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A B S T R A C T   

Müller cells (MC) represent a key element for the metabolic and functional regulation of the vertebrate retina. 
The aim of the present study was to test the feasibility of a new method for the in-vivo detection and quanti
fication of extrafoveal MC in human retina. We developed a new approach to isolate and analyse extrafoveal MC 
in vivo, starting from structural optical coherence tomography data. Our pilot investigation was based on the 
optical properties of MC, which are known to not interfere with the light reaching the outer retinal structures. We 
reconstructed MC in the macular region of 18 healthy subjects and the quantitative analyses revealed ~42,000/ 
9 mm2 cells detected. Furthermore, we included 2 patients affected by peripheral intraocular melanoma, with 
macular sparing, needing surgical enucleation. We used these two eyes to perform a qualitative comparison 
between our reconstructions and histological findings. Our study represents the first pilot investigation dedicated 
on the non-invasive isolation and quantification of MC, in-vivo, in human retina. Although we are aware that our 
study has several limitations, first of all related with the proper detection of foveal MC, because of the peculiar z- 
shape morphology, this approach may open new opportunities for the non-invasive in vivo analysis of MC, 
providing also potential useful perspectives in retinal diseases.   

1. Introduction 

Müller cells (MC) play a fundamental role in the metabolic regulation 
of the vertebrate retina, being the most represented glial cells within 
retinal structure. Animal histological studies showed that MC number 
varies from 8000 cells/mm2 in the periphery to about 15,000 cells/mm2 

in the retinal central region (Reichenbach et al., 1991; Dreher et al., 
1992). The ratio between cones and MC is 1:1 in the primate fovea, 
tending to decrease moving away from the center; this leads to an es
timate density of MC > 30,000 cells/mm2 in the fovea. MC mean length 
varies from 100 to 300 μm (Distler and Dreher, 1996), reaching up to 
1700 μm in the human fovea because of the peculiar z-shape 
morphology (Bringmann et al., 2018), and are characterized by a single 
process oriented toward the outer retina and several ramifications ori
ented toward the inner retina. MC run from the inner limiting membrane 
(ILM) to the external limiting membrane (ELM), with anatomical rela
tionship with retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), 
inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform 

layer (OPL) and outer nuclear layer (ONL) (Reichenbach and Wohlrab, 
1986). MC cover several complex functions including retinal develop
ment and metabolic modulation. Moreover, MC have also a role in the 
reduction of light-scattering phenomena, thus being considered a guide 
for the light reaching the photoreceptors (Reichenbach and Bringmann, 
2013). 

In the recent years, optical coherence tomography (OCT) techniques 
offered the opportunity to perform non-invasively, in vivo, detailed 
analyses of the human retina, providing comparable data to histological 
studies. Further details can be achieved by means of post-processing 
algorithms dedicated to further improve the information provided by 
light properties of each retinal layer. 

The main aim of the present pilot study was to propose a new post- 
processing technique to detect and analyse MC in the healthy human 
retina. 
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2. Material and methods 

2.1. Study setting and images acquisitions 

The study was designed as a pilot, cross-sectional, observational case 
series. Consecutive human healthy subjects were enrolled in the 
Department of Ophthalmology of IRCCS San Raffaele Hospital, Milan, 
Italy. Moreover, patients with ocular neoplasia, not involving the mac
ular region and requiring surgical enucleation, were also recruited. 
Exclusion criteria were: age<18 years, any ocular or systemic disease 
potentially interfering with the results of the study. Each subject and 
patient provided a signed informed consent before the examination, in 
accordance with the Declaration of Helsinki. The entire study was 
approved by the ethical committee of IRCCS San Raffaele Hospital, 
Milan, Italy. 

Overall, 18 healthy subjects (10 men, mean age 35 ± 10 years) were 
included. Moreover, 2 patients (1 man, mean age 51 ± 9 years) affected 
by peripheral intraocular melanoma, not involving the macular region, 
without any other ocular or systemic disorder, and underwent surgical 
enucleation were analyzed as well. 

