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Abstract

Background The Psoriasis Area and Severity Index (PASI) score is commonly used in clinical practice and research to
monitor disease severity and determine treatment efficacy. Automating the PASI score with deep learning algorithms,
like Convolutional Neural Networks (CNNs), could enable objective and efficient PASI scoring.

Objectives To assess the performance of image-based automated PASI scoring in anatomical regions by CNNs and
compare the performance of CNNs to image-based scoring by physicians.

Methods Imaging series were matched to PASI subscores determined in real life by the treating physician. CNNs were
trained using standardized imaging series of 576 trunk, 614 arm and 541 leg regions. CNNs were separately trained for
each PASI subscore (erythema, desquamation, induration and area) in each anatomical region (trunk, arms and legs).
The head region was excluded for anonymity. Additionally, PASI-trained physicians retrospectively determined image-
based subscores on the test set images of the trunk. Agreement with the real-life scores was determined with the intra-
class correlation coefficient (ICC) and compared between the CNNs and physicians.

Results Intraclass correlation coefficients between the CNN and real-life scores of the trunk region were 0.616, 0.580,
0.580 and 0.793 for erythema, desquamation, induration and area, respectively, with similar results for the arms and legs
region. PASI-trained physicians (N = 5) were in moderate-good agreement (ICCs 0.706-0.793) with each other for
image-based PASI scoring of the trunk region. ICCs between the CNN and real-life scores were slightly higher for ery-
thema (0.616 vs. 0.558), induration (0.580 vs. 0.573) and area scoring (0.793 vs. 0.694) than image-based scoring by
physicians. Physicians slightly outperformed the CNN on desquamation scoring (0.580 vs. 0.589).

Conclusions Convolutional Neural Networks have the potential to automatically and objectively perform image-based
PASI scoring at an anatomical region level. For erythema, desquamation and induration scoring, CNNs performed similar
to physicians, while for area scoring CNNs outperformed physicians on image-based PASI scoring.
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Introduction

Psoriasis is a common chronic inflammatory skin disease char-
acterized by raised, erythematous and scaling lesions and is
prevalent in 2-3% of the Western population. Psoriasis sever-
ity is often measured with the Psoriasis Area Severity Index
(PASI) score.” The PASI score is determined through visual
inspection of the skin in four anatomical regions: the head,
trunk, arms and legs. For each anatomical region, subscores are
determined for erythema (0—4), desquamation (0—4), indura-
tion (0—4) and affected body surface area (0-6) resulting in an
overall PASI score (0-72). The PASI score is used to determine
treatment efficacy in clinical practice and clinical trials and is
supportive for treatment decisions. However, the PASI score is
time consuming and is known to suffer from inter- and intra-
observer variability.>*

Automating the PASI score could enable efficient and objec-
tive psoriasis severity assessment. Few studies report computer-
aided diagnosis systems to grade the severity of psoriasis, pri-
marily focused on image processing using different colour
spaces.”” Moreover, Fink et al. recently proposed a filter-based
image processing pipeline to determine the PASI score from full
body images.* In addition, for automatic segmentation and
severity scoring of a single psoriasis lesion, several attempts have
been made to leverage traditional machine learning algorithms,
both supervised and unsupervised.'>'® More recently, deep
learning-based Convolutional Neural Networks (CNNs) have
obtained state-of-the-art results in computer vision problems
including image classification and image segmentation.'” Given
the superior performance of these CNNs, some attempts for
deep learning-based automated severity scoring in psoriasis have
been reported,'®'® but these studies were based on the analysis
of a single psoriasis plaque and only focused on one or a subset
of severity scores (i.e. erythema, induration, desquamation or
area),!t 1313161819 Gince the PASI score is decomposed into
four subscores at an anatomical region level, lesion level analysis
is inadequate for PASI scoring.

In this study, we aimed to (i) assess the performance of auto-
mated PASI scoring by CNNs using images at an anatomical
region level, (ii) determine the performance and inter-rater
agreement of image-based PASI scoring by PASI-trained physi-
cians and (iii) compare the performance of image-based PASI
scoring between physicians and CNNs.

