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iPhone-Based Cartilage Topography Scanning Yields ®
Similar Results to Computed Tomography Scanning

updates.

Hailey P. Huddleston, M.D., Kevin Credille, M.D., M.S., Mohamad M. Alzein, B.S.,
William M. Cregar, M.D., Mario Hevesi, M.D., Ph.D., Nozomu Inoue, M.D., Ph.D., and
Adam B. Yanke, M.D., Ph.D.

Purpose: To investigate the feasibility and accuracy of 3-dimensional (3D) iPhone scans using commercially available
applications compared with computed tomography (CT) for mapping chondral surface topography of the knee. Methods: Ten
cadaveric dysplastic trochleae, 16 patellae, and 24 distal femoral condyles (DFCs) underwent CT scans and 3D scans using 3
separate optical scanning applications on an iPhone X. The 3D surface models were compared by measuring surface-to-surface
least distance distribution of overlapped models using a validated 3D-3D registration volume merge method. The absolute least
mean square distances for the iPhone-generated models from each scanning application were calculated in comparison to CT
models using a point-to-surface distance algorithm allowing regional “inside/outside” measurement of the absolute distance
between models. Results: Only 1 of the 3 scanning applications created models usable for quantitative analysis. Overall, there
was a median absolute least mean square distance between the usable model and CT-generated models of 0.18 mm. The
trochlea group had a significantly lower median absolute least mean square distance compared with the DFC group (0.14 mm
[interquartile range, 0.13-0.17] vs 0.19 mm [0.17-0.25], P = .002). iPhone models were smaller compared with CT models
(negative signed distances) for all trochleae, 83% of DFCs, and 69 % of patellae. Conclusions: In this study, we found minimal
differences between a 3D iPhone scanning application and conventional CT scanning when analyzing surface topography.
Clinical Relevance: Emerging 3D iPhone scanning technology can create accurate, inexpensive, real-time 3D models of the
intended target. Surface topography evaluation may be useful in graft selection during surgical procedures such as osteo-

chondral allograft transplantation.

Focal articular cartilage defects are common in the
young, active patient population, with a reported
prevalence of up to 66% of knees undergoing an
arthroscopic procedure.'” In patients with symptomatic
focal chondral defects who have failed conservative
measures, surgical treatment options include micro-
fracture, autologous chondrocyte implantation, osteo-
chondral autograft transplantation, and osteochondral
allograft (OCA) transplantation.””’” In particular, OCA
transplantation has consistently reported positive
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patient outcomes following an OCA procedure and
75% graft survivorship at 10 years,”” but articular
surface topography mismatch and incongruity after
OCA transplantation increase the risk of premature
OCA wear'’ and may contribute to poorer clinical
outcomes.'' As such, evaluation of chondral surface
topography can improve allograft selection and mini-
mize surface mismatch for an OCA procedure.
Currently, many graft companies rely on tibial
width size measurements to select a graft donor for a
recipient. Thus, one 2-dimensional measurement is
being used to match 2 complex 3-dimensional (3D)
surfaces. Specifically, 3D morphology such as
dysplasia or radius of curvature is unlikely to be
appropriately captured through a 2-dimensional
measurement. Evaluation of native osseous and
chondral topography can be performed with a pre-
operative clinical computed tomography (CT) or
magnetic resonance imaging (MRI).'? However, these
techniques are mainly utilized in research settings as
performing these scans for topography matching on
cadaver allografts is cumbersome and expensive.
Importantly, commercial allograft donor banks do not

Arthroscopy, Sports Medicine, and Rehabilitation, Vol 6, No 4 (August), 2024: 100936 1


http://crossmark.crossref.org/dialog/?doi=10.1016/j.asmr.2024.100936&domain=pdf
mailto:Adam.yanke@rushortho.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.asmr.2024.100936

2 H. P. HUDDLESTON ET AL.

have CT or MRI scanners available, and OCAs must
be harvested within 24 hours of allograft donor death
to limit potential contamination.'”'* Furthermore,
while information from CT or MRI could assist pre-
operatively in identifying the ideal donor and graft
harvest location, it would be unable to provide any
intraoperative guidance if observed recipient chondral
topography were to vary significantly from preoper-
ative imaging.

