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ABSTRACT.

Purpose: The purpose of the present study was to establish a semi-automated

threshold-based image segmentation algorithm to detect and objectively quantify

corneal cystine crystal deposition in ocular cystinosis with anterior segment

optical coherence tomography (AS-OCT).

Methods: This prospective, observational, comparative study included 88 eyes of

45 patients from the German Cystinosis Registry Study as well as 68 eyes of 35

healthy control subjects. All eyes were imaged with AS-OCT (Cirrus HD-OCT

5000, Carl Zeiss Meditec AG, Jena, Germany). As an initial step, B-scan images

were subjectively analysed for typical changes in morphology in comparison to

healthy controls. Based on the experience gained, an objective semi-automated

B-scan image segmentation algorithm was developed using a grey scale value-

based threshold method to automatically quantify corneal crystals.

Results: On AS-OCT B-scans, corneal crystals appeared as hyperreflective

deposits within the corneal stroma. The crystals were distributed either in all

stromal layers (43 eyes, 49%) or confined to the anterior (23 eyes, 26%) or

posterior stroma (22 eyes, 25%), respectively. The novel automatic B-scan image

segmentation algorithm was most efficient in delineating corneal crystals at

higher grey scale thresholds (e.g. 226 of a maximum of 255). Significant

differences in suprathreshold grey scale pixels were observable between cystinosis

patients and healthy controls (p < 0.001). In addition, the algorithm was able to

detect an age-dependent depth distribution profile of crystal deposition.

Conclusion: Objective quantification of corneal cystine crystal deposition is

feasible with AS-OCT and can serve as a novel biomarker for ocular disease

control and topical treatment monitoring.
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Introduction

Nephropathic cystinosis is a rare auto-
somal recessive lysosomal storage dis-
ease caused by biallelic mutations in
the CTNS gene, which encodes a pro-
tein (cystinosin) that transports cystine
out of lysosomes (Gahl et al. 1982;
Town et al. 1998; Kalatzis & Antignac
2003; David et al. 2019). Lysosomal
storage of cystine damages several
organs and different ophthalmic struc-
tures, including the cornea (Gahl et al.
2002). A small free thiol, cysteamine,
depletes cells of cystine and has pro-
tective effects on renal function, growth
and nonrenal complications, when
administered orally (Thoene et al.
1976; Gahl et al. 1987; Gahl et al.
1992; Nesterova & Gahl 2008). In
contrast, corneal crystal deposition is
only amenable to topical cysteamine-
containing eyedrops (Cantani et al.
1983; Tsilou et al. 2007). In several
studies topical cysteamine treatment
has proven effective in partially dis-
solving corneal crystals (Kaiser-Kupfer
et al. 1987; Bradbury et al. 1991; Jones
et al. 1991; Graf et al. 1992; Blanksma
et al. 1996; Gahl et al. 2000). Early
diagnosis and management of the ocu-
lar manifestations of infantile nephro-
pathic cystinosis are essential as early
initiation of and adherence to topical
therapy has significant impact on dis-
ease progression (Nesterova & Gahl
2013). Thus, monitoring the effect of
topical therapy, which is often
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hampered by poor patient adherence –
especially in paediatric cystinosis – is
paramount.

Gahl et al. (2000) showed that vision-
impairing corneal crystal accumulation
as quantified by the corneal cystine crys-
tal score – a clinical score based on digital
slit lamp photography – can be markedly
reduced by the constant administration
of cysteamine-containing eyedrops.How-
ever, corneal cystine crystals, which have
been found to depose predominantly in
the anterior corneal stromal lamellae
(Kalatzis et al. 2007), cause distinct dys-
photopsia due to scattering of incoming
visible light (Kaiser-Kupfer et al. 1986).
Patients suffer from severe photophobia
that can entail severe and irreversible
blepharospasm (Gahl et al. 2000), thereby
impeding standardized acquisition of dig-
ital photographs as well as accurate
quantification of crystals by slit lamp
examination.Furthermore, interpretation
of the slit lamp photographs relies on
subjective judgment rather than on objec-
tive criteria andmay thus bear a potential
for inter-investigator variabilities.