Materials and methods

Data set

In this study, 5844 anonymized images were retrieved from pso-
riasis patients included in the Child-CAPTURE registry (Contin-
uous Assessment of Psoriasis Treatment Use Registry), a
prospective, observational, daily clinical practice cohort that fol-
lows paediatric and young adult psoriasis patients. All patients
were diagnosed by a dermatologists. Patients visited the
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outpatient clinic of the Department of Dermatology at the Rad-
boud university medical center, Nijmegen, the Netherlands,
between October 2011 and September 2020. Standardized
images were taken in an imaging studio by a medical photogra-
pher as part of clinical practice, consisting of 10 images includ-
ing the arms, trunk and legs region (Fig. S1, Supporting
Information). The head region was excluded and jewellery, tat-
toos and large naevi were cropped out to maintain anonymity.
Images of each anatomical region were concatenated to repre-
sent the region as a whole (Fig. 1).

The PASI scores that were matched to the imaging series were
determined in real life by the treating physician prior to capturing
the images. These real-life PASI scores were considered the golden
standard, also referred to as the ‘ground truth’. Since the PASI
scores were collected as part of daily practice, subscore distribu-
tions were imbalanced with low scores being more common than
high scores (Table S1, Supporting Information). The subscore ‘4’
for erythema, desquamation and induration, and ‘6’ for area were
excluded since the numbers were too low to accurately train
CNN . This resulted in a final data set of concatenated images of
576 trunk, 614 arm and 541 leg regions. The data sets were divided
into training and test sets using an 80%:20% stratified split to
ensure an identical severity distribution in each data set. Informa-
tion on image preprocessing can be found in the Appendix S1
and Figure S4 (Supporting Information). All data were handled in
accordance with the General Data Protection Regulation Act.

Network architectures

The performance of six deep learning models using CNN was
explored and described in the Appendix S1 (Supporting Infor-
mation). The Consistent Rank Logits (CNNgorar)? outper-
formed the other explored CNN architectures. The CNNcogar
is a CNN structure that takes ordinal scales into account, which
is applicable to the PASI subscores. More specifically, the
CNNcorar converts a K class classification problem into K-1
binary classification sub-problems while ensuring consistent pre-
dictions between the binary sub-problems.

Training the CNNs

For training the CNNS, a single task learning approach showed
superior performance compared to a multi-task learning
approach. Therefore, a separate network was trained for each
subscore (erythema, induration, desquamation and area) in each
anatomical region (trunk, arms and legs), resulting in 12 trained
CNNs. The pretrained ResNet-18*' network initialized with the
ImageNet*? weights was used and the CNNs were fine-tuned on
the current task. The Adam optimization algorithm® was used
with a learning rate of 0.0001, weight decay of 0.01 and batch
size of 8. Early stopping was used if the validation loss did not
improve for more than five epochs to prevent overfitting on the
training set. Horizontal flips and small random rotations (£5°)
were used to make the model more robust and to avoid
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implemented using the

networks
PyTorch®* (version 1.8.1, CUDA version 10.2) deep learning
library and were trained on a Nvidia GTX 1080Ti Graphical Pro-
cessing Unit machine with 10GB of VRAM.

overfitting. The were
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Figure 1 Concatenated images used as input for the Convolu-
tional Neural Networks. The dorsal and ventral views of the trunk
were concatenated side by side to represent the trunk region (a).
The dorsal and ventral views of the right and left arm were con-
catenated in a2 x 2 grid for the arms region (b). The dorsal, ventral
and side views of the legs were concatenated ina 2 x 2 grid to
represent the legs region (c). The images shown in this figure were
pre-processed by extracting the skin and cropping the images of
the arms. The patient gave written informed consent for publication
of the images.

Image-based PASI scoring by trained physicians

A reader study was performed using the Grand Challenge online
platform® to assess the image-based PASI scoring performance
of PASI-trained physicians and to compare this to the perfor-
mance of the CNNs. The trunk region was chosen for this reader
study, since the CNNs achieved the highest overall performance
in this anatomical region. All test set images of the trunk region,
consisting of 109 images of each PASI subscore (erythema,
induration, desquamation and area), were assessed by five PASI-
trained physicians between 25 February and 16 March 2021. The
images were shown in a random order and assessors were
instructed to perform the PASI subscores at the same pace as
they would do in daily practice. Physicians were blinded to the
PASI subscores that were given by the treating physician based
on real-life assessment.

