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Abstract The use of mobile devices for medical image capture
has become increasingly popular given the widespread use of
smartphone cameras. Prior studies have generally compared
mobile phone capture images to digitized images. However,
many underserved and rural areas without picture archiving
and communication systems (PACS) still depend greatly on
the use of film radiographs. Additionally, there is a scarcity of
specialty-trained or formally licensed radiologists in many of
these regions. Subsequently, there is great potential for the use
of smartphone capture of plain radiograph films which would
allow for increased access to economical and efficient consul-
tation from board-certified radiologists abroad. The present
study addresses the ability to diagnose a subset of radiographic
findings identified on both the original film radiograph and the
captured camera phone image.

Keywords Teleradiology - Diagnostic image quality - Image
quality analysis - Digital image processing - ROC-based
analysis

Introduction

Teleradiology—the electronic transmission of images across
long distances for consultation and review—has become in-
creasingly recognized as an invaluable tool throughout the
world. This is particularly true in disadvantaged, underserved
regions that may not have easy access to specialty-trained
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radiologists. With the persistent acceleration of mobile tech-
nology and improved digitization of images, the possibilities
for seamless image transfer to support diagnostic interpreta-
tion continue to grow. Despite the lack of high bandwidth
networks and advanced equipment, underserved populations
tend to have nearly universal access to smartphones. For ex-
ample, in South Africa, there were 68,934,000 mobile cellular
subscriptions in 2012 [1] for a population of 58,800,000 indi-
viduals, [2] taking into account that some users have multiple
subscriptions. In all of Africa, there were 69.3 mobile cellular
subscriptions in 2014 per 100 people [1]. Unlike some tele-
medicine and teleradiology endeavors such as videoconfer-
encing and evolving cloud-based picture archiving and com-
munication systems (PACS), which have been more widely
accepted in higher income regions, smartphones are inexpen-
sive, user-friendly, and readily available.

There have been many recent studies regarding the use of
mobile devices for medical image capture and imaging from
multiple disciplines. Prior to increasingly widespread use of
smartphone cameras, studies in the early 2000s concentrated
on technical aspects of using digital cameras for sharing of
diagnostic images in early telemedicine models [3—6]. While
there have been some studies focused on diagnostic imaging,
many of these studies have come from specialties other than
radiology [7—10]. For example, orthopedics [7, 9] and oph-
thalmology [8] have demonstrated an interest in smartphone
photography for clinical management. Padmasekara et al.
2012 [7] exhibited strong inter-rater agreement amongst or-
thopedic surgeons when comparing smartphone iPhone 3GS
images of distal radial head fractures interpreted on the iPhone
itself via multimedia messaging (MMS) when compared to
digitized PACS images. Additionally, Bullard et al. 2013 [9]
from the emergency department demonstrated that mobile
phone images of CT scans appeared to provide adequate im-
aging for triaging neurosurgical patients to a level 1 trauma
center with strong inter-reader agreement that increased upon
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adding imaging to available clinical data. While these studies
demonstrated the adequacy of mobile capture images as com-
pared to digitized images, there are fewer studies demonstrat-
ing comparisons between mobile capture images and original
film radiographs. Addressing the controversy of loss in image
quality by digital camera capture, a dentistry study in 2009
[11] did not find loss of critical information with digital cam-
era capture compared to original film radiographs, while a
study in 2001 [12] did note that consumer-level digital cam-
eras were understandably of much poorer quality compared to
commercial-grade digital cameras. Noting that the resolution
of mobile capture images is most certainly less than the orig-
inal film radiographs, there are scenarios in which this trade-
off may be acceptable. Many underserved or rural areas with-
out specialists in place would benefit from the ability to quick-
ly and easily share images of film radiographs with trained
radiologists across the world, especially when diagnoses may
be vital to altering patient management. Subsequently, there is
a need for collecting data comparing mobile phone capture to
original film radiographs, while prior data has generally com-
pared mobile phone capture to digitized images. The ability to
digitize film radiographs is often inapplicable and lacking
from many underserved or rural areas without PACS or ad-
vanced hardware in place. Furthermore, there is a paucity of
specialty-trained or in some cases, formally licensed radiolo-
gists, in many of these regions, which leads to reliance upon
those who may not have sufficient training for diagnostic in-
terpretation. Diagnoses made in rural clinical practices in de-
veloping nations sometimes require the consultation of a
board-certified radiologist from abroad; smartphone capture
could increase access to such radiologists.

