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    Chapter 1   
 Introduction: Retina Imaging – Past 
and Present                     

       Andrzej     Grzybowski      and     Piero     Barboni   

    Abstract     The retina raised the interest of scientists since the 4th century BC, when 
the Greek anatomist Herophilos, known as the Father of Anatomy, described it for 
the fi rst time. It was not until the 18th century that scientists started to visualize the 
retina in the living animal and, later on, in the human eye. The histology of the ret-
ina was investigated in the 19th century and by the end of the 20th it was believed 
that its histological and functional characteristics were largely known. However 
new and somehow surprising information continues to be collected also in current 
days. One example is the discovery of Melanopsin-Containing Retinal Ganglion 
Cells (RCGs), which represent a novel class of photoreceptors. Optical coherence 
tomography (OCT) has been one of the most signifi cant innovations in ophthalmol-
ogy and has enabled us to improve our knowledge about specifi c cells and structures 
of the retina, such as the RCGs and the retinal nerve fi ber layer (RNFL). Since the 
retina and optic nerve originate from the diencephalon, OCT measurements of both 
RCGs and RNFL have been shown to be sensitive parameters to investigate differ-
ent diseases of the central nervous system. 

      The retina is a mysterious structure. The fi rst use of the term comes, as to our 
 present knowledge, from Herophilos (335–280 or 255 BC), Greek anatomist, who 
was of founders Greek school in Alexandria. He used two different words, arach-
noeides and amfi blesteroides, for retina. For many years, both meanings were 
related to casting net, and retiform, a word which the modern “retina” is derived. 
However, as it was nicely shown recently, there might be another explanation of 

        A.   Grzybowski,    MD, PhD, MBA   (*) 
  Professor of Ophthalmology, Head of Ophthalmology Department ,  Poznan City Hospital , 
  Poznan ,  Poland    

  Chair of Department of Ophthalmology ,  University of Warmia and Mazury ,   Olsztyn ,  Poland   
 e-mail: ae.grzybowski@gmail.com   

    P.   Barboni    
  University of Bologna ,   Bologna ,  Italy    

mailto:ae.grzybowski@gmail.com


2

these original terms [ 1 ]. Amfi blesteroides meant at that time also anything that is 
thrown around and encircling walls. For many years it was believed, however, that 
the lens, not retina is the reception organ of the eye responsible for vision and there 
was even no agreement as to whether the eye emanated light (extramission theory) 
or received it (intromission theory) [ 2 ,  3 ]. Leonardo da Vinci (1452–1519) and 
Johannes Kepler (1571–1630) questioned the role of the lens in light reception. 
Felix Plater (1536–1614), attributed that role to the retina, what was further experi-
mentally supported by Christopher Scheiner (1575–1650) who, by removing part of 
the sclera and choroids, was able to notice the reversed picture projected onto the 
bottom of the eye [ 3 – 6 ]. 

 For the next two centuries, it was disputable weather retina or choroid was a 
precise structure responsible for vision reception [ 7 ]. This was fi nally settled by 
Herman von Helmholtz (1821–1894), who also constructed and popularized the 
fi rst ophthalmoscope in 1851 [ 8 ]. This revolutionized the development of 
retinology. 

 The fi rst visualization of the eye fundus of the living animal, however, was con-
ducted by Jean Mery (1654–1718) in 1704 (Fig.  1.1 ). By plunging the head of a cat 
in water, Mery was able to observe the retinal vessels, the optic nerve head and the 
choroid [ 9 ]. This was later confi rmed by Adolf Kussmaul in 1845 [ 10 ], Johann 
Nepomuk Czermak in 1851 [ 11 ] and Adolf Ernst Coccius in 1852, who introduced 
a water- box named ‘orthoscope”, to neutralize the corneal curvature [ 12 ,  13 ]. It was, 
however, Johannes Purkinje (1787–1869) in 1823 who described the basics of oph-
thalmoscopy based on his observations living animal and human eye [ 14 ]. One of 
the pioneers in the use of ophthalmoscopy for the diagnosis of central nervous sys-
tem disorders was Xavier Galezowski (1832–1907), who published one of early 
textbooks on this subject and coined a term of cerebroscopy for this examination 
[ 15 ] (Fig.  1.2 ).