Statistical analyses

The CNN performance was evaluated using the accuracy, mean
absolute error (MAE) and intraclass correlation coefficient
(ICC) with 95% confidence intervals (CI). The accuracy (0-1)
measures the absolute agreement between the PASI subscores
assigned by the CNN and the real-life scores (ground truth).
However, the accuracy ignores the ordinal relationship between
classes and is less suitable if class imbalance is present. The
MAE, more widely used in ordinal regression problems, is mea-
sured as the average of the absolute difference between each of
the severity subscores assigned by the CNN and the ground truth
and therefore takes the ordinal relationship between classes into
account.'”?%?¢ The ICC reflects the agreement with the real-life
scores, defined as: < 0.50, poor agreement; 0.51-0.75, moderate;
0.75-0.90, good; 0.91-1, excellent.””

The agreement between image-based PASI scoring by physi-
cians and the real-life scores was calculated for each physician
(N = 5) with the ICC (95% CI). For overall agreement between
image-based scoring by physicians and the real-life scores, the
mean ICC and mean accuracy were used. The inter-rater agree-
ment for image-based PASI scoring between physicians was calcu-
lated with the ICC (95% CI) as well. ICCs of the subscores of the
trunk region were compared between the CNN and image-based
scoring by physicians (mean ICC). ICCs were calculated with two-
way random effects models. All analyses were performed using
Python programming language (version 3.7.1) or statistical
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programming language R (version 3.6.2, R Foundation for Statis-
tical Computing, Vienna, Austria) with the package irr (version
0.84.1; https://cran.r-project.org/web/packages/irt/irr.pdf).

Results

Patient characteristics

Data of 326 patients were included in this study, resulting in 655
included imaging series as patients could have multiple imaging
series over the years. These imaging series yielded images of 576
trunk, 614 arm and 541 leg regions, since some patients denied
part of the anatomical region imaging. At the time of imaging,
the mean age was 13.0 (£4.5) years, the median total PASI score
was 6.7 (range 0.0—42.4) and there was an equal gender distribu-
tion [50.8% female (Table 1)]. Most imaging series were of
patients with Fitzpatrick skin type II-1II (74.5%).

CNN performance

The CNNcorar reached accuracies in the trunk region of 0.660,
0.663, 0.743 and 0.734 for erythema, desquamation, induration
and area scoring respectively. For the arms region, these accura-
cies were 0.603, 0.612, 0.681 and 0.707. For the legs region, accu-
racies of 0.667, 0.618, 0.676 and 0.794 were reached (Table 2).
The MAE was below 0.42 for all subscores, indicating that pre-
dictions made by the CNNcorar were robust (Table 2). Addi-
tionally, the performance in terms of the ICC ranged from 0.541
to 0.804 (Table 2). The ICC for erythema, desquamation and
the induration subscores was in moderate agreement with the
real-life scores, while the agreement between the area subscore
and the real-life scores was good. In terms of accuracy, the area

Table 1 Characteristics of included imaging series (N = 655)

Imaging series (N = 655)

Age, years, mean (+SD) 13.0 (£4.5)
Gender, n (%) female 333 (50.8%)
Psoriasis severity, median (range)
PASIt 6.7 (0.0-42.4)
BSA} 8.0 (0.0-76.0)
PGAS§ 3.0 (0.0-5.0)
Fitzpatrick skin type, n (%)
[ 65 (9.9%)
I 330 (50.4%)
1} 158 (24.1%)
I\ 86 (13.1%)
Vv 5(0.8%)
Vi 11 (1.7%)

The 655 imaging series were yielded in 326 individual patients, who could
have multiple imaging series over the years. The characteristics at the time
of each imaging series are presented.

SD, Standard deviation.

TPsoriasis Area and Severity Index (PASI; range 0-72).

tAffected Body Surface Area (BSA; range 0-100%).

§Physician Global Assessment (PGA; range 0-5).
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and the induration subscores reached the best performance, fol-
lowed by the erythema and desquamation subscores (Table 2).
The performance of other explored CNN architectures is shown
in Table S2 (Supporting Information).