The present study aims to determine if reproductions of film
radiographs produced by using smartphone capture are of suf-
ficient diagnostically quality compared to viewing the original
film radiographs using a lightbox. The primary outcome vari-
able is the degree of detectability of a subset of radiographic
findings identified on both the original film radiographs and the
smartphone photos.

Materials and Methods

Institutional Review Board approval was obtained prior to the
initiation of this study. Pre-existing screen-film radiographs
archived within the teaching files of the Department of Radi-
ology of the University of Pennsylvania were selected for
review in a non-random fashion by the principal investigator
(MYL) with guidance from a board-certified radiologist
(TSC). Films were selected to include representative diagno-
ses ranging in frequency from common (lobar pneumonia) to
rare (Loeffler’s syndrome). Forty-four total radiographs were
selected, consisting of 16 chest radiographs and 28 musculo-
skeletal radiographs.

An 8-megapixel smartphone camera (Apple® iPhone 4S)
was used for digital image capture. The camera uses a back-
side illuminated complementary metal-oxide-semiconductor
sensor (Sony IMX105 Exmor R) measuring 1/3.2" along the
diagonal (4.54 mmx3.42 mm), with a resolution of
8 megapixels (3264 x2448 pixels) that produces photos with
1.4 wm pixels, and a 4.28 mm f/2.4 five-element plastic lens
(35 mm-film equivalent) with a 6.5 cm macro working dis-
tance. Images were acquired at 3 ft from a standard 8-film
viewbox (GE Medical Systems, Waukesha, WI). These images
were then arranged in a set random sequence and distributed to
the participating interpreting radiologists on departmental com-
puters with standard liquid crystal display monitors. Figure 1 is
an example of a smartphone-captured image.

Both the smartphone-captured images and the original film
radiographs were reviewed by two board-certified
radiologists blinded to the diagnoses, with a 1-week washout
period between review sessions. The smartphone-captured
images were reviewed on departmental computers as de-
scribed, while the original films were reviewed on standard
viewboxes. No clinical history was provided. The readers rat-
ed their confidence in the presence or absence of an abnormal-
ity in five independent categories using a Likert scale: “lung,”
“mediastinal or abdominal,” cardiac,” “bone,” and “soft
tissue”. The radiologists were allowed to use routine

Fig. 1 Example of smartphone-captured image of elbow radiograph
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manipulations of the smartphone photographs including pan,
zoom, and image rotation. The Likert scale of subjective con-
fidence in the presence or absence of an abnormality ranged
from “definitely present,” “probably present,” “unsure”
(equivocal), “probably absent,” to “definitely absent,” which
was transposed on a numerical ordinal scale from 1 to 5,
respectively, in an effort to quantify the process. The radiolo-
gists were asked to formulate a final diagnosis (e.g.,
“sarcoidosis”) and enter it into a free-text box at the end of
the survey.

The gold standard answer for each case was determined
based on consensus between the final diagnosis on the case,
the principal investigator (MYL), and a board-certified radiol-
ogist (TSC). Their distribution is detailed in Table 1.

The Likert scale of reader confidence was used to generate
receiver operating characteristic curves (ROCs) for both
readers using either film or smartphone capture for each dis-
ease category using the MedCalc statistical package (MedCalc
Software, Ostend, Belgium). These were compared to one
another using the methodology of Delong et al. [13] using a
cutoff for statistical significance of p<0.01 due to the large
number of independent comparisons.