    The microscopical structure of the retina was described in the 19th century, and 
by the end of the 20th century it was believed that its histological and functional 
characteristics was largely recognized. Then, the discovery of intrinsically photo-
sensitive ganglion cells, a novel class of retinal photoreceptors, which express mela-
nopsin, are sensitive to short-wavelength blue light and project throughout the brain, 
have presented a completely unknown area of retina-brain possible interactions 
[ 16 ,  17 ]. It is quite clear today that other cellular components of the retina, namely 
amacrine cells, bipolar cells and microglial cells, although somehow neglected in 
the past, play important functions both in physiology and pathology of the retina. 
For example, it was recently proposed that microglia might accelerate damage 
wrought by retinitis pigmentosa and that they might provide a target for entirely 
new therapeutic strategies [ 18 ]. 

 One of the major developments in recent years in retinal imaging was the intro-
duction of optical coherence tomography (OCT). OCT was fi rstly reported by 
Huang et al. in 1991 [ 19 ]. In vivo studies were fi rst reported in 1993 [ 20 ,  21 ], and in 
1995 imaging of the normal retina [ 22 ] and macular pathology [ 23 ] was presented. 
OCT delivers high-resolution cross-sectional or 3-dimensional images of the retinal 
and choroid structures, which are generated by an optical beam scanned across the 
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retina (and choroid). OCT testing is quick, easy and noninvasive, and pupil dilation 
is typically not required. Moreover, OCT yields quantitative anatomical data and is 
related with low variation for repeated measurements, low intra-individual and 
inter-individual variation and low variability across different centers using the same 
device. 

 Retinal ganglion cells axons are nonmyelinated within the retina, thus retinal 
nerve fi ber layer (RNFL) is an optimal structure to visualize the process of neuro-
degeneration, neuro-protection and neuro-repair [ 24 ]. Moreover, OCT enables 
evaluation of retinal ganglion cells (RGC). For example, it was reported in patients 
with MS a dropout of RGC in 79 % of eyes and inner nuclear layer atrophy (includ-
ing amacrine cells and bipolar cells) in 40 % of eyes [ 25 ]. It was also argued that 
OCT might reveal RNFL abnormalities in many patients with no clinical symp-
toms [ 26 ]. 

 Retina and optic nerve originates from diencephalon, thus are a part of central 
nervous system (CNS). RGC present the typical morphology of CNS neurons. Optic 
nerve, like all fi ber tracts in CNS, is covered with myelin and is unsheathed in all 
three meningeal layers. Insult to the optic nerve, similar to CNS, lead to retrograde 
and anterograde degeneration of damaged axons [ 27 ]. Because of these many simi-
larities, it has not been very surprising that many CNS diseases can be also detected 
on the retina level. They include multiple sclerosis, Alzheimer disease, Parkinson 
disease, and many others. Moreover, it was shown that there are some common 
degenerative mechanisms between Alzheimer disease and eye diseases, like glau-
coma and age-related macular degeneration [ 28 ]. Thus, the aim of this book is to 
present and review all aspects of OCT retina studies in CNS diseases.    

  Fig. 1.1    Extract from the Proceedings of the Royal Academy of Sciences for the year 1709 — 
Session of 20th March 1709. By this diagram, La Hire explains the visualization of the fundus of 
the submerged cat by the fact that the surface of the water having abolished the corneal dioptric 
power, the rays coming out of the eye would no longer be parallel, but would diverge and that 
would make the eye fundus visible to the observer (Source: Heitz [ 9 ])       
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    Chapter 2   
 OCT Technique – Past, Present and Future                     

       Tigran     Kostanyan     ,     Gadi     Wollstein     , and     Joel     S.     Schuman     

    Abstract     Optical coherence tomography (OCT) has become the cornerstone tech-
nology in clinical and research imaging in the past two decades. OCT performs 
in vivo, real-time, noncontact scanning and provides cross-sectional and volumetric 
images with a resolution approaching that of histology. The technology is used in 
various medical disciplines, but it is still most profoundly used in the fi eld of oph-
thalmology where it was initially applied. OCT is continuously evolving with newly 
developed applications. 

 This chapter will describe the basic principles of OCT techniques, its history, 
current status, and major ophthalmic applications and research that will determine 
the future of the technology.  