Confusion matrices computed for the CNNcorar subscore
predictions of the trunk region showed that a large proportion
of the test set was correctly classified (Fig. 2). Images that were
misclassified were mostly classified as a neighbouring class. No
evident pattern was observed regarding under- or overestima-
tion of the severity by the CNNcograr compared to the real-life
scores (Table S3, Supporting Information). Additionally, the
underrepresented classes (highest or lowest subscores) were
more prone to misclassification. Confusion matrices of subscore
predictions in the arm and leg regions yielded similar results
(Figs S2 and S3, Supporting Information).

Image-based PASI scoring by trained physicians

Five PASI-trained physicians performed image-based severity
scoring for 436 PASI subscores (109 examples of each subscore)
of the trunk region. The ICC revealed that the PASI-trained
physicians were in moderate to good agreement with each other
on erythema [ICC 0.793; CI (0.739-0.842)], desquamation [ICC
0.753; CI (0.679-0.815)], induration [ICC 0.769; CI (0.708-
0.824)] [ICC 0.706; CI (0.601-0.788)
(Table 2)]. In contrast, the inter-rater agreement between

and area scoring
image-based scoring by physicians and the real-life scores was
found to be lower with mean ICCs of 0.558, 0.589, 0.573 and
0.694 for erythema, desquamation, induration and area sub-
scores respectively (Table 2). Comparing the image-based mean
prediction of physicians to the real-life scoring revealed that
physicians were more prone to underestimating the severity
based on images, except for the score ‘0’ (Table S3, Supporting
Information).

Comparison of image-based scoring by the CNN and
physicians

To be able to see the CNNcorar performance in the perspective
of human performance, ICCs reached by the CNNcograr and
physicians (image-based scoring) were compared for each sub-
score of the trunk region. With respect to the real-life scores, the
CNNcorar reached slightly higher ICCs for erythema (0.616 vs.
0.558), induration (0.580 vs. 0.573) and an evidently higher ICC
for area scoring (0.793 vs. 0.694) compared to overall perfor-
mance of PASI-trained physicians (Table 2). Additionally, the
CNNcorar outperformed all five physicians on the erythema
subscore and four physicians on the induration and area sub-
scores. The CNNcorar achieved a slightly lower ICC (0.580 vs.
0.589) on the desquamation subscore than the physicians as
whole, but the CNNcoray still performed better than one out of
five physicians (Fig. 3). Additionally, the (mean) accuracies
reached by the PASI-trained physicians were considerably lower
compared to the CNNcorar (Table 2).
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Table 2 Performance of imaged-based PASI scoring by the CNN and physicians

CNN Physician image-based scoring (N = 5)

Agreement with real-life scores Agreement with real-life scores Inter-rater agreement

Accuracyt MAE3; ICC§ (95% Cl) Mean Accuracy Mean ICC§ ICC (95% Cl)

Trunk region

Erythema 0.660 0.367 0.616 (0.485-0.721) 0.436 0.558 0.793 (0.739-0.842)

Desquamation 0.633 0.376 0.580 (0.441-0.692) 0.533 0.589 0.753 (0.679-0.815)

Induration 0.743 0.266 0.580 (0.442-0.692) 0.612 0.573 0.769 (0.708-0.824)