Besides slit lamp biomicroscopy,
in vivo confocal microscopy (IVCM)
appears to be a sensitive imaging tech-
nique to detect corneal cystine crystal
deposition (Simpson et al. 2011a;
Simpson et al. 2011b). This optical
technique, however, is limited by its
time-consuming and highly operator-
dependent nature, requires direct con-
tact with the ocular surface and oper-
ates in the visible light spectrum.
Especially in severely photophobic as
well as in paediatric patients, a non-
contact imaging method independent
of visible light would be desirable.

Anterior segment optical coherence
tomography (AS-OCT) is a noncontact
imaging modality that enables cross-
sectional images of the corneal tissue in
a near histological resolution (Han
et al. 2016). As AS-OCT operates in
the infrared spectrum invisible for the
human eye, this technique seems par-
ticularly suitable for cystinosis patients.
To date, corneal cystine crystals, which
present as hyperreflective punctuate
foci on AS-OCT (Labbe et al. 2009),
have only been manually analysed
regarding their depth distribution on
AS-OCT B-scans using digital callipers
(Liang et al. 2015). As of today, how-
ever, no objective methods are avail-
able for precise grading and
monitoring of corneal cystinosis using
this promising imaging technique.

Hence, the aim of the present study
was to develop and validate a semi-
automated AS-OCT based imaging
algorithm for objective characteriza-
tion and monitoring of corneal cystine
crystal deposition patterns in infantile
nephropathic cystinosis.

Materials and Methods

This prospective comparison study
recruited patients with infantile
nephropathic cystinosis from the Ger-
man Cystinosis Registry Study carried
out by the Interdisciplinary Cystinosis
Clinic Rosenheim as well as healthy
control subjects between 2018 and
2019. The German Cystinosis Registry
exclusively includes patients with a
genetically confirmed diagnosis of
cystinosis independent of age. Eyes
with previous corneal surgery or injury
were excluded from the trial. All
research and measurements followed
the tenets of the Declaration of Hel-
sinki. Ethics committee approval for
this study was waived by the ethics
committee (Ethics Committee of the
Bavarian Medical Association; 11th
March 2015) on the basis that the
planned project of an interdisciplinary
cystinosis-database does not fall under
the consultation obligation according
to paragraph 15 of the professional
code of conduct for physicians in
Bavaria, Germany. Consent to use
their data for analysis and scientific
publication was obtained from all par-
ticipating patients. Ethics committee
approval for the AS-OCT imaging of
healthy control subjects had been
obtained from the local ethics commit-
tee of the Ludwig-Maximilians Univer-
sity as part of a prior study on healthy
volunteers conducted at our institution
(study registration number 508/14).

Clinical examinations

All patients underwent a complete
ophthalmological examination com-
prising slit-lamp biomicroscopy. Sub-
jective manifest refraction was
measured using the Jackson cross-
cylinder method. Monocular best-cor-
rected distance visual acuity (CDVA)
was determined using standard
ETDRS charts at 4 m.

Anterior segment optical coherence

tomography

StandardizedAS-OCT imagingwasper-
formed with the Zeiss Cirrus HD-OCT
5000 (Carl Zeiss Meditec AG; Oberko-
chen,Germany) with an axial resolution
of 4 µm. For each patient, one singular
9.0 mm horizontal and one singular
9.0 mm vertical paracentral B-scan was
acquired in a standardized manner.
Utmost care was taken to obtain the
scans most adjacent to but completely
excluding the central vertex reflex arte-
facts. For subsequent digital image anal-
ysis, the higher quality scan was selected
according to the subjective judgment of
two expert AS-OCT readers.