Newer imaging technologies are emerging, such as
augmented reality (AR) in which a 3D model is
superimposed on the surgeon’s view.'”'® Practical ap-
plications of AR beneficial to orthopaedic surgery have
been demonstrated mostly in multiple cadaveric and
animal studies, although AR clinical studies are
becoming more common. AR theoretically could pro-
vide intraoperative guidance on ideal graft harvest
location during procedures such as OCA but is also
limited by the need for formal preoperative CT or
MRI.'>'® Cheaper options, such as smartphone scan-
ning, may present a more feasible solution to directing
graft harvest location in procedures such as OCAs.
Scanning applications available in iPhone and iPad
(Apple) models have the ability to create an inexpen-
sive real-time 3D model of an intended target surface
with a quick iPhone scan with the various iPhone
cameras and sensors that enable depth perception.
Some scanning applications utilize the iPhone rear-
facing light detection and ranging (LiDAR) sensor
while others utilize the iPhone self-facing TrueDepth
camera, which employs a vertical-cavity surface-emit-
ting laser (VCSEL) technology patented by Apple.'” "’
VCSEL combines the traditional and infrared camera
with a proximity sensor, dot projector, and flood illu-
minator to emit and sense infrared light to generate
depth maps and 3D models with machine learning
algorithms.”? %’

iPhone-generated models may provide accurate
cartilage topographic information in human cadaveric
specimens. This approach could guide intraoperative
graft selection location during an OCA procedure.
However, the feasibility of these iPhone scanning ap-
plications in comparison to traditional CT scans remains
unknown. Therefore, the purpose of this study was to
investigate the feasibility and accuracy of 3D iPhone
scans using commercially available applications
compared with CT for mapping chondral surface
topography of the knee. We hypothesize that 3D
models created by commercial iPhone applications will
have minimal differences when compared with CT scan
models.

Methods
This study was exempt from institutional review
board approval due to the use of deidentified speci-
mens. The specimens were donated from a large tissue

bank (AlloSource). All specimens did not have any
osteochondral pathologies, such as osteoarthritis or
chondromalacia. Specimens were macroscopically
confirmed for absence of chondral defects and osteo-
arthritis. If substantial chondral defects and/or osteo-
arthritis was present, the specimen would be excluded.
The senior author (A.B.Y.) evaluated each specimen for
dysplasia and included ones with signs of dysplasia for
use in this study. Based on this, a total of 24 distal
femoral condyles (DFCs), 16 patellae, and 10 trochleae
were included in analysis.

iPhone Scan and CT Data Acquisition and
Processing

The cadaveric specimens underwent CT (Bright-
Speed; GE Healthcare) scanning with a standard pro-
tocol (120 kV, slice thickness of 0.625 mm, 512 x 512
matrix). The CT images were exported as DICOM files
and segmented with a threshold level of —500 HU to
create articular and bone surface models using
commercially available segmentation software (v.22
Research; Materialise Mimics). The 3D scans were ac-
quired with an iPhone X (Apple). For each specimen, 3
surface scans were performed using 3 commercially
available applications: Qlone (EyeCue Vision Technol-
ogies), Trnio (Trnio) and Scandy (Scandy). All 3 appli-
cations scanned through different approaches. Qlone
and Trnio used the iPhone’s rear-facing LiDAR
sensor.'”"'? Qlone required printing a square mat that
was composed of small black and white squares. After
printing the pattern onto paper, the specimen was
placed in the center. To scan, the user had to slowly
circularly walk around the specimen and scan it at
different heights, maintaining that the iPhone was
perpendicular to the articular surface being scanned.
Trnio involved a similar approach but did not require
the printed mat. When scanning at regular intervals,
Trnio would acquire an image. The images were then
automatically combined within the application to
generate the final surface model. In contrast, Scandy
used the iPhone’s self-facing TrueDepth VCSEL
technology-based camera, which features 7-megapixel
resolution."”'” For Scandy, the iPhone was slowly
moved and rotated around the object to obtain the final
surface model. Once the scan was acquired, the surface
models were exported directly as an STL file for anal-
ysis. All of the surface models were imported to
MeshLab (Fig 1).”* Any surrounding area around the
specimen was systematically removed such that the
final surface model STL only contained the specimen’s
surface.

