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Abstract

BACKGROUND Quantification of HPv-induced skin lesions is essential for
the clinical assessment of the course of disease and the response to treat-
ment. However, clinical assessments that measure dimensions of lesions
using a caliper, do not provide complete insight into 3D lesions and its inter-
rater variability is often poor.

OBJECTIVE The aim of this study was to validate a stereophotogrammetric
3D camera system for the quantification of Hpv-induced lesions.

METHODS The camerasystem was validated for accuracy, precision and in-
ter-operator and inter-rater variability. Subsequently, 3D photographs were
quantified and compared to caliper measurements for clinical validation by
Bland-Altman modelling, based on data from 80 patients with cutaneous
warts (CW), 24 with anogenital warts (AGw) patients and 12 with high-grade
squamous intraepithelial lesions of the vulva (vulvar HsIL) with a total lesion
count of 220 CW, 74 AGW and 31 vulvar HSIL.

RESULTS Technical validation showed excellent accuracy (coefficients of
variation (Cv)<0.68%) and reproducibility (CVs<2%), a good to excellent agree-
ment between operators (CVs<8.7%) and a good to excellent agreement be-
tween different raters for all three lesion types (1cCs20.86). When compar-
ing 3D with caliper measurements, excellent biases were found for diameter
of AGw (long diameter 5%), good biases for diameter of AGw (short diameter
10%) and height of cw (8%) and acceptable biases were found for the diame-
ter of Cw (11%) and vulvar HSIL (short diameter 14%, long diameter 16%). An
unfavorable difference between these methods (bias 25%) was found for the
assessment of height of AGws.

CONCLUSION Stereophotogrammetric 3D imaging is an accurate and reli-

able method for the clinical visualization and quantification of Hpv-induced
skin lesions.

EARLY PHASE CLINICAL DRUG DEVELOPMENT FOR HPV-INDUCED DISORDERS

Introduction

The human papilloma virus (HPV) is responsible for a spectrum of dermato-
logical and gynaecological lesions. Low-risk HPV types are associated with
cutaneous warts (CW) and anogenital warts (AGw), whilst high-risk types can
cause (pre-)malignant lesions of the tissues of the anogenital tract, including
high-grade squamous intraepithelial lesions of the vulva (vulvar HSIL, for-
merly referred to as usual-type vulvar intraepithelial neoplasma, uVIN).!*#
Standard treatment for HPv-induced lesions includes surgical excision or
ablative therapy; however, these can be mutilating and cause physical, psy-
chological and (psycho-)sexual problems.>® Overall, current treatment op-
tions for HPV are associated with poor response, high recurrence rates and
treatment limiting side effects.”8 Therefore, new treatment options for HPV-
related lesions are under investigation. The response to new dermatological
therapies is often measured by calipers using traditional linear size assess-
ments. These techniques fail to deliver complete insight into lesion dimen-
sions as they can only assess the diameter and, if applicable, height of a le-
sion, and do not determine surface area or volumetric parameters.>!° Three-
dimensional (3D) imaging might offer a solution to these limitations. These
techniques are already widely used in the field of plastic surgery and an-
thropometry to add objective measuring techniques to clinical practice.! 3
Advantages of 3D imaging include the possibility of offline 3D visualization
for dimensional quantification and photo documentation over time. A val-
idated 3D imaging system would enable the accurate and highly sensitive
characterization of detailed skin lesions, and would allow for an adequate
evaluation of new therapies for Hpv-induced lesions.

Stereophotogrammetry is a technique that obtains two or more images
from different angles, which can subsequently be reconstructed into a 3D
image and has been validated for use in scars, basal cell carcinoma, wounds
and wrinkles.'*~2? Currently, this method remains unvalidated for the analy-
sis of Hpv-related skin lesions. Before it can be used in the clinical practice,
3D imaging using stereophotogrammetry requires technical verification for
the analysis of HPv-related lesions. Therefore, the aim of this study was to
validate stereophotogrammetric 3D photography for the clinical assessment
of cw, AGw and vulvar HSIL.
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Materials and methods