Subjective and manual AS-OCT image

analysis

As a first step, pathological changes on
B-scan images of cystinosis patients
were subjectively described in compar-
ison to scans of the healthy control
group. Moreover, the thickness of the
central cornea and the central corneal
stroma was determined by two inde-
pendent examiners using the digital
calliper instrument in ImageJ (ImageJ
1.52; National Institutes of Health,
Bethesda, Maryland, USA; Fig. 1).
Accordingly, the depth distribution of

Fig. 1. Corneal sublayer thickness and crystal depth distribution measurements using digital

callipers. The black calliper shows the measurement of central corneal thickness. The long white

calliper measures the central corneal stromal thickness and the short white calliper quantifies the

depth of crystals posterior to Bowman’s layer as subjectively measured by the examiners.

(Digitally enlarged area: 39 of original).
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corneal crystals was subjectively deter-
mined by two independent examiners
by drawing the same digital calliper
from Bowman’s layer to the most
posterior presentation of corneal crys-
tals. For all subjective calliper mea-
surements, the means of both
measurements as well as the squared
inter-rater Pearson correlation coeffi-
cient (R2) were calculated. In addition,
the results were analysed for four
different age groups (≤10; 11–20; 21–
30; >30 years).

Objective, semi-automated AS-OCT

image segmentation

The AS-OCT images present with 256
different shades of grey for image
display with 0 corresponding to the
colour black as the darkest value and
255 to the colour white as the bright-
est value. Hyperreflective structures of
the cornea can be semi-automatically
segmented by using grey scale values
as thresholds and quantifying all pix-
els that present brighter than a
respective threshold value. For that
purpose, in ImageJ, a rectangular
region of interest (ROI) of 100 pixels
horizontally and the individual stro-
mal thickness vertically was manually
placed within the stroma of the cen-
tral B-scan area (Fig. 2). Great care
was taken to align the ROI horizon-
tally with the highest point of the
cornea and to fit the ROI completely
within the stromal area, thereby con-
sistently avoiding the hyperreflective
interface with Bowman’s layer. A
total of 16 different grey scale thresh-
olds (at every 16 grey scale values)
were applied to find an optimal
threshold for discriminating between
corneal crystals in cystinosis patients
and physiologic hyperreflective stro-
mal structures in healthy corneas. To
account for the interindividual vari-
ability in cornea stromal pachymetry

and, hence, the height and total area
of the ROI, the number of pixels
above the respective threshold was
calculated as a percentage of the total
pixel count within an individual’s
entire ROI.

Crystal depth distribution patterns

In order to objectively characterize
crystal depth distribution, the previ-
ously described rectangular ROI was
subdivided in three equally sized rect-
angular segments representative of the
anterior, mid and posterior corneal
stroma, respectively. The number of
pixels surpassing the respective grey
scale value threshold in each of the
three segments was calculated as the
percentage of the total number of
suprathreshold pixels of the entire
ROI.

Statistical analysis

All statistical analysis was performed
using Excel 365 (Microsoft Corpora-
tion; Redmond, WA, USA) and SPSS
Statistics Version 25.0 (IBM; Armonk,
NY, USA). All graphs were plotted
using Graph Pad Prism 8 (GraphPad
Software, San Diego, CA, USA). All
data are presented as mean � SD.
Box plots show the mean and the
95% confidence interval. Normality of
data was confirmed using histogram
frequency analysis and the Shapiro
Wilk test. Statistical comparison
between experimental groups was car-
ried out using an ANOVA with a
Bonferroni post hoc test in more than
two groups and by independent sam-
ples t-test if two groups were com-
pared. Linear regression analyses were
performed to correlate CDVA with
suprathreshold pixels as percentages
of the pixel counts of the entire ROI.
The inter-rater correlation was evalu-
ated by the squared Pearson

correlation coefficient (R2). For all
analyses, a p-value of <0.05 was con-
sidered as an indicator of statistical
significance.