Area 0.734 0.275 0.793 (0.712-0.854) 0.634 0.694 0.706 (0.601-0.788)
Arms region

Erythema 0.603 0.408 0.614 (0.486-0.717) - - -

Desquamation 0.612 0.393 0.568 (0.431-0.680) - - -

Induration 0.681 0.318 0.655 (0.537-0.747) - - -

Area 0.707 0.293 0.799 (0.722-0.856) - - -
Legs region

Erythema 0.667 0.352 0.711 (0.599-0.795) - - -

Desquamation 0.618 0.401 0.590 (0.447-0.703) - - -

Induration 0.676 0.323 0.618 (0.482-0.725) - - -

Area 0.794 0.205 0.832 (0.761-0.883) - - -

Performance of the Coral Convolutional Neural Network (CNNgoraL architecture) and PASI-trained physicians (N = 5) on image-based PASI scoring. The
performance of the CNNcoraL is expressed as the accuracy, the mean absolute error (MAE) and the intraclass correlation coefficient (ICC) with respect to
real-life scores. The CNNgoraL Was separately trained for each task (erythema, desquamation, induration and area scoring) in each anatomical region. There-
fore, the performance is shown on the test set images of each subscore in each anatomical region. The test sets consisted of concatenated imaging series of
109 trunk, 116 arm and 102 leg regions. Performance of image-based scoring by the PASI trained physicians was only assessed for the trunk region test set
images. Agreement between image-based scoring by physicians and real-life scoring by the treating physician was calculated using the mean accuracy and
mean ICC. Inter-rater agreement of the five physicians on image-based scoring is expressed by the intraclass correlation coefficient (ICC) and corresponding
95% confidence intervals (Cl).

1The accuracy (0-1) measures the absolute agreement between the severity subscores assigned by the CNN and the ground truth (real-life PASI scoring). A
score of 1 means that all scores were correctly classified.

+The mean absolute error reflects the absolute difference between the severity subscores assigned by the CNN and the ground truth averaged over the entire

set. A score of 0 indicates perfect agreement.

§The ICC measures the inter-rater agreement between the severity subscores assigned by the CNN or PASI-trained physicians and the real-life scores. A

score of 0 indicates no agreement and a score of 1 indicates full agreement.

Discussion

This study showed the potential of automated PASI scoring by
CNNs based on images at an anatomical region level. For the
CNNcoral the best performing CNN architecture, the ICCs for
erythema (range of ICCs: 0.614-0.711), desquamation (range of
ICCs: 0.568-0.590) and induration (range of ICCs: 0.580-0.655)
were in moderate agreement with real-life scoring, while the
agreement between the area subscore and real-life scoring was
good for all anatomical regions (range of ICCs: 0.793-0.832).
The CNNcograr reached higher accuracies than PASI-trained
physicians on image-based severity scoring, achieving highest
performance for area and induration scoring, followed by ery-
thema and desquamation scoring. Differences in terms of ICC
were less distinct, but showed the CNNcograp outperformed (for
area scoring) or performed as well as physicians (for erythema,
induration and desquamation scoring). PASI-trained physicians
were in good agreement with each other on image-based PASI
scoring, but were in moderate agreement with respect to real-life
PASI scores. To the best of our knowledge, this is the first
attempt to perform PASI scoring by CNNs in anatomical
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regions, which is an important step towards objective and
image-based automated PASI scoring by deep learning models.
Only two previous studies reported deep learning-based auto-
mated scoring of erythema, desquamation and induration on
lesion level with accuracies ranging from 0.611 to 0.635.'*"
Despite our challenging approach to determine psoriasis severity
at an anatomical region level, accuracies reached by the
CNNcorar were predominantly higher on all subscores. We are
the first to report area scoring in an anatomical region by means
of CNN, reaching accuracies up to 79.4%. Our results emphasize
the future potential of image-based automated and objective
PASI scoring by CNNs. Currently, one system is able to perform
automated PASI scoring, albeit without using a deep learning
approach.® However, a direct comparison between the perfor-
mance of that system and our results is not feasible, since the
performance of that system was not reported on the level of sin-
gle subscores, but rather on the level of combined subscores
(which increases the chance of reaching higher ICCs).” We did
not report performance on combined subscores or total PASI
scores, since the single-task learning approach resulted in
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Figure 2 Confusion matrices of CNNcoraL for (a) erythema, (b) desquamation, (c) induration and (d) area scoring of the trunk region. The
confusion matrices for each subscore show the frequencies and percentage of correct classifications and misclassifications for each
class in the test data set of the trunk region. The presented numbers are low, since the test data set is a 20% subset of the total database
and included 109 concatenated imaging series of the trunk region. Most misclassifications are shown to be classified in the adjacent

classes of the ground truth (real-life scores).

different images in each stratified random test set, making it
impossible to combine subscores of the same anatomical region.
Moreover, reporting performance on the level of single subscores
gives the opportunity to evaluate the (CNN) performance in
detail. Still, the ICCs reached on single subscore level by the
CNNoraL were comparable to superior to the ICCs of the com-
bined subscores reported by Fink et al. Moreover, our deep
learning method has the potential to increase performance as the
data set increases. In contrast to the system reported by Fink
et al., image-based automated scoring by CNNs does not require
a specialized capturing device, increasing the accessibility for
clinical practice.

