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PURPOSE. To quantify optical coherence tomography (OCT)
images of the central retina in patients with blue-cone mono-
chromatism (BCM) and achromatopsia (ACH) compared with
healthy control individuals.

METHODS. The study included 15 patients with ACH, 6 with
BCM, and 20 control subjects. Diagnosis of BCM and ACH was
established by visual acuity testing, morphologic examination,
color vision testing, and Ganzfeld ERG recording. OCT images
were acquired with the Stratus OCT 3 (Carl Zeiss Meditec AG,
Oberkochen, Germany). Foveal OCT images were analyzed by
calculating longitudinal reflectivity profiles (LRPs) from scan
lines. Profiles were analyzed quantitatively to determine foveal
thickness and distances between reflectivity layers.

RESULTS. Patients with ACH and BCM had a mean visual acuity
of 20/200 and 20/60, respectively. Color vision testing results
were characteristic of the diseases. The LRPs of control sub-
jects yielded four peaks (P1–P4), presumably representing the
RPE (P1), the ovoid region of the photoreceptors (P2), the
external limiting membrane (ELM) (P3), and the internal limit-
ing membrane (P4). In patients with ACH, P2 was absent, but
foveal thickness (P1–P4) did not differ significantly from that in
the control subjects (187 ! 20 vs. 192 ! 14 !m, respectively).
The distance from P1 to P3 did not differ significantly (78 ! 10
vs. 82 ! 5 !m) between ACH and controls subjects. In patients
with BCM, P3 was lacking, and P2 advanced toward P1 com-
pared with the control subjects (32 ! 6 vs. 48 ! 4 !m). Foveal
thickness (153 ! 16 !m) was significantly reduced compared
with that in control subjects and patients with ACH.

CONCLUSIONS. Quantitative OCT image analysis reveals distinct
patterns for controls subjects and patients with ACH and BCM,
respectively. Quantitative analysis of OCT imaging can be use-
ful in differentiating retinal diseases affecting photoreceptors.
Foveal thickness is similar in both normal subjects and patients
with ACH but is decreased in patients with BCM. (Invest Oph-
thalmol Vis Sci. 2006;47:1161–1166) DOI:10.1167/iovs.05-0783

Optical coherence tomography (OCT) is an emerging diag-
nostic technique that allows noninvasive visualization of

tissue morphology with high resolution.1,2 The technique has
been established as an important diagnostic tool in various

fields of medicine3–6 and has had a high impact on the diag-
nosis of various retinal diseases. OCT image analysis is mainly
performed qualitatively by pattern recognition on the image
acquired. Quantitative analysis of reflectivity of OCT images
has been used occasionally to correlate reflectivity patterns
with histology in chicken7 or to observe and quantify changes
in retinal reflectivity patterns in animal models or rare human
retinal diseases.8–11

Cone diseases, such as achromatopsia (ACH) and blue-cone
monochromatism (BCM), are often difficult to distinguish in
the clinical routine. Sophisticated diagnostic tools are neces-
sary, such as specialized ERG recording protocols, not stan-
dardized by the International Society of Clinical Electrophysi-
ology of Vision (ISCEV), or special color vision tests. OCT
imaging may offer the possibility of facilitating diagnosis or of
classifying patients based on morphologic data. ACH and BCM
are diseases affecting cone cells only. The potential of quanti-
tative analysis of OCT images was evaluated in these two
entities. Cones have been described to be morphologically
present in histologic cross sections of the foveal area in pa-
tients with ACH,12,13 but they obviously lack functional prop-
erties. We were able to demonstrate that reflectivity profiles of
OCT scans of the fovea allow distinction and quantification of
even subtle morphologic differences, not recognizable with
currently used analysis methods. OCT imaging will be applica-
ble beyond its current use with our analysis algorithm. Reflec-
tivity profile analysis of in vivo high-resolution OCT images
may allow the establishment of new classification criteria for
cone diseases.