2

Results

The true diagnoses for each case (some cases had more than
one major primary diagnosis) are shown in Table 2 along with
the concordance between the diagnoses and the two readers
during both the film and smartphone capture.

Answers were considered “partial” agreement if a similar di-
agnosis or only part of the full diagnosis was given, at the discre-
tion of the board-certified radiologist and radiology resident after
consulting the gold standard diagnoses given by the teaching file.

Pairwise comparison of the two readers using either film or
smartphone capture for the disease categories of lung, medi-
astinal/abdominal, bone, and soft tissue demonstrated no sig-
nificant difference in the areas under the ROC curves (each
p>0.01) (Fig. 2). Only a single positive cardiac finding was
included in the data sample, which prevented the generation
and comparison of ROC curves.

Additionally, Fig. 3 demonstrates the Likert scale results
for reader 1 and reader 2, with the cases grouped in order of
Likert scale from cases with the abnormality definitely present
to definitely absent. The gray-shaded portion of the graph

overlies the cases with true abnormalities present according
to the pre-determined gold standard. For example, in the first
row of graphs, the cases on the left are almost universally
agreed upon by reader 1 and reader 2 to have an abnormality
within the lungs when interpreted on film radiographs, and
those cases are shown by the shaded box to have an abnor-
mality in the lungs by the gold standard.

Discussion

The importance of determining the diagnostic accuracy of
smartphone capture of film radiographs is immeasurable. In
remote or otherwise inaccessible locations of the world, the
ability to add potentially management-altering diagnostic in-
formation in a clinical setting which would otherwise lack the
adequacy to have such information has been long sought after.
For example, acute and emergent cases such as aortic dissec-
tion or pneumomediastinum from an esophageal tear were
among the cases accurately diagnosed by smartphone capture.
With inadequate access to radiologic expertise, these cases
could very well be missed with dire consequences.

While prior studies have examined the utility and limita-
tions of digital cameras [3—6], smartphone capture specifically
has limited data. Given the increasingly universal access to
smartphones both inside and outside of healthcare, the neces-
sity to assess diagnostic accuracy of smartphone capture has
become clear.

This study focused on the statistical analysis of the effect of
smartphone digitization on general abnormalities identified on
plain film radiographs, the mainstay of radiology in under-
served regions of the world. Additionally, this study allowed
for identification of the limitations of smartphone capture and
understanding which abnormalities may have the most diffi-
cult interpretation with reduced diagnostic accuracy.

The majority of diagnoses were made on film radiographs
as well as smartphone capture, without difficulty in compari-
son to the gold standard. The more common entities, such as
infiltrative pneumonia and pulmonary edema, were more ac-
curately described than the entities less common in the USA at
this present time, such as measles pneumonia, Loeffler’s syn-
drome, and Maffuci’s syndrome. This is an important factor to
consider as there are characteristic disease patterns endemic to
certain regions and portions of the world, which may not be as
readily identified by radiologists who have trained and

Table 1  Subcategories of diagnostic abnormalities
Lung abnormality =~ Mediastinal or abdominal ~ Bone abnormality =~ Cardiac abnormality =~ Soft tissue abnormality
abnormality
Number of cases present 12 7 28 1 15
Number of cases absent 32 37 16 43 29
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Table2 Table with the true diagnoses listed along with whether each respective reader made the complete or partial diagnosis on film and smartphone
images
Reader 1

Agreed on
Smartphone

Reader 1 Reader 2
Agreed on Agreed on
Film (Yes, Film (Yes, (Yes, No Smartphone (Yes,
No, Partial) No, Partial) Parti’al) ’ No, Partial)

Scleroderma, breast cancer

Achalasia
RML pneumonia, pregnancy

Pneumomediastinum and
subcutaneous emphysema

Pleural plaques with new lung Partial
nodule

Lymphadenopathy
Retropharyngeal abscess
Loeffler's syndrome

Right pneumothorax

Measles pneumonia

Chronic eosinophilic pneumonia
(pre- and post-treatment)
Rheumatoid lung Partial
LUL carcinoma not seen on
prior portable CXR
Seminoma