DEVICE & ANALYSIS TOOLS

The LifeViz® Micro (Quantificare, Sophia Antipolis, France) is a compact ste-
reophotogrammetric 3D imaging system. The package includes hardware
consisting of a 15.1 megapixels, single lens reflex camera (Canon, Tokyo,
Japan) with a polar flash system and a dual beam pointer used to standardize
photographing distance at 20 cm. All photographs were taken according to a
pre-defined standard operating procedure (see Supplemental Fig. 1) in iden-
tical environmental conditions and standardized positioning of the patient
depending on lesion type (see Supplemental Fig. 2 and 3). All photographs
were made in the same room with closed blinds and room lights on. The cam-
era distance was set to “micro” to standardize the system-lesion distance to
20 cm by means of an integrated dual beam pointer. Before taking the pho-
tographs the circumstances were verified using a checklist (Supplementary
Fig. 4). Photographs were always free hand images and the camera system
was perpendicularly pointed at the lesion of interest. Baseline photographs
were used as reference for follow-up photography. Subsequently, the photo-
graph was taken as soon as the dual beam pointers merged onto the lesion of
interest. Image management, 3D image reconstruction, and 3D analysis were
performed using DermaPix® software (Quantificare, Cedex, France), which
is an image management software package providing a database system and
quantification features. The photographs were uploaded in the software sys-
tem processed as described in Supplemental Fig. 1. The 3D analysis module
was opened to generate a heat map (indicating height levels). As result ‘dif-
ference’ could be selected in the menu and the contour was loaded to verify
the correct cement of the manual contour. The lesion dimensions were pro-
vided after loading of the contour.

TECHNICAL VALIDATION

For the technical validation of the 3D camera system, a twelve inch ruler
(Schaedler Quinzel Inc., Parsippany NJ, UsA) and a wart-like object manufac-
tured out of lightweight air-drying modeling clay (Hema, the Netherlands)
were used.

Accuracy of the stereophotogrammetric 3D imaging system (i.e. 3D cam-
era system’) was determined regarding absolute linear measurement by 3D
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photography of the twelve inch ruler and regarding multiple dimensions
measurement using the wart-like object. Repeated (N=40) 3D images were
taken of the wart-like phantom object under identical conditions to deter-
mine the precision of repeated measurements. The inter-operator reliabili-
ty of the 3D camera system was determined to validate the use by ten differ-
ent photographers. All obtained 3D images were processed and quantified by
one trained assessor.

PATIENT CHARACTERISTICS

For the clinical validation, i.e. inter rater variability and clinical application,
of the 3D camera system, HPv-induced skin lesions were photographed dur-
ing three phase 2 clinical trials. These were randomized, double-blind, pla-
cebo-controlled studies to evaluate the efficacy and safety of a topically ap-
plied novel drug on lesions caused by HPV (Supplementary Table 1). All lesions
were measured by a caliper by a trained physician and trained operators sub-
sequently obtained 3D photographs during all study visits.

CLINICAL VALIDATION

The images of the cw were processed and quantified by four individual and
independent raters. Also four individuals scored the AGw lesions. Finally, 3D
images of vulvar HSIL were independently quantified by two raters. The con-
cordancebetweendifferentassessors of the 3D imagesintheimaging software
(i.e. inter-rater variability) was determined by comparing the quantification
results of all clinical 3D images of skin lesions taken at the baseline study visit.

In addition, the HPv-induced lesions in the three trials were assessed by
caliper measurements and 3D photography during all visits. The 3D mea-
surements were compared to manual measurements acquired with a digi-
tal Vernier caliper (0-150 mm, Aerospace). The caliper measurements of cw
and AGwW were performed by trained physicians and the vulvar HSIL mea-
surements were performed by a trained physician and a gynaecologist. The
3D photographs were taken by trained clinical staff. For the cw and AGw, the
analysis of the 3D photographs was performed after all patients completed
all visits by one clinical rater. The analysis of the 3D photographs of vulvar
HSIL was performed after all patients completed all visits by two raters (the
trained physician and gynaecologist who also performed the caliper mea-
surements) who independently rated all images and had a consensus meet-
ing afterwards.
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The raters who quantified the 3D photographs of the AGw and vulvar HSIL
also performed the clinical caliper measurements. The quantification pro-
cess was performed after all patients completed all visits. The analysis of
the 3D data was performed individually and blinded to the assessment of the
other operators.

The Declaration of Helsinki was the guiding principle for trial execution
and all subjects gave informed consent before any procedure. The study was
approved by the Dutch Medical Ethics Committee (“Stichting Beoordeling
Ethiek Biomedisch Onderzoek”, Assen, the Netherlands).

The clinical results on the efficacy and safety of the novel drugs investigat-
ed in the phase 2 trials will be published elsewhere.

