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Abstract: This aim of this study was to test the feasibility of smartphone-based specular 

microscopy of the corneal endothelium at a sub-cellular resolution. Quantitative examination of 

endothelial cells is essential for evaluating corneal disease such as determining a diagnosis, 

monitoring progression, and assessing treatment. Smartphone based technology promises a new 

opportunity to develop affordable devices  to foster quantitative examination of endothelial cells 

in rural and underserved areas.  In our study, we incorporated an iPhone 6 and a slit lamp to 

demonstrate the feasibility of smartphone-based microscopy of the corneal endothelium at a sub-

cellular resolution. The sub-cellular resolution images allowed quantitative calculation of the 

endothelial cell density. Comparative measurements revealed a normal endothelial cell density of 

2,978 cells/mm2 in the healthy cornea, and a significantly reduced cell density of 1,466 

cells/mm2  in the diseased cornea with Fuchs distrophy. Our ultimate goal is to develop a 

smartphone-based telemedicine device for low-cost examination of the corneal endothelium, 

which can benefit patients in rural areas and underdeveloped countries to reduce healthcare 

disparities. 
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Quantitative examination of corneal endothelial cells is essential for evaluating the physiological 

function of the cornea. The main function of the endothelial cell is pumping water out from the 

cornea to maintain corneal transparency and ensure good visual quality. It is known that  healthy 

corneal endothelium consists of a quasi-regular array of hexagonal cells [1, 2]. As endothelial 

cells die, neighboring cells enlarge to cover the empty space once occupied by the cell. This, in 

turn, causes the remaining cells to lose their hexagonal shape. When the endothelium is unable to 

maintain a fluid balance, the cornea starts to swell and it loses its transparency. Endothelial cells 

can be destroyed by eye surgeries, corneal diseases, contact lens usage, trauma, and aging [2-4]. 

Quantitative examination of corneal endothelial cells is a routine requirement for patients with 

corneal endothelial dystrophies like Fuchs’ dystrophy [5], posterior polymorphous dystrophy [6], 

congenital hereditary endothelial dystrophy [7] and iridocorneal endothelial syndrome [8]. The 

ability to diagnose and treat corneal endothelial dystrophies early can prevent vision loss and 

allow patients to maintain vision at the initial stage level. Quantitative examination of endothelial 

cells is also essential for pre-operative evaluation for intraocular surgery. An endothelial cell 

examination is mandatory for monitoring post-operative changes after a corneal transplant and 

during follow up stages [4]. Also, endothelial cell density must be continuously assessed in 

contact lens wearers [3] .  

Specular and confocal microscopes can be used to quantify endothelial cell density, but 

the high operation costs limit their clinical deployment [4, 9] in rural areas and underdeveloped 

countries. The corneal endothelium can also be visualized by slit lamp biomicroscopy [10]. A slit 

lamp biomicroscope equipped with a digital camera is the basic requirement for endothelial cell 

photography. Unfortunately, commercial slit lamp imaging systems are typically expensive. In 

addition, traditional slit lamp biomicroscopy does not provide quantitative information on 
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endothelial cells including their density. Smartphone based technology promises a new 

opportunity to develop affordable devices. The small pixel size of the camera sensors enables 

smartphones to capture high resolution images from optical microscopes with moderate system 

magnification. It was shown that a simple attachment for a smartphone allows 1.5 µm resolution 

without image processing [11]. The high pixel number of the smartphone camera sensor allows 

easy digital magnification with satisfactory image quality.  Here we demonstrate the feasibility 

of smartphone-based microscopy of the corneal endothelium at a sub-cellular resolution.  

   

Figure 1. Photographs of the slit lamp microscope (a) and custom-made smartphone adapter (b). 

This study was approved by the Institutional Review Board of Antalya Training and 

Research Hospital and was in compliance with the Declaration of Helsinki. Figure 1a shows the 

slit lamp (Topcon SL-D7, Oakland, NJ, USA) used for this study. One Iphone 6 was attached to 

the left eyepiece (Fig. 1a) of the biomicroscope through a custom made adapter (Fig. 1b). Fig 2 

illustrates a schematic diagram of the optical layout of the imaging system shown in Figure 1a. 

As shown in Figure 2, the objective was used to produce a real image before the eyepiece. This 

corresponded to a virtual image at 250 mm from the camera (or the observer’s eye). The 

 (a) (b) 
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employed magnification 40x of the biomicroscope indicated that the height of the virtual image 

was 40 times that of the observed object; i.e., the cornea in this study.  

 

Figure 2. Optical diagram of the imaging system. For simplification, the image inverting prism system is ignored 

and optical system is assumed as one objective and one eye piece.  

Camera+ (an app for Apple’s iOS mobile operating system http://campl.us/), which 

enables manually focusing the Iphone 6 camera, was used for imaging the corneal endothelium. 