Sarcoid
Non-cardiogenic edema
following molar pregnancy
Aortic dissection

Mafucci's syndrome

Scurvy

Paget's disease
Ewing's sarcoma
Hangman's fracture
Chance fracture
Osteoid osteoma
Gout

Pathologic fx through
enchondroma

Sarcoidosis (Musculoskeletal)

Split depressed lateral tibial
plateau fracture

LisFranc fracture

Patellar fracture

Radial buckle fracture

Anterior shoulder dislocation
with greater tuberosity fracture

Reader 2 Agreed

. . on
True Diagnosis

Partial
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Table 2 (continued)
2 pelvic rami fracture on right
Pelvic diastasis
Pseudohypoparathyroidism
Chondrocalcinosis
Osteopetrosis
Congenital rubella syndrome Partial Partial
Pathologic fracture with . .
g. Partial Partial
metastatic lung cancer
Fibular fracture and soft tissue
swelling
Scaphoid fracture
Radial head fracture with soft
tissue swelling
Volar plate fracture
Radial buckle fracture
100
—— Film R1 Lung et
Film R2 Lung 80 H
/ iPhone R1 Lung
~~~~~ iPhone R2 Lung
E P — Film R1 Med/Abd
2 | R ) - Film R2 Med/Abd
2 2 iPhone R1 Med/Abd
3 b ol = iPhone R2 Med/Abd
20
2'0 4'0 6.0 8I0 1(')0 0 20 40 60 80 100
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100 _/—/ —
sold / l,,"
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i
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Fig. 2 Comparison of the two readers using film and iPhone capture in assessing four subcategories including “lung,

” <

'mediastinal or abdominal,”

“bone,” and “soft tissue” abnormalities; there was no significant difference in the areas under the ROCs (p>0.01)
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Fig. 3 Comparison of reader 1 and reader 2 Likert scale results for
assessing the presence or absence of four subcategory abnormalities
(lung, mediastinal or abdominal, bone, and soft tissue) grouped by
Likert scale results with “abnormality definitely present” (Likert scale=
1) to “abnormality definitely absent” (Likert scale=5). The true positives
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(“abnormality definitely present”) by gold standard are represented by the
gray-shaded box. The left column delineates comparisons between reader
1 and reader 2 results for cases when viewed as original film radiographs
on viewboxes. The right column delineates comparisons between reader 1
and reader 2 results for cases when viewed by smartphone capture images
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practiced mainly in the USA. Given these limitations, further
evaluation in differing regions of actual underserved or rural
areas should be carried out to better understand diagnostic
utility and management algorithms. Following these studies,
guidelines for the utilization of smartphone capture in such
areas may be more specifically designated.

No significant differences in diagnosing a subcategory
(e.g., lung) abnormality were seen between film and
smartphone capture, suggesting that identifying the presence
or absence of an abnormality on smartphone captured images
can be done with a high degree of confidence by a board-
certified radiologist. Although not significantly different, only
a few diagnostic abnormalities were misinterpreted on film,
while a higher number of diagnostic abnormalities were
missed on smartphone capture images with greater variance,
as would be expected given the greater degree of technical
limitations. In this scenario, consideration must also be given
to the concept that certain diagnostic subcategories likely have
inherently high inter-reader variability, which may increase
the apparent effect of variance seen between film and
smartphone capture diagnoses. An example is the specific
diagnostic abnormality of cardiomegaly, for which the com-
mon degrees of “mild,” “moderate,” or “severe” likely vary
greatly from reader to reader.

As Table 2 demonstrates, overall diagnostic accuracy by
the two board-certified radiologists was high. Nonetheless,
making the overall diagnosis was clearly more difficult on
smartphone capture, again as would be expected given the
greater degree of technical limitations. In particular, the diag-
noses that proved most challenging generally appear to in-
volve rare, more complex syndromes. These syndromes tend
to require identification of additional subtle findings that may
be especially hard to recognize with certainty on smartphone
captured images. It is therefore prudent to recognize that a
major disadvantage of smartphone capture is the decreased
ability to detect complex syndromes that depend upon higher
resolution and details that may not be recognizable on
smartphone-captured images.

Additionally, many of the more problematic diagnoses tend
to suffer the most from lack of clinical history, which was not