STATISTICAL ANALYSIS

For the technical validation, the accuracy, precision and inter-operator re-
liability of the camera system were expressed by the mean (p) and standard
deviation (SD) per measured domain of all images, which were used to deter-
mine the coefficient of variation (Cv) in percentage. We pre-specified a cv
<5% as excellent, a Cv 6-10% as good and a CV 11-20% as acceptable. The intra-
class correlation coeflicient (1cC) was established to quantify the variability
of the 3D image processing and quantification. The 1cC was determined in a
two-way mixed model, with investigators as fixed and the subjects as random
variable.?' 1cc values of 0.7-0.8, 0.8-0.9 and 20.9 were considered as of accept-
able, good and excellent agreement, respectively.?>23

Clinical validation was approached by visualizing the data in Bland-
Altman plots per parameter (where applicable; long diameter, short diame-
ter and height) to represent the agreement between caliper and 3D measure-
ments.?*? These plots calculate the mean difference between the two mea-
surements (bias, in mm) and the limits of agreement (LOA). We used a linear
mixed model specified to calculate the bias and limits of agreement based on
the repeated measurements as described previously.?® Based on the size of
the lesions, we predefined the biases of <5%, 6-10% and 11-20% as percentages
of the mean baseline caliper measurement as excellent, good and acceptable,
respectively. These specifications were derived from analytical methods for
clinical trials and practice.?”-*® The comparative analysis between caliper and
3D measurements was not performed until all 3D data was quantified to avoid
subjectivity in the manual contours.
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Results

TECHNICAL VALIDATION

The technical validation revealed a high accuracy with CVs ranging from o to
0.68% for 3D measurements of units of absolute ruler length (Fig. 1). The pre-
cision of a phantom object analyzed in diameter, height, volume and surface
arearesulted in CVs of 0.69%, 2.0%, 1.5% and 1.1%, respectively.

The inter-operator variability resulted in CVs of 1.9% for longest diame-
ter, 8.7% for height, 2.8% for volume and 2.7% for surface area, indicating that
analysis of 3D images taken by different trained persons yields similar results.
For the inter-rater variability, 220 images of different cw, 72 images of dif-
ferent AGw and 31 different images of vulvar HSIL were quantified by the rat-
ers (see Table 1). The 1ccs of the inter-rater variability for cw were 0.97, 0.90
and 0.88 for diameter, height and volume respectively. The inter-rater vari-
ability was similar for common and plantar warts (data not shown). In AGw
we found an I1cC of 0.91 for long diameter, 0.86 for short diameter, 0.90 for
height and 0.98 for volume. For vulvar HSIL we found an 1cc of 0.97 for long
diameter, 0.94 for short diameter and 0.96 for surface. These data indicate
that analysis of the 3D images by different raters yielded comparable results.

CLINICAL VALIDATION

Two-hundred-twenty (220) cw of 80 patients were included, of which 114
common and 106 plantar warts. In total, 1110 measurements of CW were per-
formed, all of which (100%) were eligible for diameter, height and volume
analysis. Subject characteristics are summarized in Table 1. An example of the
three lesion types and the 3D reconstruction are shown in Fig 2.

Table 1. The inter-rater variability of 3D photography in HpPv-induced skin lesions.

Cutaneous warts (CW) Anogenital warts (AGW) Vulvar HSIL

Dia- Height Volume Long Short Height Volume Long Short Surface
meter diameter diameter diameter diameter
icc 097 090 0.88 0091 0.86 0.90 098 0.97 0.94 0.96

95% 0.96, 0.88, 0.85 087, 080, 085 0.96, 093, 088 091,
c1 098 092 091 094 0.91 0.94 099 0.99 0.97 0.98

1cc=intra-class correlation coefficient; CI=confidence interval; ICC values of >0.9 were considered as
excellent and >0.8 as good
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Figure 1. 3D reconstruction of the twelve inch ruler (A) and wart-like object (B). Figure 3. Forest plot of the bias and Limit of Agreement (LoA) from the Bland-Altman