The imaging protocol included high resolution 3 × 3mm (HxV = 320 
× 320) macular OCT angiography (OCTA) acquisitions, obtained by a 
swept source DRI Triton Topcon device (Topcon Corporation; Tokyo, 
Japan) (wavelength 1050 nm; 100.000 A-Scans per second; in-depth 
resolution digital 2.6 μm and optical function 8 μm). Only high- 
quality images, evaluated by means of the Topcon Quality Index >70, 
were considered. The following exclusion criteria were adopted: age<18 
years old, any ocular or systemic disease potentially affecting the results 
of the study. The diagnosis of intraocular melanoma was performed by 
means of a complete ophthalmologic examination, comprehensive of 
multimodal imaging and ultrasonography. For the patients, any previ
ous treatment and any other systemic disease were considered with 
exclusion criteria. After the OCTA acquisition and the surgical enucle
ation, the eye underwent histological assessment. In particular, 3 ×
3mm area of the macular region was examined by means of Vimentin 
and glial fibrillary acidic protein (GFAP), which are considered excellent 
antibodies for MC detection (Wakakura and Foulds, 1988; Okada et al., 
1990; Verardo et al., 2008). In more details, macular samples were fixed 
in 4% paraformaldehyde for 2 h at 8–10 ◦C and were processed for 
immunostaining detection of MC using specific mouse-derived anti
bodies (ARG30088 Astrocyte Maturation/Muller Cell Marker Antibody 
Duo; Arigo biolaboratories Corp.). The finally marked samples were cut 
longitudinally on a cryostat (Leica Microsystems, Nussloch GmbH, 
Nussloch, Germany), considering 14–20 μm thickness. Macular sections 
were analyzed by a blinded observer (CD) with the aid of a fluorescence 
microscope (Leica CTR5500; Leica Microsystems). Representative im
ages were acquired with a confocal microscope (TCS SP5; Leica Micro
systems). Thus, the MC morphological representation was compared 
with OCT imaging. 

2.2. Theoretical assumption 

The MC detection started with the assumption that extrafoveal MC 
are vertically oriented elements, not interfering with light passage and 
absorption. From this point of view, the main scope of the analysis was 
to isolate from the 3 × 3mm volume the non-reflective vertical signal 
included between the ILM and ELM. With respect to foveal MC, the 
peculiar z-shape morphology together with the considerably longer 
length and the lower thickness, below the resolution limits of current 
OCT devices, remarkably affected the ability of our algorithm to detect 
these specific MC. For these reasons, we mainly focused our analyses on 
extrafoveal MC. 

2.3. Muller’s cells detection algorithm 

This section presents a method for detecting and counting MC in an 

OCT volume. The method consists in a set of algorithms designed from 
processing OCT volumes, identifying segments of Muller’s cells in the 
volume, and counting the number of these cells. The proposed archi
tecture is composed of the following blocks: data intermediate format, 
registration, layer extraction, Müller cells counter. 

2.4. Volume registration 

The first block is an application program interface (API) between the 
external data representation (e.g. the data generated by the digital 
retinal image device) and the internal data representation. The API 
converts the raw scan and OCTA flow information into the following 
matrixes of data 

S(x, y, z) (1)  

F(x, y, z) (2) 

Adjacent OCT scans are often misaligned resulting in a missing cor
respondence between adjacent voxels in the z direction. The procedure 
of spatial alignment of OCT scans is called registration. There exist 
several algorithms in literature for medical image registration. Consid
ering that the expected width of a Müller cell in the volumetric data is 1 
or 2 voxels, it is important to assure that the registration process does not 
alter the voxel’s intensity. With this motivation, a basic algorithm based 
only on rigid translation is adopted. 

From the scan volume, a threshold is computes as 

t= a⋅mean(S(x, y)) (3)  

where a is a parameter used for adapting the threshold level to the 
different statistics of OCT data. The scan volume is then thresholded as 
follows 

S’(x, y, z)=
{

S(x, y, z) S(x, y, z) ≥ t
0 S(x, y, z) < t (4) 

The barycenter b = (bx,by,bz) computed from S’(x, y, z) is then used 
for a rigid translation of the per-slice barycenter bxy(z) to the baricenter 
b. Finally, the best motion vector between adjacent slices is calculated 
constrained by the minimization of the mean square error. The motion 
vector search area is controlled by the two parameters Δx, and Δy, for 
the full search area [ − Δx,Δx] × [ − Δy,Δy]. The same translations are 
applied to corresponding frames in the OCTA flow volume F (x,y,z). 