MATERIALS AND METHODS

Patients
Control subjects and patients with ACH and BCM underwent slit lamp
examination, determination of best corrected visual acuity (BCVA;
Snellen and Early Treatment Diabetic Retinopathy Study [ETDRS]),
color vision (Farnsworth Panel D-15) testing and Berson’s test for
BCM.14 Full-field ERG recordings (UTAS 3000; LKC Technologies Inc.,
Gaithersburg, MD) were performed according to ISCEV standard pro-
tocols.15 Exclusion criteria were any other accompanying ocular dis-
ease, such as other macular diseases or retinal dystrophies; macular
edema; diabetic retinopathy; inflammatory disorders; or increased in-
traocular pressure. Diagnosis of ACH and BCM was established using
ERG results, BCVA, and color plate tests (Table 1). All study patients
had nystagmus to various degrees. Details are noted in Table 2. Three
families (one with six members, two with two members) having ACH
were included, the remaining being sporadic cases. In the group of
patients with BCM, two families were included (one family with four
members, the other with two). The control group consisted of 20
healthy individuals who were not related and were age matched to
subjects in the patient groups.

The study was performed in accordance with the tenets of the
Declaration of Helsinki 1975 (1983 revision).

Image Acquisition
OCT scanning was performed with Stratus OCT 3 software, version
4.0.1 (Carl Zeiss Meditec AG, Oberkochen, Germany). Ten OCT images
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of the central retina were recorded in each patient. Radially oriented
scans with a scan length of 6 mm (standard macular thickness map
scan protocol of the OCT software) were used. Sections through the
fovea were used for image analysis. To increase the probability of
scanning through the center of the fovea, a large amount of repetitive
images were recorded (average number of OCT images recorded per
patient, 120 ! 12). Ten images were chosen from the total recorded,
in which the foveola was precisely cross-sectioned. Parafoveal cross
sections can be recognized by the structural changes and hence the
changes in reflectivity pattern of the foveola. In addition, the infrared
fundus image was used to ensure that the recordings were performed
within the foveal region. For further image analysis, 8-bit images were
exported. Grayscale images were exported with the built-in export
function of the OCT Stratus software and were kept constant for all
individuals. Image format was JPG with a color depth of 8-bit (256
grayscale values). Images were used as exported for analysis and not
changed in brightness or contrast. Both parameters are preset by the
algorithm of the OCT software.

Image Analysis
Detailed image analysis was performed in the foveola (cone cells only,
total width of cross sections analyzed was 0.18 mm). Image analysis
was performed using ImageJ (http://www.rsb.info.nih.gov/ij/ available

developed by Wayne Rasband, National Institutes of Health, Bethesda,
MD). Within this selected area, 20 longitudinal reflectivity profiles
(LRPs), arranged in a cross-sectional parallel manner, were calculated
(see Fig. 3B). An average LRP from the 20 profiles was calculated for
each of the 10 OCT scans recorded (IGOR Pro 5.03; WaveMetrics Inc.,
Lake Oswego, OR), as shown in Figure 3C. An overall average LRP was
calculated for every patient from the 10 OCT images recorded. To
compare groups, we calculated summary average profiles for ACH,
BCM, and the control groups.

Statistical Analysis

Parametric (unpaired t-test, ANOVA) and nonparametric (Mann-Whit-
ney, Kruskal-Wallis) test were used (Instat 3.02 software; Graphpad
Inc., San Diego, CA). Statistical significance was defined as P " 0.05.