  Keywords     Time domain (TD-) OCT   •   Spectral domain (SD-) OCT   •   Swept source 
(SS-) OCT   •   Polarization sensitive (PS-) OCT   •   Adaptive optics (AO)   •   OCT blood fl ow  

  Abbreviations 

   OCT    Optical coherence tomography   
  RNFL    Retinal nerve fi ber layer   
  TD    Time-domain   
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  SD    Spectral domain   
  FD    Fourier domain   
  SS    Swept source   
  AO    Adaptive optics   
  PS    Polarization sensitive   
  2D    Two-dimensional   
  3D    Three-dimensional   
  CCD    Charge-coupled device   
  ONH    Optic nerve head   
  ILM    Internal limiting membrane   
  IS    Inner segment   
  OS    Outer segment   
  RPE    Retinal pigment epithelium   
  LC    Lamina cribrosa   
  RGC    Retinal ganglion cell   
  IPL    Inner plexiform layer   
  GCC    Ganglion cell complex   
  EDI    Enhanced depth imaging   

2.1           Introduction 

 Optical coherence tomography (OCT) is a diagnostic imaging technology that has 
gained a leading position in research and clinical practice due to its ability to obtain 
noncontact, in vivo, high-resolution, micron-scale images of tissue structures. OCT 
makes  in situ  imaging of tissue microstructure possible with a resolution approach-
ing that of light microscopy histology without the need for tissue excision and pro-
cessing, referred to as  optical biopsy  [ 1 ]. 

 The technology uses the principle of low-coherence interferometry, which was 
originally applied to ophthalmology for in vivo measurements of the axial length of 
the eye [ 2 ]. OCT has been used to visualize various types of biological tissue 
[ 1 ,  3 – 9 ], but it is most profoundly used in ophthalmology due to the almost perfect 
optical accessibility of the eye. 

 At the time of introduction, the technology was used to acquire in vivo cross- 
sectional images of the anterior segment [ 10 ], as well as retinal pathologies such as 
macular edema, epiretinal membranes, macular holes, macular detachment, and 
idiopathic central serous chorioretinopathy [ 11 ]. Optic disc and retinal nerve fi ber 
layer (RNFL) measurements were obtained with OCT shortly afterward [ 12 – 14 ]. 

 OCT has evolved signifi cantly, with improvements in both imaging method and 
image analysis. The evolution of OCT began with the time domain (TD) technique, 
followed by spectral domain (SD) and later newer iterations with faster scanning 
aquisition speeds [ 15 – 17 ] and higher axial resolution [ 18 ,  19 ]. 

 This chapter will describe the basic principles of OCT techniques, its history, 
current status, and major ophthalmic applications and research that will determine 
the future of the technology.  

T. Kostanyan et al.
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2.2     Basic Principles 

 OCT provides cross-sectional and volumetric images of areas of interest by acquir-
ing either the echo time delay or frequency information of back-refl ected light. 
Differences in the optical properties of biological tissues allow the recognition of 
layered structures. The speed of light makes it impossible to analyze the acquired 
information directly, since it would be in the order of femtoseconds, thus OCT 
systems use the optical technique known as  interferometry.  Low-coherence inter-
ferometry enables analysis of this information and the creation of a depth-resolved 
refl ectivity profi le (A-scan) of the scanned tissue by matching the light profi les from 
the scanning and reference arms. 

 Utilization of light provides OCT technology the ability to obtain images in a 
non-contact fashion and to achieve resolutions of 1–15 μm, which is one to two 
orders of magnitude fi ner than other conventional clinical imaging technologies 
such as ultrasound, computerized tomography, or magnetic resonance. Light is 
highly absorbed or scattered in most biological tissues, and therefore the use of this 
technology is limited only to locations that are optically accessible or that can be 
imaged using devices such as endoscopes or catheters. 

 OCT technique can be classifi ed into two major groups: TD and Fourier (or fre-
quency) domain (FD). FD can be further classifi ed into spectral-domain (SD) and 
swept-source (SS) techniques. In TD-OCT, a broad-bandwidth laser or a low- 
coherence superluminescent diode light source projects light that is then divided 
into two arms by a partially refl ecting mirror (beam splitter). In the fi rst arm light is 
projected toward the sampling location, while in the second arm light is projected 
toward a moving reference mirror at a known position. The backscattered light from 
both sites travel back to a detector and recombine to form an interference pattern, 
which is sensed by the interferometer. The interference is only observed when both 
the sample and the reference arm light beams travel the same distance [ 12 ]. Changing 
the position of the reference mirror allows the machine to sequentially acquire infor-
mation from different depths in the tissue sample. A cross-sectional image, also 
known as a B-scan, is generated by performing fast, subsequent axial scans (A-scans) 
at different transverse positions. Each axial scan represents the echo time delay of 
back-refl ected light from the tissue and gives a profi le of the tissue’s dimensions 
along the optical beam. The scanning speed of TD-OCT technology is limited to 400 
axial scans/sec, due to the maximal oscillating speed of the reference mirror [ 20 ]. 