2.4.1. OCT layer detection 
The layer detection process is composed of several steps. A slice from 

the OCT volume is thresholded using the Otsu’s methods (Otsu, 1979). 
Then a sequence of morphological transformation is applied for 
obtaining a clean mask of the region of interest. These steps are erosion, 
closing, filling, removing small unconnected regions, and cleaning the 
left and right sides of the image. 

Finally, a top edge detection is applied for determining the ILM edge, 
RPE edge, and ELM edge. 

2.5. Müller cell filter 

The Müller density defined an algorithm that jointly analyses the 
OCT scan and the OCTA flow information. The main idea is to classify 
each voxel with a confidence parameter for the voxel being part of a 
Müller cell. 

2.6. The main assumptions are as follows  

A1) MC are present in the volume between ILM and ELM edges;  
A2) MC are represented as monotonic piecewise linear functions;  
A3) MC in OCT scan have very low intensity;  
A4) MC are not present where OCTA flow is very active; 
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A5) MC are organized as smooth lines without abrupt changes of di
rection. From these assumptions we can model a Müller cell filter 
as follows. 

(A1) A mask is applied to the scan and OCTA flow information in 
order to extract only voxels between ILM and ELM edges. We denote 
these voxels as Müller scan (Sm) and OCTA flow (Fm) volumes: 

Sm(x, y, z)⊂S(x, y, z), where (x, y, z) between ILM and ELM edges (5)  

Fm(x, y, z)⊂F(x, y, z), where (x, y, z) between ILM and ELM edges (6) 

(A2) A set of 3D matched filter representing 3D segments of length L 
at different orientations are then applied to the Müller volumes. The 
filter giving the highest response (Qm (x,y,z)) will signal that the cor
responding voxel is part of a 3D segment having a given orientation (Dm 
(x,y,z)). 

Qm(x, y, z)=max Sm(x, y, z)*Mi(x, y, z), ∀i (7)  

Dm(x, y, z)= argmaxi Sm(x, y, z)*Mi(x, y, z),∀i (8) 

(A3) A threshold ts is defined for filtering out voxels with low 
response 

Qm(x, y, z)= 0, where Qm(x, y, z) < ts (9) 

(A4) An OCTA flow threshold tf is defined for filtering out voxels with 
high flow levels 

Qm(x, y, z)= 0, where Fm(x, y, z) > tf (10)  

2.7. Müller cell detection and quantification 

A region growing approach is proposed for extracting the MC from 
the Müller volume. At first, a percentage p of the voxels with the highest 
response Qm (x,y,z) to the Müller filter are extracted for being used as 
seeds for the region growing process of the Müller cells. Then neigh
boring pixels of seed voxels are added to the region in decreasing order 
of magnitude Qm. For each Müller voxel, the region growing area is a 
double cone, i.e. two cones placed apex to apex. This constraint, moti
vated by assumption A5, for the region growing process to evolve with 
smooth changes of directions. This process generates a set of N lines 
which are the detected Müller cells. 

The quantitative analysis of MC was performed considering only the 
single lines localized at the level of the outer nuclear layer, in order to 
reduce the risk of oversampling secondary to the presence of possible 

ramifications detected al the level of the inner retinal layers. The entire 
macular volume of 3 × 3mm was considered for the MC quantification. 

3. Results 

Best corrected visual acuity was 0.0 ± 0.0 LogMAR (20/20 Snellen 
equivalent) for all subjects and patients. 

Our analyses allowed to evaluate and isolate, from structural OCT 
images, the trans-retinal, vertical, linear, hyporeflective signal, included 
between the ILM and the ELM (Fig. 1). This signal was characterized by a 
continuous “single-line” morphology. Remarkably, the signal disclosed 
by structural OCT images qualitatively matched with the histological 
results obtained after the treatment of the enucleated tissue with 
Vimentin and GFAP (Fig. 2). It is worth of notice a different amount of 
MC signal, disclosed by structural OCT, and resulting more detectable in 
the extrafoveal region than in foveal one (Fig. 3). 