Three-D reconstruction of the twelve inch ruler by the image reconstruction software (a), analysis for common and plantar warts, anogenital warts and vulvar HsIL. Forest plots
and the wart-like object in a 3D reconstruction with a heat-map showing the height of the of the outcomes of the Bland-Altman analysis in cw, AGw and vulvar HSIL.
object which is used for the 3D analysis (B). (see inside back-cover for image in color)
Cutaneous warts
=
12 | 0,7 2,6 .
. - ® 95%Cl-0.2,0.2 —@— Diameter
0,5 O,L 0,4 .
. | 95% Cl 0.4,1.0 Height
-5 -0,5 05 LS 25 3,5
Bias (mm)
—) Anogenital warts
Omm Smm 10mm
-1,5 0,2 19 % CI L di
Figure 2. Three-dimensional reconstruction by stereophotogrammetry. A representa- ® = ® 95%10.1,0.3 ®— Long diameter
tive lesion for all three HPv-induced lesions (cutaneous warts, anogenital warts and vulvar '0’.1. 0.’3 0.’7 95%Cl 0.3,0.4 —e— Short diameter
HsIL) with on the left the 2D photograph, in the middle the 3D reconstruction and on the 207 03 |02 .
right the heat map showing height differences and the manual contour around the lesion. 95% CI-0.4,-0.2 Height
(see inside back-cover for image in color) 15 0,5 0,5 L5 25 35
2D photograph 3D reconstruction Heat map with .
manual contour Bias (mm)
Cutaneous warts
Cutaneous warl 1,2 | 0,7 2,6
(CW) ° - ® 95%Cl-0.2,02 —e— Diameter
0,5 o,L 0,4 .
| 95% Cl 0.4,1.0 Height
. -5 -0,5 0,5 L5 2,5 35
b Bias (mm)
Anogenital wart =
(AGW) i cI= confidence interval, bias is indicated by a square, corresponding LoA are indicated by dots.
Forest plots of the outcomes of Bland-Altman analysis in cw, AGw and vul-
var HSIL are shown in Fig. 3. In cw we found a bias of 0.7mm (11%) with LOA
of -1.2mm and 2.6mm for diameter. The bias for height was -0.04mm (8%)
Vulvar HSIL

with LOA of -0.5mm and 0.4mm (Fig. 3A). Outcomes for common and plan-
tar warts separately showed no differences (data not shown).
Seventy-two (72) individual AGw of a total of 24 patients were included.
P————] In total, 341 measurements were performed, all of which (100%) were eligi-
o Smw Moo ble for diameter analysis and 270 (79.2%) were eligible for height and volume
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measurements. The 71 photographs (20.8%) unsuitable for height and volume
measurements showed abundant presence of hairs or shadows, which im-
peded the construction of a 3D image. The results of the Bland-Altman anal-
ysis are shown in a forest plot (Fig. 3B). For the measurement of long diam-
eter, we found a bias of 0.2mm (5%) with LOA between -1.5mm and 1.9mm.
For short diameter we found a bias of 0.3mm (10%) and LOA ranging from
-0.08mm and o.ymm. Height bias was calculated as -0.3mm (25%) with LoA
-o.7mm and o.2mm.

Thirty-one (31) vulvar HSIL lesions of 12 patients were included and a total
of 170 measurements were collected. All were eligible for diameter analysis
(100%) and 164 (96.5%) were eligible for surface measurements. Photos were
deemed unsuitable for further analysis when the imaging software was un-
able to compute a correct 3D image because of shadows and hairs disturbing
the image. The bias values for long and short diameter were 2.3mm (14%) and
1.8mm (16%), with LOA ranging from -8.9mm and 13.4mm, and -7.1mm and
10.8mm, respectively (Fig. 3¢).

Discussion

This validation study is the first to demonstrate that stereophotogrammet-
ric 3D imaging is an accurate and precise method for the characterisation of
HPV-related lesions and is applicable for the assessment of these lesions in a
clinical setting.

The technical validation revealed an excellent accuracy with CVs<0.68%,
an excellent reproducibility with CVs<2% and a good to excellent agreement
with CVs<8.7% for the inter-operator variability. This indicates that 3D imag-
ingis an exact and highly reproducible method. Three-dimensional photogra-
phy of HPv-related lesions is also reliable for individual raters to assess the ob-
tained photographs, established by good to excellent 1ccC values (0.86-0.98).
These results indicate that a single photograph taken in standardized condi-
tionsbyatrained operatorissufficient for reliable quantification of thelesions.

The clinical validation of diameter and height measurements yielded an
acceptable (11%) and good (8%) bias between caliper and 3D imaging for cw.
For AGw, we found an excellent (5%) and a good (10%) bias for the long and
short diameter, respectively, but an unacceptable bias (25%) for the height of
the AGw. For vulvar HSIL the calculated biases for comparison of the methods
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caliper and 3D measurements were acceptable for both the long (14%) and
short (16%) diameter. However, we did not investigate the errors induced by
variation of environmental factors such as lighting, distance, variation of the
plane/positioning in an artificial manner but focused on the standardized
procedure to readily use it for monitoring Hpv-induced lesions in clinical
practice or after intervention in a clinical trial setting. Of note, calibration of
the device was not necessary as both the high accuracy (Fig. 1) and the finding
of a good inter-day precision could be confirmed by the manufacturer. The
latter was determined by repeatedly (N=27) analysing the geometric parame-
ters over a period of 3 months which showed CVs ranging from 0.65% for di-
ameter to 3.72% for volume (see Supplemental Table 2).