 SD-OCT is similar in principle, but the data acquisition varies slightly, yet fun-
damentally, from TD-OCT. The main difference of this iteration is the use of light 
frequency information instead of time delay data to determine the spatial location of 
refl ected light. SD technology utilizes the Fourier transformation of the refl ected 
light frequencies to encode distances within tissue microstructure [ 21 ]. Instead of a 
moving reference mirror, the mirror is stationary and the interference signal is split 
into its frequency components using a diffraction grating. The signal is simultane-
ously detected by a charge-coupled device (CCD). The CCD has an array of photo-
detectors that are each sensitive to a range of specifi c frequencies [ 22 ,  23 ]. 

 SD technology allows the acquisition of information from all points along each 
A-scan simultaneously, substantially increasing scan speed to the range of ~25,000–

2 OCT Technique – Past, Present and Future
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75,000 axial scans/sec in the commercially available systems [ 24 ,  25 ] and up to 20.8 
million axial scans/sec in research devices [ 16 ]. The substantial increase in scan-
ning speed allows for the acquisition of three-dimensional (3D) data sets, which is 
done by combining rapidly acquired subsequent cross-sectional scans. The wide 
bandwidth of the light source also enables a substantial enhancement in axial reso-
lution up to 1 μm [ 26 ,  27 ] and an improved signal-to-noise ratio [ 28 ]. 

 SS-OCT is a form of Fourier domain technology that uses a single tunable laser 
that sweeps through different frequencies to rapidly cover the entire broad spec-
trum. The refl ectance of the light from the scanned area is captured by a photodetec-
tor, which is much faster than the CCD camera used in SD-OCT technology [ 17 , 
 29 ]. This allows the SS technology to further enhance the scanning speed up to 
400,000 axial scans/sec. Another important advantage of this iteration of OCT tech-
nology is the absence of the depth dependent signal drop-off observed with SD-OCT 
technology [ 30 ]. Most SS-OCT devices operate with light sources centered at 
around 1030 μm (compared with 840 μm in the commercially available TD- and 
SD-OCT), which reduces the axial resolution to approximately 8 μm but allows for 
better penetration of the tissue. The combination of improved tissue penetration and 
reduced signal attenuation allow detailed scanning of structures such as the choroid 
and the lamina cribrosa inside the optic nerve head. The major characteristics of 
these three different OCT techniques are presented in Table  2.1 .

   The key technological parameters that are typically used to characterize OCT 
technology are the wavelength of the light source, axial or longitudinal resolution, 

   Table 2.1    Comparison of TD-, SD-, and SS-OCT technologies   

 Technology 
 Light 
source 

 Ophthalmic 
device 
commercially 
available  Primary advantages  Primary disadvantages 

 TD-OCT  Relatively 
narrow 
band width 

 Yes  Intensity 
information 
acquired in time 
domain; no 
complex conjugate 
image 

 Moving reference mirror 
required, limiting 
acquisition rate 

 SD-OCT  Broadband 
width 

 Yes  No moving 
reference mirror 
required; higher 
resolution than 
TD-OCT; high 
scanning speed and 
axial resolution can 
be attained 

 Noticeable signal drop-off 
with depth 

 SS-OCT  Narrow 
band, 
swept 
through 
broad 
range 

 Yes  No moving 
reference mirror 
required; very high 
scanning speeds 
can be attained; 
minimal signal 
drop-off with depth 

 Most ophthalmic systems 
are operating at longer 
wave lengths (λ = 1–1.3 μm) 
with lower axial resolution 
than SD-OCT but with 
improved penetration into 
structures 
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lateral or transverse resolution, scanning speed, and imaging depth. The wavelength 
is inversely related to the axial resolution of the acquired images, with longer wave-
length providing lower resolution compared with shorter wavelength. 

 Axial resolution determines the smallest distance along the axial direction where 
two adjacent points are discernable, and it is related to the bandwidth or the 
coherence- length of the source. In posterior segment eye imaging, the light should 
travel through transparent media, which mostly contains water that absorbs infrared 
radiation. This limits the technology to the use of light sources of only certain wave-
length. Current commercial OCT devices achieve axial resolutions up to 4 μm, and 
research systems achieve up to ~ 1–2 μm [ 19 ]. 

 Transverse resolution is independent of the coherence properties of the light 
source, and is determined by the spot size, which is limited by the optics of the 
scanned system. As such, the transverse resolution of OCT among the different 
generations is within a range of 15–20 μm. Improving the transverse resolution 
requires the correction of the optical aberrations of the eyes using technologies such 
as adaptive optics. 