The quantitative analysis of MC, performed considering the signal 
detected at the level of the outer nuclear layer, showed an overall 
number of MC corresponding to 42232 ± 3478 cells localized in the 
macular volume of 3 × 3mm (~42,000/9 mm2 cells) (Table 1). 

4. Discussion 

Müller cells represent a fundamental cytotype in the animals and 
human retina, due to the high number of regulatory functions performed 
(Dreher et al., 1992; Reichenbach and Bringmann, 2020). MC are also 
characterized by the role of providing a low-scattering passage for the 
light reaching OPL/ONL border, thus mediating the image transfer 
through the retina with minimal distortion and low light loss (Franze 
et al., 2007). This was true for the peripheral retinal regions; with 
respect to the macula, turning to be thicker than the rest of the retina, 
this specific role of the MC is just secondary, since light scattering 
phenomena are less pronounced. In this case, considering the extremely 
high concentration of MC in the macular region, it is assumable that 
these specific MC cover other fundamental metabolic and regulatory 
roles, thus increasing the concept of MC as a major multifunctional 
component of the vertebrate retina (Bringmann et al., 2018; Reich
enbach and Bringmann, 2020). We started from these evidences to make 
our assumption that MC may correspond to vertically oriented, 
trans-retinal, hyporeflective signal on structural OCT. On the basis of 
this theory, we were able to extrapolate this hyporeflective, continuous, 
trans-retinal signal from the macular structural OCT horizontal scans. In 
order to provide a kind of comparison with histological data, we 

Fig. 1. Structural OCT signal interpreted as Müller cells. From original structural OCT image, it is possible to clearly distinguish vertical, trans-retinal, linear, 
hyporeflective signals, contained between ILM and ELM. A magnified section is shown in the right part of the figure, where we manually highlighted a single 
extrafoveal MC signal (orange line). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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included into our analyses also two patients needing surgical enucle
ation, with macular sparing. Remarkably, the isolated structural OCT 
signal, which we interpreted as MC, showed good matching with our 
histological data. Moreover, the overall number of macular MC partially 
agrees with previous histological quantifications (Distler and Dreher, 
1996). However, the intrinsic resolution limitations of current structural 
OCT devices make challenging the identification of structures under 8 
μm of size. Since the mean diameter of MC is approximatively of 10 μm 
(range 6–14 μm obtained in Guinea pig) (Agte et al., 2011), and also 
further thinner in human retina, because of the very high concentration 
of MC within the fovea (Reichenbach and Bringmann, 2020), it is 
assumable an underestimation of MC number affecting our study, which 
should be considered just a first pilot investigation. Similarly, an evident 

underestimation regarded the different amount of MC signal, detectable 
in the foveal and extrafoveal region of structural OCT images. In 
particular, MC signal resulted remarkably less detected at the level of the 
fovea than in the extrafoveal regions. We might advance two different 
hypotheses to explain this finding. The first one is related with resolu
tion limitations, making current structural OCT images not sufficient to 
detect foveal MC. These result more numerous within the fovea than in 
the rest of the retina, thus making assumable MC sizes below the 8 μm 
threshold of structural OCT sensitivity. Moreover, MC show a very 
peculiar anatomy at the level of the fovea (Reichenbach and Bringmann, 
2020), following a z-shape morphology, making possible the change of 
their optical properties and interfering with their proper detection 
through our approach. 

Fig. 2. Müller cells detection on histological analysis after tissue treatment with Vimentin and GFAP (A) and Müller cells detection based on structural OCT analyses 
(B) in the same eye. The structural OCT reconstruction represents a multiple-slabs reconstruction, selected to represent MC as continuous linear trans-retinal signal, in 
order to make clearer the visualization of the MC. 
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On the other side, the histological quantification of the MC is really 
challenging too, and it was previously mainly performed in animals’ 
retina, thus making the quantitative values available in the current 
literature just indicative, rather than precise reference values. It is worth 
of notice that Bringmann et al. (2018) provided a reference value of 
foveal MC density in humans, correspondent to around 15000 
cells/mm2. The discrepancy between this value and those reported in 
our study may be considered the direct consequence of the resolution 
limits of the current OCT devices, allowing to detect just one part of the 
entire macular MC together with the already limitation related with the 