A 3D-3D Geometric Comparison of iPhone Scanned
Models Versus CT Models

Three-dimensional geometry of the surface models
derived from iPhone and CT of the trochlea specimens
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Fig 1. Postprocessing in MeshLab. (A) The
surface model STL was imported from the
iPhone scanning application into MeshLab
for postprocessing to manually remove any
surrounding area outside the specimen
model. (B) The final surface model was
then used for model analysis.

was compared by measuring surface-to-surface least
distance distribution between a pair of overlapped
models. Overlapping of the two 3D models was per-
formed by 3D-3D registration using a validated volume
merge method (accuracy, translation: 0.1 mm, rota-
tion: 0.2°).?> The surface-to-surface least distance
between the two 3D models was calculated by a point-
to-surface distance calculation algorithm to allow
regional “inside/outside” evaluation of the model in
addition to measuring an absolute distance between
the two 3D models. In contrast, signed measurements
provide positive or negative values of the surface-to-
surface distance. Positive sign of the signed surface-
to-surface distance (red color in Fig 1) represents
that the iPhone model is larger than the CT model at
the region. Negative sign of the signed surface-to-
surface distance (blue color in Fig 2) represents that
the iPhone model is smaller than the CT model at the

Patella

- I +1.0mm

Statistical Analysis

Statistical analysis was performed in Excel (Microsoft)
and STATA (v13; STATAcorp). The data for the DFC
were not normally distributed based on results using
the Shapiro-Wilk test for normality. Therefore,
nonparametric statistical analyses were employed, and
results are reported as medians and interquartile
ranges. A Kruskal-Wallis test with Dunn’s post hoc test
with Sidak correction was used to compare absolute
and signed least mean square distances between the 3
tested specimen types (DFC, patella, and trochlea).
Significance was set at P < .05.

Results

iPhone Scanning Application Feasibility and Model
Selection

All 3 applications first underwent a qualitive model
comparison by one of the senior authors (N.I). A

Fig 2. Representative images for each
specimen type and the least mean distance
comparison between iPhone scanning and
computed tomography scan.

Trochlea

+; iPhone is larger
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Fig 3. Qlone model of a distal condyle femur specimen
demonstrating a pointed articular surface (yellow arrow). This
artifact rendered the models unusable, and therefore, they
were not quantitatively compared with the computed to-
mography models.

qualitative evaluation of the Qlone models demon-
strated that all of the specimens contained a peaked
articular surface (Fig 3). Unfortunately, this artifact
rendered the models unusable, and therefore, they
were not quantitatively compared with the CT models.
The Trnio models qualitatively appeared to demon-
strate a similar surface topography to their correlating
CT scans. However, during preliminary analysis, the
Trnio models were found to be larger than the CT scan
models (Fig 4). Preliminary surface topography analysis
of the Trnio DFC specimen produced large signed (0.79
£ 0.34 mm, range: 0.18-1.53) and absolute least mean
square differences (1.11 + 0.27 mm, range: 0.63-1.65)
quantitively supporting a model size difference
compared with the CT scans of the DFC specimen.
Previous studies have demonstrated significantly
increased joint contact forces for OCA graft mismatches
above 0.50 mm with significant changes in histologic
architecture and cartilage thickening above 1.00
mm.”* % Given the average difference between the 3D
Trnio models and CT scans being larger than these
thresholds, the models were deemed unusable, and
further quantitative analysis of the patella and trochlear
specimens was not performed. Qualitatively, the
Scandy models generated similar surface models to the
CT scans, and no issues were encountered during
analysis.

iPhone Scans Versus CT Scans

A total of 24 DFCs, 16 patellae, and 10 trochleae were
included in the quantitative analysis comparing Scandy
3D models to CT models. There was a median absolute
least mean square distance of 0.18 mm (interquartile

Fig 4. Two sagittal slices of Trnio models of a distal condyle
femur specimen (green) compared with computed tomogra-
phy (CT) (white) demonstrating inconsistencies in 3-
dimensional (3D) model size compared with the CT scan.
The 3D Trnio models were on average larger than the CT
scans of the distal femoral condyle specimen.

range, 0.15-0.22 mm) (Table 1, Fig 5). Kruskal-Wallis
testing demonstrated a significant difference in abso-
lute least mean square distance based on location (P =
.0038): the trochlea group had a significantly lower
median absolute least mean square distance compared
with the DFC group (P = .002). In evaluating the
directionality of the difference between Scandy models
and CT models (e.g., if Scandy models were larger or
smaller compared with CTs), 100% of the trochleae
demonstrated a negative signed least mean distance, as
did 83 % of the DFCs and 69% of the patellae (Figs 6-8).
The patella specimen group was found to have a
significantly higher signed least mean square distance
compared to the DFC group (P = .030) and trochlea
group (P = .029).