Physicians were in good agreement with each other on
image-based PASI scoring, which is also reported by Fink
et al,* but the agreement with real-life scoring by the treating
physician was averagely less than the CNN, indicating that it is
challenging for physicians to perform image-based scoring.
Previously reported ICCs between real-life and image-based
scoring by physicians are higher than ours, reaching good
agreement.” However, these ICCs were reported for combined
subscores, so a direct comparison to our results is not possible.
One could hypothesize that the expertise on real-life scoring of
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physicians complicates image-based scoring, since the psoriasis
severity may look different on images. In contrast, the CNN
was specifically trained to perform image-based PASI scoring
in agreement with real-life PASI scores, which most likely
explains why the CNNgorar was in better agreement with the
real-life scores than physicians.

We note several limitations, including potential errors in the
real-life scores since they were collected as part of clinical prac-
tice by (PASI-trained) treating physicians. The CNN perfor-
mance could be increased by improving the quality of the real-
life scores by consensus on real-life assessment by several physi-
cians. Given the retrospective nature of this study, we were
unable to use this approach. To preserve anonymity, the head
region was not included in our study. Furthermore, the sub
score ‘4’ was excluded from training for erythema, induration
and desquamation, and the subscore ‘6’ was excluded for the
area score due to an insufficient number of images. Exclusion of
the head region and most severe scores degrades the perfor-
mance of the currently trained CNN in clinical practice.

Even though our trained CNNcorap outperforms previous
deep learning attempts and used an anatomical region approach,
performance is not yet adequate for implementation in clinical
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Figure 3 Comparison of agreement with real-life scores between image-based scoring of the trunk region by the CNNgoraL and physi-
cians. The performance of the CNNgoraL and physicians on image-based scoring is depicted for each subscore (erythema, desquama-
tion, induration, area) of the trunk region. The test set of the trunk region included 109 concatenated imaging series for each subscore.
The performance was evaluated using the intraclass correlation coefficient (ICC) with 95% confidence intervals (Cl), reflecting the agree-
ment with real-life scores. The agreement was defined as < 0.50, poor agreement; 0.51-0.75, moderate; 0.75-0.90, good; 0.91-1, excel-
lent. *Overall agreement of image-based scoring by physicians and real-life scores shown by the mean ICC of the five physicians. **ICC

(95% CI) of the CNN¢oRaL and real-life scores.

practice. However, current results were reached with explorative
and relatively small data sets with class imbalance. Therefore,
expanding the training set could substantially increase the per-
formance of the CNNgorar for automated PASI scoring. With
the increasing interest in tele-dermatology and at-home hospital
care,”® image-based automated PASI scoring by CNNs may not
only provide objective PASI scoring in clinical practice and
research, but may facilitate reliable psoriasis severity assessments
for remote consultations in the future by incorporating the algo-
rithm into a mobile application that could be used at home.

In conclusion, CNNs have the potential to automatically per-
form image-based PASI scoring at an anatomical region level.
For the erythema, desquamation and induration scoring, CNNs
performed similar to physicians, while for the area scoring CNNs
outperformed physicians on image-based PASI scoring. In the
future, automated PASI scoring could enable objective and effi-
cient PASI scoring in (remote) clinical practice and clinical
research.
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Figure S1. Standardized imaging series representing each
anatomical region before image pre-processing.

Figure S2. Confusion matrices of CNNcorar for (a) erythema,
(b) desquamation, (c) induration and (d) area scoring of the
arms region.

Figure S3. Confusion matrices of CNN¢corar for (a) erythema,
(b) desquamation, (c) induration and (d) area scoring of the legs
region.

Figure S4. Input (a) and output (b) of the pre-processing algo-
rithm for the arms region.

Table S1. Distribution of the PASI subscores in the image series
of three anatomical regions.

Table S2. Performance of Convolutional Neural Network
(CNN) architectures for each subscore by anatomical region.
Table S3. Image-based average predictions of physicians and the
CNNcorar compared to the ground truth.
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