 Scanning speed is dictated by mechanical constrains such as the maximal oscillat-
ing rate of the reference arm (TD-OCT) and the sensitivity of the detector to the back-
refl ected light. As scanning speed increases, the time the detector remains in the same 
location is shorter, thus reducing the light that can be detected in each location. Since 
the power of the projected light is limited in order to be within safety limits, faster 
scans require a more sensitive detector that can function with a lower level of light. 

 The imaging depth in TD technology is given by the reference arm’s range of 
movement, while in SD technology it is related to the center wavelength. Longer 
wavelengths provide increased imaging depth [ 31 ,  32 ], but the use of longer wave-
lengths for imaging depth improvement is limited by the increased optical absorp-
tion of water [ 33 ].  

2.3     The Past 

 OCT technology was fi rst described by Huang and colleagues in 1991 [ 34 ]. The 
authors scanned human retinas and atherosclerotic plaques ex vivo with a prototype 
device using infrared light at a ~ 800-nm wavelength. The axial resolution of cross- 
sectional images of the retina, optic nerve, and coronary artery wall was 15 μm, 
which allowed the visualization of some retinal layers, optic nerve head structures, 
and the composition of the coronary artery. In vivo retinal scanning was conducted 
using a prototype device based on a slit-lamp biomicroscope that was modifi ed to 
provide a view of the fundus while scanning with OCT. The development of scan 
patterns that enabled the acquisition of reproducible measurements [ 35 ] led to the 
use of the technology in clinical practice. 

 The fi rst commercially available OCT, called OCT 1000, was marketed in 1996 
by Zeiss (Dublin, CA). The technology went through two iterations, resulting in 
OCT 2000 in the year 2000 and then OCT three (Stratus OCT), which became com-
mercially available in 2002. The Stratus OCT had an axial resolution of ~10 μm, a 
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transverse resolution of 20 μm, and a scan speed of 400 axial scans/sec [ 1 ,  12 ]. The 
typical cross-sectional scan was composed of 128–512 axial scans, comprising an 
image area of 4–6 mm. 

 Due to its ability to obtain quantitative and reproducible measurements of the 
macula [ 36 ,  37 ], retinal nerve fi ber layer thickness [ 35 ,  38 ], and optic nerve head 
[ 39 ,  40 ], TD-OCT technology became the gold standard in-vivo clinical imaging 
device for posterior segment pathologies in a relatively short period of time. 
Figure  2.1  shows an example of a cross-sectional scan of the macula and the ONH 
of a healthy eye obtained with TD technology (Stratus OCT).

   The most routine scan patterns used with TD-OCT were a scan comprises of six 
equally spaced radial scans through the macula (6 mm diameter) and optic nerve 
(4 mm) and a circular scan with a diameter of 3.4 mm centered on the optic nerve 
head (ONH). Using automated segmentation, the macular thickness (internal limit-
ing membrane (ILM) to the photoreceptor inner segment-outer segment (IS–OS) 
junction) can be quantifi ed from the macular scan pattern, and the retinal nerve 
fi ber layer (RNFL) thickness measurements can be quantifi ed from the circumpap-
illary scan. Cup area, disc area, cup diameter, disc diameter, and rim area are pro-
vided after the software detects the ONH margin, allowing quantifi cation of the 
ONH. 

 Several improvements in OCT hardware have been introduced since the fi rst 
commercial TD-OCT system became available. Better axial resolution [ 26 ,  27 ] 
and increased scanning speed [ 22 ,  41 ] are the two main advancements that were 
incorporated into the commercial systems. Ultra-high resolution OCT retinal imag-
ing that used specially designed broadband light sources was introduced in 2001 
[ 42 ]. This OCT device had an axial resolution of ~3 μm, which was markedly bet-
ter than the 10 μm axial resolution provided by the commercial devices at that 
time [ 42 ,  43 ]. Further improvements in OCT technology lead to the introduction 
of SD-OCT (discussed in detail in the next section) which had a faster scanning 
speed and better resolution than TD-OCT. This can be easily appreciated by com-
paring Figs.  2.1  and  2.2 , in which the same healthy eye was scanned with TD- and 
SD-OCT, respectively.

   In addition to acquiring tissue structural information, OCT has been incorpo-
rated into multimodal imaging systems that provide further insight into the func-
tional characteristics of tissue [ 44 – 50 ].  