RESULTS

Clinical evaluation of our study cohort enabled clear differen-
tiation between patients with ACH and BCM and control sub-
jects (Tables 1, 2). Mean age did not differ significantly be-
tween the different groups. Visual acuity was significantly
lower in patients with ACH or BCM than in controls subjects

TABLE 2. Detailed Clinical Data of the Participants

Patient

ACH Group

1 2 3 4 5 6 7 8 9 10

ERG signals
(ISCEV Standard)

Scotopic Normal Normal Normal Normal Normal Normal Normal Normal Normal Normal
Photopic Severely

reduced
Severely

reduced
Absent Absent Absent Severely

reduced
Absent Absent Absent Absent

VA 20/200 20/200 20/200 20/200 20/200 20/200 20/200 20/200 20/200 20/200
Berson’s test Failed Failed Failed Failed Failed Failed Failed Failed Failed Failed
OCT

P1 present Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
P2 present No No No No No No No No No No
P3 present Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
P4 present Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
P1–P2 [!m] — — — — — — — — — —
P1–P3 [!m] 80.3 89.2 81.1 76.3 84.4 73.0 73.8 65.7 77.1 73.0
P1–P4 [!m] 205.3 208.5 193.9 199.6 171.2 176.1 201.2 178.5 180.9 187.4

Morphological findings
Foveal reflex Present Present Broadend Slightly

broadend
Present Present Present Broadend Slightly

broadend
Present

Biomicroscopic
fundus abnormalities

None None None None None None None None None None

Anterior segement
morphology

Normal Normal Normal Normal Normal Normal Normal Normal Normal Normal

Nystagmus "" """ " "" """ "" "" "" """ """

* Mean visual acuity was 20/15, and minimal VA was 20/20. All control subjects had ERG recordings within normal ranges, and all passed
Berson’s color plate test. In LRPs of OCT images all peaks were present. Numerical values for distances are expressed as the mean ! SD.
Biomicroscopic testing revealed no abnormalities in the anterior and posterior segments.

TABLE 1. Summarized Clinical Data of the Participants

Control ACH BCM

n 20 15 6
Age, y (mean ! SD) 34.7 ! 12.8 27.2 ! 11.0 33.2 ! 20.0
BCVA (EDTRS) 89.7 ! 2.4 41.4 ! 3.7 53.0 ! 6.5
Panel D-15 No pathology Diffuse error Tetartan error
Berson Test Passed Not passed Passed
Nystagmus # """ "
Rod-driven ERG response Normal Normal Normal
Cone-driven ERG response Normal Absent or severely impaired Extremely reduced
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(P $ 0.001). Results of color tests showed the characteristics
for ACH and BCM. Nystagmus was more pronounced in pa-
tients with ACH than in those with BCM. Rod-driven ERGs
were not different within the three groups, whereas cone-
driven ERGs were severely reduced or absent in patients with
ACH or BCM.

Analysis of OCT images in patients with ACH and BCM
(Figs. 1E, 1F) revealed clearly distinguishable reflection profiles
in the two disorders (Figs. 2B, 2C). Patients’ profiles differed
clearly from those of control subjects (Fig. 2D).

Control Subjects

OCT scans through a normal foveola showed four clearly dis-
tinguishable, highly reflective bands (peak (P)1–P4; Fig. 1D).
These highly reflective bands have been presumed to be (from
vitreous to sclera) the internal limiting membrane (P4), the
external limiting membrane (P3), the layer between the inner
and outer segments of photoreceptors (P2), and the RPE
(P1).16–18 LRPs of normal healthy control subjects (Fig. 3)
yielded four distinctive peaks that represent the highly reflec-
tive bands (Fig. 2A). LRPs and the four peaks were highly
reproducible inter- as well as intraindividually and showed very
narrow 99% confidence intervals for intensities and distances
(shaded regions around the LRPs in Fig. 2). Assuming P1
represents the RPE and P4 the internal limiting membrane,
foveal thickness (distance from P1 to P4) measured 192 ! 14
!m.

Positive Control Group

To verify whether nystagmus affects LRPs, we examined two
patients with nystagmus due to alcoholic encephalopathy.
Their LRPs were comparable to those of the control subjects.
There was no obvious change in foveal reflectivity induced by
nystagmus compared with that in the controls subjects.

Patients with ACH

In ACH, reflectivity profiles appeared similar to control pro-
files, but P2 was missing. Foveal thickness (distance from P1 to
P4) and the position of P3 (presumably the external limiting
membrane) did not differ significantly from that in control
individuals (Fig. 2; P % 0.05). Histologic sections of some eyes
with ACH12,13,19 revealed results comparable to the measured
foveal thickness (Fig. 4A).