Results

Patient characteristics

The cystinosis group included 88 eyes
of 45 patients with a male to female
ratio of 46:42 and a mean age of
21.1 � 12.2 years. The healthy control
group consisted of 68 eyes of 35
patients with a male to female ratio of
35:33 and a mean age of
27.8 � 10.1 years. Table 1 shows the
distribution of subjects in different age
groups.

Subjective and manual AS-OCT image

analysis

Subjectively, the only difference
between B-scans of cystinosis patients
and healthy controls were hyperreflec-
tive punctuate or plane hyperreflective
deposits within the corneal stroma of
the former group (Fig. 3). Distinct
crystal distribution patterns were
observable: a total of 43 (49%) eyes
showed crystals distributed homoge-
neously in all stromal layers (Fig. 3A),
23 (26%) eyes predominantly in the
anterior stroma (Fig. 3B) and 22 (25%)
eyes predominantly in the posterior
stroma with less densely scattered crys-
tals in the anterior and mid stroma
(Fig. 3C).

With respect to the digital calliper
measurements, all calculated inter-rater
correlation coefficients (R2) were 0.82
or higher (Table 2). Corneal and stro-
mal thickness measurements showed

Fig. 2. The region of interest (ROI) was chosen to be 100 pixels horizontally and the individual

stromal thickness vertically in the corneal centre (yellow box). (Digitally enlarged area: 39 of

original).

Table 1. Subjects’ age groups.

Cystinosis

patients

(mean � SD)

Control

group

(mean � SD)

No. of eyes

(n)

88 68

No. of

patients (n)

45 35

Gender (m/f) 23 m/22 f 18 m/17 f

Mean age

(years)

21.1 � 12.2 27.8 � 10.1

Age distribution (years)

≤10 8 0

11–20 17 8

21–30 13 19

>30 7 8
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comparably favourable inter-rater cor-
relation in healthy and cystinosis
patients (Table 2). Central corneal
(p < 0.001) and stromal thickness
(p < 0.001) was significantly higher in
cystinosis patients as compared with
healthy controls. The depth of crystal
deposits in the stroma reached a mean
of 369 � 133 µm below Bowman’s
membrane accounting for 78 � 27%
of affected stromal depth. The depth of
stromal crystal deposits increased sig-
nificantly (p < 0.001 in all compar-
isons) with age when compared to the
youngest age group (Fig. 4). In all
patients of the oldest subgroup

(>30a), crystal distribution affected
virtually all corneal stromal layers.

Objective, semi-automated AS-OCT

image segmentation

The three highest tested grey scale
threshold values (211, 226 and 241)
were the only thresholds that yielded
statistically significant higher counts of
suprathreshold pixels in cystinosis
patients as compared to healthy con-
trols (with p = 0.038, p = 0.001 and
p < 0.001, respectively; Fig. 5). Exam-
ples of automated crystal delineation
using the three respective threshold

values are depicted in Fig. 6. The depth
distributions of the suprathreshold
grey scale values are displayed in
Fig. 7. As with manual calliper mea-
surements, the accumulation of crystals
in the mid and posterior ROI segments
increased with age (Fig. 7). In patients
of 10 years or younger, 93% of
detected crystals manifested in the
anterior stromal segment and the
remaining 7% in the mid ROI segment.
In the oldest subgroup of >30 years,
50% of detected crystals fell into the
mid or posterior segments.

Correlation with visual acuity

Best-correlated distance visual acuity
showed no significant correlation with
the numbers of pixels in % of the total
ROI for the tested grey scale threshold
values 211 (r = �0.046; p = 0.74), 226
(r = 0.012, p = 0.93) and 241
(r = �0.047, p = 0.73), respectively.

Discussion

Infantile nephropathic cystinosis has
an estimated incidence of 1:100 000–
1:200 000. (Elmonem et al. 2016). In
Germany, approximately 130 patients
are currently known and 3–5 new
patients are diagnosed per year
(Hohenfellner et al. 2019). Therefore,
this comprehensively studied cohort of
cystinosis patients may be regarded as
highly valuable to broaden our under-
standing of this rare genetic disorder.