During the recording, a subject was seated with their chin placed on the chinrest and forehead 

against the headrest. The length and width of the slit were adjusted to 10 mm and 2 mm, 

respectively. The light source was swung 60 degrees left relative to the optical axis of the 

biomicroscope. The slit lamp magnification was set to 16× for preliminary adjustment, and 

Camera+ software was started. Purkinje images were used to guide the focusing adjustment (Fig. 

3a). As shown in Figure 3a, specular reflection from the epithelial layer (anterior surface) of the 

cornea forms the first Purkinje image.  Second Purkinje image is formed by the specular 

reflection from the endothelial layer (posterior surface) of the cornea and it  can be used for 



5 
 

5 
 

imaging the endothelium cells. The third and fourth Purkinje images are related to the anterior 

and posterior surfaces of the crystalline lens (Fig. 3a)  [12, 13]. During the experiment, the 

corneal epithelial bright reflex of the slit light (first Purkinje image, Fig. 3b) was found on the 

smartphone screen. After accessing the first Purkinje image, the magnification of the microscope 

was switched to 40×. By gently moving the biomicroscope and decreasing the width of the slit 

light, first and second Purkinje images were clearly identified. The digital zoom level of the 

smartphone was set to the maximum (6×). The cell mosaic of the endothelium was manually 

focused using the Camera+. Digital photographs were taken when the endothelium was 

optimally focused (Fig. 3c). 

 

 

  
 

Figure 3. Purkinje images I to IV (a).  Images of corneal layers taken at 40x magnification (b) and 40x magnification 

of the biomicroscope with 6x digital magnification of the smartphone (c).  

 

       Overall magnification, Mo, of the system, as in Figure 3, be can be estimated as follows: 

𝑀𝑀𝑜𝑜 = 𝑀𝑀𝑏𝑏
𝑓𝑓𝑐𝑐
𝐷𝐷𝑣𝑣

𝑀𝑀𝑑𝑑 

(a) 
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where 𝑀𝑀𝑏𝑏 is the magnification (40x) of the biomicroscope; 𝐷𝐷𝑣𝑣 is the distance (250 mm) between 

the virtual image and camera lens; 𝑓𝑓𝑐𝑐 is the focal length (4.2 mm) of the Iphone 6 camera; 𝑀𝑀𝑏𝑏 is 

the digital magnification (6x) of the Iphone camera. Therefore,  

𝑀𝑀𝑜𝑜 = 40 ×
4.2
250

× 6 = 4.032. 

  The size of the Iphone 6 front camera was 3,672 µm x 4,896 µm, which corresponds to 

911 µm x 1,214 µm at the cornea. For the 1.5 µm pixel size of the Iphone 6 camera, it 

corresponds to a pixel resolution of 0.37 µm; i.e., sub-cellular level resolution. As shown in 

Figure 4b, individual endothelial cells were unambiguously observed. The sub-cellular level 

resolution enabled quantitative analysis of the endothelial cell density (Fig. 4). Frame method 

was used to count corneal endothelial cells [14] . The best visible field of the image was captured 

and marked in a rectangle frame using Paint software inside the Windows 7 operating system 

(Microsoft Company; Fig. 4). The center of the cells was marked by dots. Cells extending from 

the left and upper border of the frame to the outside were counted. Extanding outside cells from 

the right and lower border of  the frame were excluded. Image J was used for cell counting. The 

vertical and horizontal sizes of the image were defined using the “Set scale” function of Image J. 

Further area measurements were done based on that defined size.  

In Figure 4a, the total area and cell number were 45,000 µm2 and 134, respectively, 

which corresponded to a cell density of 2,978 cells/mm2, which is consistent with reported 

endothelial cell densities of a healthy cornea [9].   In contrast, for the same total area in a cornea 

with Fuchs distrophy, as shown in Fig 4b, the observed cell number was 66 in 45,000 µm2, 

which corresponded to a cell density of 1,466 cells/mm2 , which was related to the endothelium 

affected by the disease [15]. 
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Figure. 4. Centrally marked cells of a healthy cornea (a), cornea with Fuchs distophy (b) 

In summary, we incorporated an iPhone 6 and a slit lamp to demonstrate the feasibility of 

smartphone-based microscopy of the corneal endothelium at a sub-cellular resolution. Given the 

1.5 µm pixel size of the Iphone 6 camera, 0.37 µm was readily achieved in coordination with 40x 

magnification of the slit biomicroscope and 6x digital magnification of the smartphone. The sub-

cellular resolution images allowed quantitative calculation of the endothelial cell density. 

Comparative measurements revealed a normal endothelial cell density of 2,978 cells/mm2 in the 

healthy cornea, while there was a reduced cell density of 1,466 cells/mm2 in the diseased cornea 

with Fuchs distophy. For clinical deployments, the most challenging part of our current system  

is accurate alignment of the focal plane of specular reflection and the imaging system using 

manual focusing control. Our next step is to develop a smartphone-based portable device with 
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automatic focusing adjustment and automatic quantification of cell density to enable low-cost 

telemedicine examination of the corneal endothelium, which can benefit patients in rural areas 

and underdeveloped countries to reduce health disparities. 
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