Patients with BCM

Foveal thickness in patients with BCM was significantly re-
duced compared with that in control individuals and patients
with ACH (Fig. 4A; P $ 0.001). P2 was significantly less reflec-
tive (P $ 0.001) and showed a reduced distance from P1 (RPE)
compared with that in controls subjects (P $ 0.0001). P3 (the
external limiting membrane) was missing (Fig. 2).

LRPs and their respective peaks (Fig. 2), resulted in a one-
to-one configuration (an unmistakable result) for each group.

DISCUSSION

Distinct profiles for the two cone diseases (BCM and ACH)
were calculated with the method of longitudinal reflectivity
profile analysis of OCT images. Although these diseases are
clinically difficult to distinguish, our analysis algorithm allows
reliable and simple differentiation by using the LRPs that yield
a one-to-one configuration.

Misinterpretation of profiles is highly unlikely because of
the narrow 99% confidence interval. Because of the marked
differences and the high reproducibility of LRPs, it is possible
to differentiate the two diseases based on the LRP only.

Achromatopsia is a rare congenital retinal disease charac-
terized by an almost absent cone function20 and is usually
inherited in an autosomal recessive manner. Responsible mu-
tations such as CNGA3, CNGB3, and GNAT221–25 have been

ACH Group BCM Group Control
Group*

(n ! 20)11 12 13 14 15 1 2 3 4 5 6

Normal Normal Normal Normal Normal Normal Normal Normal Normal Normal Normal Normal
Severely

reduced
Severely

reduced
Absent Absent Severely

reduced
Severely

reduced
Severely

reduced
Severely

reduced
Severely

reduced
Severely

reduced
Severely

reduced
Normal

20/200 20/200 20/200 20/200 20/250 20/100 20/66 20/65 20/65 20/40 20/66 20/15
Failed Failed Failed Failed Failed Passed Passed Passed Passed Passed Passed Passed

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
No No No No No Yes Yes Yes Yes Yes Yes Yes
Yes Yes Yes Yes Yes No No No No No No Yes
Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

— — — — — 29.7 34.5 34.1 32.9 34.1 30.0 50.5 ! 1.3
71.4 80.3 73.8 76.3 74.6 — — — — — — 84.0 ! 1.2

188.8 176.9 174.4 189.9 169.8 146.9 146.9 143.8 155.0 170.0 157.8 202.6 ! 8.2

Present Marked Present Marked Slightly
broadend

Present Present Present Present Present Present Present

None None None None None None None None None None None None

Normal Normal Normal Normal Normal Normal Normal Normal Normal Normal Normal Normal

""" "" " "" "" """ "" "" " " " —
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found in several genes. In some patients, an exact chromo-
somal localization of the mutated gene has not been estab-
lished yet (e.g., ACHM1).26 A dysfunction of cones due to these
mutations has been proposed as the reason for visual impair-
ment.21 Patients with ACH usually present with severely im-
paired visual acuity, a relative central scotoma, congenital
nystagmus, and absence of color discrimination. Biomicros-
copy shows normal anterior and posterior segment morphol-
ogy (Fig. 1b) and sometimes a reduced foveal reflex or fine
pigment mottling. Visual function in ACH is stationary, and all
clinical findings are already present at birth (congenital func-
tional defect of cone system). Falls et al.12 estimated the num-
ber of foveal cones to be normal, whereas extrafoveal cones
seemed to be reduced in number. Retinal and foveal thickness
were reported to be normal.12,19 In contrast, the quantity of
rods seemed to be normal throughout the entire retina. Foveal

cones showed an abnormal configuration of the inner segment
as well as dislocated nuclei. Ganzfeld electroretinogram (ERG)
findings are described as characteristic for ACH.27