The main visual burden of cystinosis
patients is related to cystine crystal
deposition in various ocular structures.
Corneal cystine crystal deposition pre-
dominantly in the corneal stroma

Fig. 3. Typical examples of corneal crystal deposition patterns: (A) crystals were distributed either

in all stromal layers, (B) confined to the anterior or (C) posterior stroma, respectively.

Table 2. Digital calliper measurements and interrater correlations.

Examiner 1 Examiner 2 Mean

Pearson’s

correlation (R2)

Central corneal thickness

Cystinosis 537 � 34 µm 534 � 36 µm 536 � 35 µm 0.95

Healthy controls 517 � 35 µm 514 � 33 µm 516 � 33 µm 0.84

Central stromal thickness

Cystinosis 474 � 35 µm 470 � 35 µm 472 � 34 µm 0.94

Healthy controls 450 � 33 µm 456 � 30 µm 453 � 31 µm 0.81

Crystal depth distribution

Posterior to Bowman’s 378 � 138 µm 360 � 134 µm 369 � 133 µm 0.86

% of stromal thickness 79 � 28% 76 � 27% 78 � 27% 0.84

Fig. 4. Age dependence of crystal depth dis-

tribution. Depth of crystals as determined by

the digital calliper method increased with age.
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causes severe photophobia and ble-
pharospasm, thereby dramatically
compromising patients’ quality of life
(Gahl et al. 2000). Especially in paedi-
atric cystinosis but also in adult
patients, monitoring of corneal cystine
deposition is important to ensure
adherence to topical cysteamine ther-
apy, which has significant impact on
disease progression (Gahl et al. 2000;
Simpson et al. 2011a; Simpson et al.
2011b). As also confirmed in the pre-
sent study, visual acuity must not be
used as a biomarker for corneal disease
as it correlates poorly with corneal
crystal accumulation (Gahl et al. 1988;
Biswas et al. 2018). Hence, ophthal-
mologists should rely on other clinical
biomarkers of corneal involvement in
cystinosis. As of today, three grading
systems for corneal crystal deposition
are available that depend on different
imaging modalities: the clinical Gahl

slit lamp grading score based on slit
lamp photography (Gahl et al. 2000),
AS-OCT grading using a digital man-
ual calliper to determine crystal depth
distribution as well as the Labb�e IVCM
score evaluating crystal deposition
semiquantitatively by comparing crys-
tals with a standardized library of
IVCM images (Labbe et al. 2009).
Both slit lamp microscopy and IVCM
operate in the visible light spectrum
and, hence, are not suitable for most
cystinosis patients, who suffer from
severe photophobia. Moreover, IVCM
is not widely clinically available,
requires an experienced operator due
to its contact and time-consuming
nature, and its feasibility is limited in
paediatric patients. Furthermore, nei-
ther the Gahl nor the Labb�e score nor
the application of callipers in AS-OCT
represents objective measures of cor-
neal crystal deposition and, thus, may

be prone to inter-investigator variabil-
ity.

High-resolution AS-OCT overcomes
many shortcomings of the aforemen-
tioned imaging techniques as it is a
noncontact technique that operates in
the infrared spectrum invisible for the
human eye. In the present study, we
developed and validated a semi-auto-
mated AS-OCT B-scan image segmen-
tation algorithm to quantify corneal
cystine crystal deposition. This
methodology enables objective, opera-
tor- and patient-friendly measurements
and, thus, has the potential to serve as
a valuable biomarker for monitoring
and treatment surveillance of the ocu-
lar manifestations in nephropathic
cystinosis.

