of macroscopic scores were defined in a first step. Next, the performance measures of diagnosis of these macro scores were analyzed in a validation phase. In particular, the macro scores of FPD of 0 (no lesion), 2 (lesion >0.5 cm in diameter), and 3 (lesion >1.0 cm) could be identified with a sufficiently high sensitivity. The sensitivity of the diagnosis of Macro Score 1 (lesions >0 cm to 0.5 cm) was not high enough in both examined software versions (original and updated). Furthermore, we showed that the software updates can enhance the performance measures and lower the probability of errors. The automatic assessment system does not seem particularly susceptible to influences of temperature, relative humidity or light intensity, which is an important issue for its operation in slaughterhouses. An individual assessment of feet, as performed in our study, allows an exact allocation of macro scores to the respective camera scores. However, this procedure does not allow an assessment on a flock basis. Therefore, one limitation of our study is that we cannot make a statement regarding the precision of assessment on a flock basis. However, under conditions of practice, it is not possible to assess all of the feet of one flock (e.g., 30,000 broilers) and individually allocate the macroscopic scores. For the calibration and validation of the system, this individual assessment seemed most important, and this aspect was given priority. In future studies, the overall functionality under conditions of practice at slaughter should be proven. One further limitation is that our study design does not allow any statement regarding the perception of pain in different stages of FPD. To overcome this limitation, threshold values of predefined scoring systems need to be used.








Supplementary Materials


The following materials are available online at https://www.mdpi.com/article/10.3390/agriculture12020221/s1. Figure S1: Possible false detection of the reference surface area of the foot pad (correct, too large, too small, shifted) with the original and the updated software depending on the temperature in degrees Celsius (left), humidity in percent (middle), and light intensity in lux (right) (n = 500; validation phase); Figure S2: Possible false detection of foot pad lesions (identified, too large, too small, not at all) with the original and the updated software depending on the temperature in degrees Celsius (left), humidity in percent (middle), and light intensity in lux (right) (n = 500; validation phase); Figure S3: Estimated risk and uncertainty interval (95%) of the occurrence of errors during the assessment of the reference surface area of the foot pad (correct, shifted, too large, too small) with the original and the updated software depending on the temperature in degrees Celsius (n = 500; validation phase); Figure S4: Estimated risk and uncertainty interval (95%) of the occurrence of errors during the assessment of the reference surface area of the foot pad (correct, shifted, too large, too small) with the original and the updated software depending on the humidity in percent (n = 500; validation phase); Figure S5: Estimated risk and uncertainty interval (95%) of the occurrence of errors during the assessment of the reference surface area of the foot pad (correct, shifted, too large, too small) with the original and the updated software depending on the light intensity in lux (n = 500; validation phase); Figure S6: Estimated risk and uncertainty interval (95%) of the occurrence of errors during the assessment of foot pad lesions (identified, not at all, too large, too small) with the original and the updated software depending on the temperature in degrees Celsius (n = 500; validation phase); Figure S7: Estimated risk and uncertainty interval (95%) of the occurrence of errors during the assessment of foot pad lesions (identified, not at all, too large, too small) with the original and the updated software depending on the humidity in percent (n = 500; validation phase); Figure S8: Estimated risk and uncertainty interval (95%) of the occurrence of errors during the assessment of foot pad lesions (identified, not at all, too large, too small) with the original and the updated software depending on the light intensity in lux (n = 500; validation phase).
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Figure 1. Presentation of the observed camera scores. (A) “Original” camera score; (B) “updated” camera score) at given macro scores (0–4) of foot pad dermatitis lesions (according to Piller et al. [16]) during the calibration phase (n = 200). Camera scores represent the percentage of the size of the alteration in relation to the reference surface area. 
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Figure 2. Estimated probabilities of occurrence of errors in the camera-based assessment of reference ranges of the foot pad surface area with the original and the updated camera software (n = 500; validation phase). 
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Figure 3. Estimated probabilities of occurrence of errors in the camera-based assessment of foot pad dermatitis lesions with the original and the updated camera software (n = 500; validation phase). 
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Figure 4. Estimated risk and uncertainty interval (95%) of the occurrence of errors during the assessment of foot pad dermatitis lesions (identified, too large, too small, not at all) by the camera system with the original software and the association to the faulty detection of the reference ranges of the foot pad surface area (correct, too large, too small, completely wrong, shifted) (n = 500; validation phase). 
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Figure 5. Estimated risk and uncertainty interval (95%) of the occurrence of errors during the assessment of foot pad dermatitis lesions (identified, too large, too small, not at all) by the camera system with the updated software and the association to the faulty detection of the reference ranges of the foot pad surface area (correct, too large, too small, completely wrong, shifted) (n = 500; validation phase). 