Discussion
This cadaveric analysis demonstrated several impor-
tant findings with regard to the feasibility and accuracy
of 3D iPhone scans in assessing chondral topography in
the knee joint. First, this study demonstrated the

Table 1. Median and IQR Mean Square Distances (Signed
and Absolute) for Each Specimen Type

Included Anatomy Analysis Type Median (IQR), mm

All specimens Signed —0.03 (—0.05 to 0.00)
Absolute 0.18 (0.15 to0 0.22)
DFC Signed —0.04 (—0.07 to 0.00)
Absolute 0.19 (0.17 to 0.25)
Patella Signed —0.01 (—0.02 to 0.01)
Absolute 0.17 (0.15 to 0.20)
Trochlea Signed —0.04 (—0.04 to —0.03)
Absolute 0.14 (0.13 to 0.17)

DFC, distal femoral condyle; IQR, interquartile range.
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Fig 5. Histograms of the (A) absolute and (B) signed least mean square distances of all specimens and each category of specimen.

*P < .05. (DFC, distal femoral condyle.)

feasibility of scanning chondral surfaces with an
iPhone-based application. Second, we identified
Scandy as the preferred iPhone application for chon-
dral topographical scanning. Third, this study found
agreement between Scandy-obtained models and the
clinical “gold standard” CT scanning when analyzing
specimen chondral topography from 3 anatomic loca-
tions of the knee (patellae, distal femoral condyles, and
trochleae).

In this study, the Scandy-produced models and CT-
derived models had a median absolute least mean
square distance of 0.18 mm. Previous studies have
investigated imaging modalities such as MRI to CT and
found absolute surface-to-surface mean differences
between 0.37 and 0.83 mm depending on the MRI
sequence.'**” Similarly, studies have compared CT and
MRI with “ground-truth” surface models such as laser
scanning, en face digital photography, and mechanical
contact scanning and found absolute mean differences
ranging from 0.15 to 0.75 mm for CT scans and 0.23 to
0.30 mm for MRI scans.'?>%?! In addition, while the
trochlea group had a significantly lower median abso-
lute signed least mean square difference, all groups had
a median of less than 0.20-mm difference between the
iPhone model and CT model. This difference may be in
part because the trochlea has a more complex shape
and topography than a DFC. Together, our findings
support the feasibility of iPhone-acquired chondral
topography maps for different anatomic locations of the
knee joint.

The 3D scanning with an iPhone could profoundly
impact orthopaedic clinical practices, especially the
OCA donor allograft harvesting process. Currently,
commercial tissue banks do not have access to an MRI
or a CT scan for their donor cadavers. Additionally,
they are further constrained by the current Good Tis-
sue Practice protocol that necessitates a 24-hour time

frame from donor death in which they are required to
harvest an OCA to limit contamination potential.'*'*
With current scanning technology and methods, this
virtually inhibits the topography matching process. By
providing commercial tissue banks with the ability to
scan cadavers and create 3D models with an iPhone
application, comparisons to preoperative patient im-
aging (CT or MRI) 3D models can be made and an
optimal donor graft and harvest location can be found
to minimize surface topography incongruity in pa-
tients. Furthermore, with the addition of AR applica-
tions, iPhone-based scanning could provide
intraoperative guidance regarding optimal harvest lo-
cations on the donor specimen. This is especially useful
if recipient chondral topography is observed to be
different intraoperatively than what was indicated on
preoperative imaging. For this purpose, iPhone scan-
ning can be implemented without unnecessarily high
risk to the sterile field as high-resolution scans can be
acquired as far as 30 cm from object to iPhone,
potentially even farther.'” Moreover, this scanning
technology could be adopted for other orthopaedic
procedures such as an anatomic reconstruction of the
anterior glenoid with distal tibial allograft in the setting
of glenoid bone loss and shoulder instability. This
procedure shares similarities to OCA transplantation in
that anatomic osteochondral articular restoration of
the anterior glenoid is required to avoid postoperative
complications, such as graft resorption and osteol-
ysis.”>*?  Simple iPhone scanning might aid in
providing proper osteoarticular anatomic matching in
this setting, which would allow the glenoid to main-
tain conformity with the humeral head through a full
range of motion.”*”’

Another finding in this study is that the median
signed differences for all specimens (—0.03 mm), DFCs
(—0.04 mm), trochleae (—0.03 mm), and patellae
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Fig 6. All included distal femoral condyles specimen models demonstrating signed least mean square distance between iPhone

scanning and computed tomography scan.