z-shape morphology of foveal MC. Moreover, in order to make our 
quantification more rigorous, we performed our analyses by counting 
only the signal isolated at the level of the outer nuclear layer, without 
the possible overestimation caused by the influence of spurious signal at 
the level of the inner retina. Since MC histological quantification may be 
done in different ways and can be affected by several limitations (Taylor 
and Levenson, 2006; Walker, 2006), it is very difficult to make reliable 
comparisons with our findings. With respect to MC selective detection, 
this can be affected by some limitations, including, first of all, the 
possible inclusion of other retinal cytotypes which might have similar 
reflectivity signal. We tried to reduce this kind of bias by isolating only 
continuous trans-retinal signal; however, we cannot exclude at all the 
possible presence of other retinal elements in our analyses. Another 
attempt to reduce possible biases was the usage of blood flow informa
tion through OCTA. In particular, we excluded all retinal voxels resulted 
positive after the decorrelation signal analysis, thus being interpretable 
as intraretinal vessels. 

Considering the well-known involvement of MC in retinal diseases 
(Bringmann and Wiedemann, 2012), as well as their involvement in 
retinal regenerative phenomena (Goldman, 2014), the perspective of 
MC quantification in vivo may open new frontiers for the diagnosis and 
treatment of retinal diseases. 

We are aware that the present investigation should be considered 
only a pilot study, conducted with a low number of subjects, affected by 
several limitations related with the experimental methods, as above 
discussed, and also related with intrinsic limitations of imaging tech
niques (Spaide et al., 2015, 2018). Moreover, we would highlight that 
our approach is limited to image resolution ≥8 μm, thus making possible 
to detect just one part of the entire information. Furthermore, the cur
rent approach is poorly sensitive to foveal MC for two main reasons. The 
first one is related with the extremely high density of foveal MC, which 
resulted more compacted and thinner than in the rest of the retina. In 
addition, the z-shape morphology of foveal MC may strongly alter their 
optical properties, making difficult the proper isolation through our 
algorithm. For these reasons, we are aware that the future improvements 
of OCT devices resolution and the development of a dedicated algorithm 

Fig. 3. Müller cells signal detection on struc
tural OCT. MC signal detection varies in 
accordance with the distance from the fovea. 
In particular, starting from the entire struc
tural OCT horizontal line (A), the extrafoveal 
region (orange square and magnified B) shows 
high amount of MC signal (marked by orange 
asterisks). On the contrary, the foveal region 
(blue square and magnified C) discloses 
remarkably lower MC signal (marked by white 
asterisks). (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Table 1 
Müller cells quantification, in vivo, in healthy eyes.  

Müller Cells Quantification 

Subject 1 39673 
Subject 2 39695 
Subject 3 47312 
Subject 4 48622 
Subject 5 39949 
Subject 6 43209 
Subject 7 43639 
Subject 8 44686 
Subject 9 41421 
Subject 10 41152 
Subject 11 49770 
Subject 12 41624 
Subject 13 38439 
Subject 14 39047 
Subject 15 41626 
Subject 16 44491 
Subject 17 42842 
Subject 18 37719 
Subject 19 37115 
Subject 20 42614 

Min 37115 
Max 49770 
Mean 42232 
Standard deviation 3478  
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for the z-shape profile definition would overcome this current limita
tion, which affects also the quantification of MC. The future application 
of this kind of quantitative approaches on even more advanced struc
tural OCT devices will help to increase the amount of information 
available through these imaging methodologies. Furthermore, we pro
vided few histological findings just to make a qualitative assessment, but 
we could not perform any kind of quantitative comparative analysis, due 
to the inclusion of only two eyes both with imaging and histological 
data. 

In conclusion, our pilot investigation proposed a new post-processing 
method to analyse in vivo MC, in human retina. Further larger studies 
are warranted to support our preliminary findings and to assess the 
possible application in retinal diseases. 
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