Our technical and clinical validation results correspond to findings in ear-
lier studies utilizing stereophotogrammetry as a method for the qualifica-
tion of dermatological lesions. Robertson and colleagues found an1cc of 0.98
for volume quantification of hemangiomas in children using the same ste-
reophotogrammetric system as utilized in this study.>® Moreover, a previ-
ous study evaluating pressure ulcer wounds also found excellent inter-oper-
ator variability between operators (ICC=o0. 99).° The evaluation of scars with
stereophotogrammetry demonstrated excellent reliability and validity of the
technique, although there was only moderate agreement between 3D quan-
tification results and the gold standard (weighing of simulated clay scars).!*
Other studies using stereophotogrammetry for breast dimension assess-
ments reported moderate to good agreement with manual measurements
due to difficulties in exact determination of the borders.!>!?

This study was limited by the absence of a comparison between the caliper
and 3D measurements for volume and surface area. Indirectly, volume can
only be calculated by a formula for an ellipse using the caliper measurements
which often inaccurately reflects the shape of most warts. However, reliably
including the third dimension of lesions and thus parameters like lesion vol-
ume and height of cw and AGw for detecting drug effects would be advanta-
geous and indisputable for clinicians and drug developers. A similar limita-
tion applies for area calculation of vulvar HSIL. There is no formula that en-
compasses the dimensions of HSIL and on the uneven genital tissue surface
estimation techniques such as planimetry by tracing cannot be performed.'
For these reasons, other type of research must be performed to investigate
the reliability of stereophotogrammetricly acquired volume and surface es-
timations like the artificial system used by Skvara et all.!®
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A limitation of the imaging software was that the contour around the lesions
had to be drawn manually by the investigator. A system automatically deter-
mining the borders of the lesion would be of great added value but the cur-
rent auto-contour function of the software did not pass the face validity cri-
teria, i.e. already simple assignments would lead to obvious incorrect con-
tour representation (data not shown). However, drawing the manual outline
and the subsequent automatically calculated size led to reproducible results,
indicated by a low inter-rater variability (Table 1).

Limitations of stereophotogrammetry of genital Hpv-related lesions con-
cern the plane surface in the vicinity of the lesion of interest, which is a pre-
requisite for the analysis tool during 3D reconstruction. Achieving a plane
surface is complicated in case of periungual warts, AGW on the labia, fren-
ulum or in the perianal area, or by areas disrupted by the presence of hairs
projecting over the lesion of interest. The difficulty of accurately picturing
curved body parts is a feature of 3D imaging systems that has been noted
previously.3™!> These confounders might have resulted in unreliable mea-
surement of height, surface and volume in this study. It is imperative that
these data are correctly obtained by the 3D system, as caliper measurements
only yield rough estimates of these parameters. For instance, we had to omit
20.8% of the volume and height quantification results of the AGw study due
to suboptimal image reconstructions. Therefore, we advise potential users
of stereophotogrammetry to pay extra attention to the removal of obscur-
ing hairs during photography. We discarded images with irregularities in 3D
reconstructions and erroneous measurements caused by hairs from the data
that was analyzed for this study.

Recent studies suggested that following immunotherapy, lesions can first-
ly increase in size before regression, a phenomenon known as pseudopro-
gression. This is caused by influx of immune cells and measured according
to the IRECIST, a guideline for response criteria for use in immunotherapeu-
tic trials.3%3! Future research should take into account the applicability of
3D photography as a potential biomarker for response to immune therapy in
combination with histologic immune infiltration assessments.

Overall, the added value of 3D imaging over caliper measurements is the
enhanced accuracy of the measurement. Additional potential applications of
3D imaging of vulvar HSIL would be collegial or post-hoc consultation, clin-
ical follow-up and training purposes to increase disease awareness among
clinicians. Furthermore, stereophotogrammetric photo documentation and
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offline visualization of the lesions offers an accurate and precise manner to
follow the lesions during clinical trials. While the focus of our investigation
was on the clinical application of 3D photography for geometric parameters
of HPV-induced lesions one might speculate of its potential value for the ob-
jective measurement of lesions with distinct features such as textural chang-
es of the skin in atopic dermatitis or other inflammatory skin conditions.

In conclusion, this study shows that stereophotogrammetry is an ade-
quate tool for accurate and precise evaluation of Hpv-induced skin lesions.
Furthermore, itis applicable as amethod for accurate and reproducible photo
documentation of lesions. Being a portable, hand-held system, the validated
system offers flexibility and practical advantages over other 3D imaging sys-
tems.!3"1 These results need validation in larger cohorts and regarding other
skin conditions. In addition, future studies should aim at the examination of
3D photography as a possible biomarker for lesion size assessment and treat-
ment response.
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