The novel semi-automated B-scan
analysis algorithm developed in the
present study allowed efficient and
objective quantification and depth
characterization of cornea crystal
deposition. Both the digital calliper
measurements employed in the present
study as well as the novel AS-OCT
imaging algorithm confirmed an evo-
lution of cystin crystal deposition
beginning in the anterior stroma in
younger patients and incremental
involvement of the mid and posterior
stroma with increasing age. These find-
ings are in concordance with previous
slit lamp biomicroscopy observations
(Melles et al. 1987; Dureau et al. 2003;
Simpson et al. 2011a; Simpson et al.
2011b). Moreover, our study is the first
to consider that the distribution pat-
terns of corneal crystals appear too
heterogeneous on AS-OCT to be eval-
uated by drawing digital callipers from
the anterior corneal surface to judge
crystal accumulation depth (Labbe
et al. 2009). For instance, one quarter
of eyes evaluated in the present study
exhibited crystal deposits only in the
anterior stroma whereas a further
quarter showed crystals predominantly
in the posterior stroma with marginal
involvement of anterior layers.
Whether these different patterns of
crystal accumulation are related to
disease duration itself, to the adminis-
tration of cysteamine therapy or to
other factors (e.g. the severity of cysti-
nosis nephropathy) is still to be deter-
mined in future investigations. The
standardized methodology developed
in the presents study may thereby
broaden our understanding of the
pathophysiology of corneal cystinosis.

Fig. 5. (A) Scatter plot showing the x-fold difference of suprathreshold pixels between cystinosis

patients and healthy controls using 16 different grey scale threshold values. (B) The three highest

tested threshold values were the only thresholds to exhibit statistically significant differences in

detected suprathreshold pixels between cystinosis patients and healthy controls.
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In future longitudinal studies (e.g.
that gauge the efficacy of novel thera-
peutic agents for corneal cystinosis),
the number of pixels above the respec-
tive threshold as percentage of the pixel
count in the whole ROI should be used

as a biomarker. As threshold 211
represents the lowest of the three
thresholds that yielded statistically sig-
nificantly higher counts of suprathresh-
old pixels in cystinosis patients as
compared to healthy controls, we
advocate using this threshold value in
future studies. It shows the least prob-
ability to miss hyperreflective deposits
(representative of cystine crystals) and
still precisely demarcates normal tissue
from cystine crystals (Fig. 6). Further-
more, the authors believe that this
novel AS-OCT derived biomarker
may also improve topical cysteamine
therapy compliance, especially in pae-
diatric patients. Both objectively quan-
tifying and visualizing therapeutic
success in form of a regression of
corneal crystal deposition (e.g. graph-
ically displayed with colour-coded AS-

OCT B-scan images) may be highly
motivational for patients to adhere to
their therapy regimen. Moreover, topi-
cal therapy regimens may be individu-
ally titrated according to corneal
crystal deposition patterns or densities.

Limitations to this study may be
found. First and foremost, the study is
limited by its cross-sectional nature. A
longitudinal study investigating the
effects of topical and systemic therapy
on corneal cystinosis disease severity
and progression is to be initiated based
on the findings of the present study.
Moreover, as cystinosis is considered
an orphan disease with extremely low
prevalence, the small sample size anal-
ysed in the present is naturally limited.
As a technical limitation related to the
OCT system, only one singular B-scan
image was analysed in the present
study. In future studies, ideally, a high
acquisition speed OCT system with a
very dense radial scanning pattern
enabling 3-dimensional renderings of
cystine crystals should be employed.

To conclude, the novel AS-OCT
based imaging algorithm enables for
the first time to not only objectively
quantify stromal crystal density but
also to characterize different depth
distribution patterns in corneal cysti-
nosis. This contact-free and easy to use
imaging technique may aid in improv-
ing physicians’ and patients’ under-
standing of the disease’s pathophysiology
and foster therapy adherence. Moreover,
AS-OCT based corneal crystal quantifica-
tion may serve as an objective biomarker
in future clinical studies evaluating novel
therapeutic approaches to prevent or
reverse corneal crystal deposition.
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