Figure 5. Estimated risk and uncertainty interval (95%) of the occurrence of errors during the assessment of foot pad dermatitis lesions (identified, too large, too small, not at all) by the camera system with the updated software and the association to the faulty detection of the reference ranges of the foot pad surface area (correct, too large, too small, completely wrong, shifted) (n = 500; validation phase).
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Table 1. Examples of assessed feet with the macro score system according to Piller et al. [16] and the respective camera scores and corresponding visual presentation. Macro Score 0 was defined as physiological skin without lesion, Macro Score 1 as single superficial lesion or several cumulated superficial lesions or deep lesion ≤0.5 cm, Macro Score 2 as superficial lesion >0.5 cm or deep lesion >0.5 to ≤1.0 cm, Macro Score 3 as deep lesion >1.0 cm, and Macro Score 4 as lesion on the foot pad and one or more deep lesions on the toe. Camera scores represent the percentage of the size of the alteration in relation to the reference surface area of the foot pad.
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	Macro Score
	Visual Picture
	Original Camera Score
	Original Camera Picture
	Updated Camera Score
	Updated Camera Picture





	0
	 [image: Agriculture 12 00221 i001]
	0
	 [image: Agriculture 12 00221 i002]
	0
	 [image: Agriculture 12 00221 i003]



	1
	 [image: Agriculture 12 00221 i004]
	4.17
	 [image: Agriculture 12 00221 i005]
	5.30
	 [image: Agriculture 12 00221 i006]



	1
	 [image: Agriculture 12 00221 i007]
	3.98
	 [image: Agriculture 12 00221 i008]
	5.44
	 [image: Agriculture 12 00221 i009]



	2
	 [image: Agriculture 12 00221 i010]
	7.96
	 [image: Agriculture 12 00221 i011]
	10.20
	 [image: Agriculture 12 00221 i012]



	3
	 [image: Agriculture 12 00221 i013]
	29.67
	 [image: Agriculture 12 00221 i014]
	29.01
	 [image: Agriculture 12 00221 i015]



	4
	 [image: Agriculture 12 00221 i016]
	26.43
	 [image: Agriculture 12 00221 i017]
	30.22
	 [image: Agriculture 12 00221 i018]



	4
	 [image: Agriculture 12 00221 i019]
	23.63
	 [image: Agriculture 12 00221 i020]
	24.48
	 [image: Agriculture 12 00221 i021]
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Table 2. Camera score (“original” and “updated”) threshold values for the macro scores (0–3) of foot pad dermatitis lesions (according to Piller et al. [16]; Macro Scores 3 and 4 combined) during the calibration phase (n = 200).
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Macro Score

	
Minimum

	
Maximum






	

	
Original Camera Score




	
0

	
0.00

	
0.00




	
1

	
0.01

	
1.44




	
2

	
1.45

	
12.65




	
3

	
12.66

	
Infinite




	

	
Updated Camera Score




	
0

	
0.00

	
0.35




	
1

	
0.36

	
4.00




	
2

	
4.01

	
16.67




	
3

	
16.68

	
Infinite
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Table 3. Performance measures of predicted macro scores at given camera scores (for the original and the updated camera scores) for the evaluation of foot pad dermatitis in broilers during the calibration phase of the camera system (n = 200). The cut-off value was previously set at specific evaluated threshold camera scores. For the original camera score, Macro Score 1 was assigned to Macro Score 0 in one calculation. Sens: Sensitivity; Spec: Specificity; PPV: Positive predictive value; NPV: Negative predictive value.
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Prediction (n = 200 feet)