On OCT images of patients with ACH, P2 (photoreceptor
reflectivity) disappeared completely, whereas histologic exam-
inations have shown that photoreceptors are present.12 Peak 2
presumably represents a highly reflective structure between
the inner and outer photoreceptor segments. This structure
may represent the ovoid region of the photoreceptors. The
ovoid lies in the outermost part of the inner segment of the
photoreceptor and contains densely packed mitochondria.
Published reports on histology of eyes with ACH date back
to 1921 and 1965, a time before the availability of electron
microscopy that can show the presence or absence of mi-
tochondria in the diseased cones. It is tempting to speculate
that the missing P2 in OCT scans of patients with ACH

FIGURE 1. Fundus photographs and
corresponding OCT images of a nor-
mal control subject (A, D), a patient
with ACH (B, E), and a patient with
BCM (C, F). No obvious pathologic
changes are visible. Color differences
are due to different imaging tech-
niques. Arrows on fundus images:
scan direction of corresponding OCT
images. Patients with ACH and BCM
show apparent changes in thickness
and structure in the foveal region.
OCT images are all equally sized.
There is a change in reflectivity
within the parafoveal area in the pa-
tient with ACH. This change has not
been quantified. Scale bar: vertical,
100 !m; horizontal, 500 !m.

FIGURE 2. The average LRP of (A)
20 control subjects, (B) 15 patients
with ACH, and (C) 6 with BCM. (D)
An overlay of the three LRPs shows
the obvious difference in reflectivity
within the foveola. Grayscale values,
0–255. Shaded areas: 99% CI.
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reflects alterations in this mitochondria-rich region of the
photoreceptors.

BCM is usually a stationary, X-linked, recessively inherited
disease that occurs even less frequently than ACH. However,
recent reports indicate that there is evidence of progressive
loss of cone function in older individuals.28,29 Mutations in the
red and green opsin genes have been identified (OPN1LW,30

OPN1MW31). Patients with BCM usually have better visual
acuity than do patients affected by ACH, and nystagmus often
regresses eventually. Despite the reduced cone function, af-
fected persons have a residual ability to distinguish colors—
especially shades of blue—used in specific color vision tests.14

Much as in ACH, biomicroscopy of patients with BCM reveals
a normal retinal aspect (Fig. 1C). The ganzfeld ERG shows
similar findings as it does for ACH.32,33 Until now, no his-
topathological data on BCM have been reported. Clinical dis-
tinction between ACH and BCM is difficult, especially in chil-
dren (Fig. 1). Although BCM is clinically well defined, BCVA,
Ganzfeld ERG, and color testing are needed to establish a
diagnosis. The method of LRP analysis of OCT images comple-
ments the diagnostic procedure, revealing high specificity and
reproducibility. The finding that P2 (photoreceptors) is shifted
toward P1 (RPE) and reflectivity is significantly reduced indi-
cates a reduction in size of the photoreceptors and a structural
modification either of the cell itself or of intracellular or-
ganelles (mitochondria). The lack of P3 (external limiting mem-
brane) supports the thesis that a structural change in the
photoreceptors and/or surrounding tissue is present. P2 can-
not be misinterpreted as P3 because the external limiting
membrane never reaches the reflectivity of P2 and the advance-
ment of P2 toward P1 can clearly be seen in all patients (Fig.
1F). Unfortunately, these findings cannot be correlated to mor-
phologic observations, because histologic data of patients with
BCM are lacking. Foveal thickness was reduced in patients with
BCM compared with those with ACH and controls subjects
(P $ 0.001).

With reference to the progressive forms of BCM with in-
creasing loss of cone function,28,29 a potential misinterpreta-
tion with other forms of progressive maculopathy such as
Stargardt’s disease could be hypothesized. Besides the pheno-
typical differences, LRPs in Stargardt’s diseases cannot be mis-
interpreted for BCM. LRPs of patients with Stargardt’s disease
show only P1 and P4. Peaks 2 and 3 are missing, and foveal
thickness is dramatically reduced (&20 !m; Barthelmes D,
Fleischhauer JC, unpublished observation, 2005).