(—0.01 mm) were lower relative to previously reported
signed values for other imaging modality comparisons.
Malloy et al.'* examined signed surface-to-surface dis-
tances for MRI versus CT, MRI versus ground-trough
laser scan, and CT versus laser scan, finding mean dif-
ferences of 0.16 mm, 0.07 mm, and 0.27 mm, respec-
tively (i.e., MRI models were the largest, followed by
CT, with laser scans being the smallest). Similarly, in
our study, we found that the iPhone models (generated
from an infrared laser-based VCSEL technology) were
smaller on average than CT-generated models. In fact,
100% of the trochleae, 83% of the DFCs, and 69% of
the patellae specimens demonstrated a negative signed
surface-to-surface distance when comparing iPhone
versus CT. It currently remains unknown why laser-
based models tend to be smaller on average than CT-
based models and should be investigated in future
studies.

Last, of the 3 iPhone applications examined for sur-
face scanning in this study (Qlone, Trnio, and Scandy),
only the Scandy application was able to create models
adequate for analysis. This can likely be attributed to

the different iPhone 3D camera and sensor technolo-
gies used for 3D scanning. Qlone and Trnio use the
iPhone LiDAR sensor while Scandy uses the iPhone
TrueDepth self-facing camera, which employs Apple’s
patented VCSEL technology.'”'” LiDAR scanning
calculates distances by emitting a light pulse and
measuring the time difference in the returning light
wave.’® VCSEL technology, on the other hand, com-
bines a traditional camera, infrared camera, proximity
sensor, dot projector, and flood illuminator to emit and
sense more than 30,000 points of infrared light to
create a depth map and subsequent 3D model gener-
ated by machine learning algorithms.”"?’ Using
VCSEL, the dots of the infrared pattern are more
closely arranged than in LiDAR scanning. Thus, it can
generate a much finer 3D mesh and is therefore well
suited for scanning small objects (e.g., DFCs, patellae,
and trochleae) while LiDAR is more appropriate in
scanning large objects and rooms.'” The results of our
study reinforce these findings, as the Trnio and Qlone
models utilizing LIDAR were inadequate for analysis
compared with the successful models from Scandy 3D
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Fig 7. All included patella specimen models demonstrating signed least mean square distance between iPhone scanning and

computed tomography scan.

scans utilizing VCSEL TrueDepth technology. This is
further reflected in the primary uses of these under-
lying technologies in the iPhone as TrueDepth is used
for facial authentication and recognition, while the
LiDAR is intended for AR and plane detection for large
rooms and open spaces.'’ Prior studies have investi-
gated the accuracy of anatomic measurements using
TrueDepth in other fields. For example, Amornvit and
Sanohkan®’ investigated the accuracy of iPhone
scanning models of 3D printed human phases using a
TrueDepth technology-dependent application (Bel-
lus3D). The authors reported that the iPhone demon-
strated lower accuracy than the other model
acquisition tools such as the EinScan Pro.”’"*’ Simi-
larly, Alfaro-Santafé et al.”” reported on plantar foot
scanning using TrueDepth technology (Scandy Pro 3D
Scanner) and compared it with the Structure iSense
scan, a previously validated scanning tool. The authors
reported the iPhone scan provided excellent reliability
(interclass coefficient > 0.9) in the X and Y planes and

moderate reliability for arch height (interclass
coefficient = 0.74). Surface scanning in orthopaedics is
still in its infancy, and future studies will be needed to
further explore its utility and validate its use.

Limitations

The current study is not without limitations. The 3D
models generated from iPhone scanning were
compared with models generated from the clinical
“gold standard” CT scan. No comparisons were made
to a “ground-truth” reference standard surface models
such as laser scanning, en face digital photography, or
mechanical contact scanning. A comparison to one of
these reference standards in a future study would
provide an additional layer of validation for iPhone
scanning. In addition, this study selected anatomic
samples only from the knee joint and specimen that
had dysplasia, which would more likely reflect the
patient’s undergoing OCA procedures, but this may
limit the generalizability of this study. The process of
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Fig 8. All included trochlea specimen models demonstrating signed least mean square distance between iPhone scanning and

computed tomography scan.

creating an accurate, reproducible 3D model from an
iPhone scan is also influenced by factors external to
the device hardware and software as well. Scan accu-
racy can be affected by reflectance, shape, color, and
surface texture of an object in addition to differences
in ambient lighting.'” The scanning distance between
the object and iPhone and scanning strategy can also
influence scan accuracy.”””’’® Each specimen was
scanned based on scanning program instructions, and
therefore, they were not scanned at the same distance,
lighting, or position each time. There is a potential
learning curve for the user that may affect the ability
of 3D scans to be accurately captured and imple-
mented into clinical practice. Furthermore, there was
no intra- or interobserver reliability performed within
this study.

Conclusions
In this study, we found minimal differences between
a 3D iPhone scanning application and conventional CT
scanning when analyzing surface topography.
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