	
Performance






	
Original Camera Score




	

	
<0.01

	
0.01 to 1.44

	
1.45 to 12.65

	
≥12.66

	
Accuracy = 0.70




	
Macro Score

	
0

	
1

	
2

	
3

	
Sens

	
Spec

	
PPV

	
NPV




	
0

	
40

	
0

	
0

	
0

	
1.00

	
0.80

	
0.56

	
1.00




	
1

	
22

	
0

	
18

	
0

	
0.00

	
1.00

	
-

	
0.80




	
2

	
10

	
0

	
21

	
9

	
0.52

	
0.88

	
0.52

	
0.88




	
3

	
0

	
0

	
1

	
79

	
0.99

	
0.92

	
0.90

	
0.99




	

	
<1.45

	

	
1.45 to 12.65

	
≥12.66

	
Accuracy = 0.81




	
Macro Score

	
0 + 1

	

	
2

	
3

	
Sens

	
Spec

	
PPV

	
NPV




	
0 + 1

	
62

	

	
18

	
0

	
0.78

	
0.92

	
0.86

	
0.86




	
2

	
10

	

	
21

	
9

	
0.52

	
0.88

	
0.52

	
0.88




	
3

	
0

	

	
1

	
79

	
0.99

	
0.92

	
0.90

	
0.99




	
Updated Camera Score




	

	
<0.36

	
0.36 to 4.00

	
4.01 to 16.67

	
≥16.68

	
Accuracy = 0.76




	
Macro Score

	
0

	
1

	
2

	
3

	
Sens

	
Spec

	
PPV

	
NPV




	
0

	
37

	
1

	
0

	
2

	
0.92

	
0.94

	
0.79

	
0.98




	
1

	
9

	
9

	
22

	
0

	
0.22

	
0.98

	
0.75

	
0.84




	
2

	
1

	
2

	
28

	
9

	
0.70

	
0.84

	
0.53

	
0.92




	
3

	
0

	
0

	
3

	
77

	
0.96

	
0.91

	
0.88

	
0.97











[image: Table] 





Table 4. Performance measures of predicted macro scores at given camera scores (for the original and the updated camera scores) for the evaluation of foot pad dermatitis in broilers during the validation phase of the camera system (n = 500). The cut-off value was previously set at specific evaluated threshold camera scores during the calibration phase. Sens: Sensitivity; Spec: Specificity; PPV: Positive predictive value; NPV: Negative predictive value.
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Prediction (n = 500 feet)

	
Performance






	
Original Camera Score

	




	

	
<0.01

	
0.01 to 1.44

	
1.45 to 12.65

	
≥12.66

	
Accuracy = 0.70




	
Macro Score

	
0

	
1

	
2

	
3

	
Sens

	
Spec

	
PPV

	
NPV




	
0

	
82

	
0

	
3

	
0

	
0.96

	
0.81

	
0.51

	
0.99




	
1

	
43

	
0

	
40

	
3

	
0.00

	
1.00

	
-

	
0.83




	
2

	
18

	
0

	
77

	
64

	
0.48

	
0.83

	
0.57

	
0.78




	
3

	
17

	
0

	
14

	
139

	
0.82

	
0.80

	
0.67

	
0.89




	
Updated Camera Score

	




	

	
<0.36

	
0.36 to 4.00

	
4.01 to 16.67

	
≥16.68

	
Accuracy = 0.76




	
Macro Score

	
0

	
1

	
2

	
3

	
Sens

	
Spec

	
PPV

	
NPV




	
0

	
74

	
4

	
7

	
0

	
0.87

	
0.93

	
0.73

	
0.97




	
1

	
19

	
16

	
50

	
1

	
0.19

	
0.98

	
0.70

	
0.85




	
2

	
3

	
1

	
114

	
41

	
0.72

	
0.76

	
0.58

	
0.85




	
3

	
5

	
2

	
25

	
138

	
0.81

	
0.87

	
0.77

	
0.90
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