We speculate that mutations resulting in the phenotype of
BCM lead to a reduction in the size of the photoreceptors
(reduced foveal thickness, distance from P1 to P4) and to an
alteration of the area between inner and outer photoreceptor
segments (shifting of P2 toward P1, absence of P3). These
results indicate an alteration of the outer segment of the pho-
toreceptors (shifting of P2 toward P1). The distance from P2 to
P4 was less in patients with BCM (121 ! 10 !m) than that in
normal subjects (148 ! 8 !m). This difference would indicate
an alteration in the area of the somata of the photoreceptors.
Again, unfortunately no histologic reports are available on BCM
to support this hypothesis.

Reports in the literature on foveal thickness measured with
OCT devices range from 146 to 153 !m.3,34,35 These values
were acquired by using the built-in algorithm of the OCT
software. Because we propose P2 to represent the photorecep-
tors and P1 the RPE, the standard OCT software calculates
foveal thickness from P2 to P4. Already published values are in
accordance with ours if the additional &50 !m from P1 to P2
is added.3,34,35

The method of using LRPs to analyze OCT images has
primarily been described by Huang et al.7 In a recent publica-
tion, Ishikawa et al.36 used LRPs to reevaluate retinal thickness
in normal and glaucomatous eyes in the macular area.36 In both
studies, the original data sets recorded by the instrument were
used to evaluate the reflectivity. In the study by Huang et al.,36

OCT-1 was used (Carl Zeiss Meditec, AG), which has a much
lower resolution (&25 !m) than the newer versions and in-
deed, LRP revealed much more information on the layerlike
structure in the tissue. Ishikawa et al.36 used the original scan
data exported from the Stratus OCT-3 to compare changes in
the different retinal layers between control subjects and pa-
tients who had glaucoma. For glaucomatous eyes, significant
changes in the retinal ganglion cell layer were detected. We

FIGURE 3. Data extraction from grayscale images. (A) Complete 8-bit
image of control person’s macula. (B) Enlarged extract from the ROI
(foveal region) in (A). Dashed line: line scan from which the single
reflectivity profile (C) was calculated. (C) Four distinct peaks within
the LRP were easily detected. Reflectivity is in 0–255 levels of gray
(x-axis); scan depth is in micrometers (y-axis).

FIGURE 4. Statistical data analysis. (A) Foveal thickness in patients
with ACH was not significantly different from that in control subjects;
patients with BCM showed a statistically significant foveal thinning
compared with controls subjects and patients with ACH (P $ 0.001).
(B) Reflectivity and distance data of P3 (external limiting membrane;
ELM). Left: reflectivity of ELM; right: distances from the RPE to the ELM
(no statistically significant difference). LRPs of patients with BCM did
not show ELM reflectivity. (C) Distance from P1 to P2 (presumed
mitochondria-rich region of the inner photoreceptor segments). In
ACH, P2 was not detectable. Distance to P1 (RPE) was significantly
different in patients with BCM compared with controls subjects (P $
0.0001). (D) Reflectivity of P2. In patients with ACH, P2 was not
detectable. In those with BCM, reflectivity was significantly lower than
in controls subjects (P $ 0.001). *Statistically significant difference.
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exported 8-bit grayscale images for analysis in our approach.
Patients with cone disorders often exhibit nystagmus that can
be more or less pronounced. Nystagmus makes image acquisi-
tion very difficult, especially if there is a need for the fovea to
be well discriminated on the images. Off-line analysis of dis-
torted images due to eye movements is much easier if per-
formed on the 8-bit grayscale image, where the region of
interest (ROI) can be chosen arbitrarily. Thus, the original
A-scans do not have to be selected within the large raw data file
itself.

In conclusion, we demonstrate a method to analyze OCT
images quantitatively. Two cone diseases were investigated
that showed clinically high similarity. They exhibited charac-
teristic features of tissue reflectivity and thus were easily dis-
tinguished by longitudinal reflectivity profiles of OCT image
analysis.
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