provided to the reviewers. For example, understanding a pa-
tient that has blood eosinophilia or an atopic history is highly
beneficial in leading a radiologist to suggest Loeffler’s syn-
drome given the appropriate imaging characteristics, such as
migratory peripheral consolidations in the mid to upper lung
zones, in this specific case. Furthermore, differences in prior-
itizing diagnostic abnormality categories may differ greatly
given clinical history. For example, given the complaint of
“cough” versus “weight loss” may lead a radiologist down
separate diagnostic paths and search patterns.

One of the limitations of this study was the recall bias as the
same radiologists interpreted the same cases on film using a
lightbox as well on the smartphone captured images. In an
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effort to minimize this bias, there was randomization of the
smartphone captures. Additionally, there was a 1-week wash-
out period of time instituted between interpretation of the
smartphone captures versus the film studies.

A technical limitation of the study was also optimiza-
tion of the smartphone capture technique. It was found
that at a distance of less than 2.5-3 ft from the lightbox,
an oscillating dark-band artifact would appear across the
photo, obscuring the image, which limited the proximity
at which the photograph could be taken. Assessing the
technical components of smartphone capture of film
hanging on a lightbox would be helpful in future optimi-
zation of this approach, especially given the need for
stable reproducibility worldwide. As with any imaging
modalities, smartphone capture certainly has additional
artifacts unique to the modality, which must be explored
further to ensure proper recognition if this modality is to
be implemented on a larger basis. Additionally, other
challenges in real-life applications must be recognized
such as the inability to control ambient light conditions
in many regions which smartphone capture may be
applied.

An additional limitation includes the small sample size of
readers, which clearly limits the power of the study. Further
phases of this study may be expanded to include increased
numbers of radiologists with varied experience, including
trainees, as well as physicians (both radiologist and non-
radiologist) from different subspecialties, to determine wheth-
er these conclusions hold true.

A final limitation is taking into account the differ-
ences in quality of smartphone cameras, which may be
pertinent to the variations in smartphone quality second-
ary to economic variations in underserved populations
throughout the world. However, the rate of smartphone
camera quality has risen exponentially in recent years,
and it is likely that most smartphones in the world at
large are equivalent or better in resolution to the iPhone
4S 8-megapixel camera used in this study.

Conclusions

Overall, the findings suggest that identifying the presence or
absence of major diagnostic abnormalities, in addition to iden-
tifying most well-known diagnoses, on smartphone-captured
images utilizing at least an 8-megapixel camera, can be done
with a high degree of confidence by a board-certified radiol-
ogist. While the majority of diagnoses commonly encountered
in the USA were made, the more rare and complex disease
processes such as Loeftler’s syndrome were missed. Given the
differences in certain disease patterns throughout the world,
identifying the disease processes which are common or en-
demic to specific regions of the world would be helpful for
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understanding how best to prepare and optimize diagnostic
approaches in other countries outside of the USA. Addition-
ally, subanalyses of the specific features of each disease on
film radiograph versus smartphone capture photographs may
be of utility.

Other variables that may be further evaluated include the
effect of image manipulation by the interpreter such as
zooming, rotating, etc. A challenge that will eventually need
to be addressed also involves the transfer of such images,
which has been studied sparsely and in developed rather than
developing countries [14].

The most appropriate next step would be for real-world
testing outside of a controlled environment. This would allow
us to evaluate impact on clinical care and infrastructure limi-
tations that may not be evident at this time. Additionally, we
would be able to propose more robust guidelines for the use of
smartphone capture in teleradiology and address other chal-
lenges, such as the variability in ambient lighting in which
film radiographs are interpreted.
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