  Fig. 2.1    OCT image of a healthy fovea ( a ) and optic disc ( b ). Images were obtained using TD 
technology and have an axial resolution of ~10 μm       

 

T. Kostanyan et al.



13

2.4     The Present 

 OCT has become a key ophthalmic diagnostic imaging tool due to its ability to pro-
vide reliable and reproducible information about tissue microstructure. The major-
ity of current commercial OCT systems use SD technology for posterior eye imaging 
and can visualize the cross-sectional structure of the retina and optic disc [ 1 ,  51 ]. 
OCT is used extensively in the diagnosis and management of a wide range of ocular 
pathologies including glaucoma, age-related macular degeneration, macular edema, 
macular holes, diabetic retinopathy, alterations in the vitreoretinal interface, papill-
edema, and others. OCT systems possess different built-in scanning protocols for 
obtaining data on macular, peripapillary, and optic disc structures. In addition to 
providing a cross-sectional and volumetric dataset of the scanned area, individual 
layers and structures of the retina and optic disc are measured by automatic image 
processing. In many devices, these measurements are compared to normative data 
acquired from the population, with some devices also factoring in ethnicity. The 
comparison with normative data simplifi es the recognition of abnormal locations. 
The ability of OCT to provide reproducible, quantitative information makes it use-
ful in tracking small changes in tissue structure along the course of disease. 

 Some scan patterns used in SD-OCT are similar to those described above for 
TD-OCT, but a dramatic increase in scanning speed substantially extended the abili-
ties of SD-OCT. SD-OCT is able to acquire a larger number of axial scans or trans-
verse pixels per image, as well as a larger number of cross-sectional images for a 
given scan time, which results in improved image quality and retinal coverage. The 
faster scanning speed reduces eye motion artifacts, due to the shorter acquisition 
time, and improves the accuracy of the acquired images. The faster scanning speed 
also enables the acquisition of a 3D volumetric dataset in a time comparable to that 
of the scanning protocols of previous generations OCT. A 3D dataset allows a thor-
ough sampling of the scanned region, advanced post-processing, and improved reg-
istration of consecutive scans. One of the common uses of the advanced processing 
is the OCT en face image generated by integrating each individual axial-scan [ 52 ]. 
The en face image is similar to the conventional retinal fundus view and can be used 
for subjective assessment of image quality, comparison with clinical fi ndings, and 
to assist with correcting eye motion that may have occurred during the scan. The en 

  Fig. 2.2    OCT image of a healthy fovea ( a ) and optic disc ( b ). Images were obtained using SD 
technology and have an axial resolution of ~5 μm       
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face view can be used to further focus on slab within the region of interest, allowing 
detailed visualization of structures such as the fi ne intra-retinal vascular network. 

 Evaluation of the ONH using SD-OCT can provide important diagnostic informa-
tion in multiple ocular and central nervous system pathologies. Figure  2.3  shows an 
OCT cross-sectional image of a healthy optic disc (a) and a 3D volumetric scan (b).

   ONH imaging is performed using different scan patterns among the various com-
mercially available SD-OCT devices. This includes 3D cube scans, radial scans, 
circular scans, and a combination of radial and concentric scans. The 3D volumetric 
cube is obtained by the raster scanning of a square area centered on the ONH. The 
radial scan is composed from various numbers of cross-sections at equal angular 
orientation all centered on the ONH. Circular scans are centered at the ONH, similar 
to the scan pattern performed with TD-OCT. A scan that is a combination of a radial 
and concentric scan is benefi cial because it features dense sampling adjacent to the 
intersection of the radial scans while the circular scanning at the periphery fi ll in the 
gaps between the radial scans that are further out from the intersection. All of 
the devices can automatically detect the optic disc boundaries from each acquired 
image as the location at which the photoreceptor layer, retinal pigment epithelium 
(RPE), and choriocapillaries terminate. 

 One of the most useful measurements provided by OCT is the circumpapillary 
RNFL thickness, which quantifi es the retinal ganglion cell’s axons from the entire 
retina on their way toward the ONH. This measurement can be extracted from a 
circle centered on the ONH with a diameter of 3.4 mm, similar to the method used 
in TD-OCT. The limitation of this approach is that the sampling of the tissue is 
performed only along the circle, and therefore any misplacement of the circle dur-
ing repetitive scanning will result in increased measurement variability.[ 53 ] Another 
option is to extract the RNFL thickness from the 3D cube scanning pattern. This 

a b

  Fig. 2.3    Cross-sectional ( a ) and volumetric ( b ) SD-OCT imaging of the optic nerve head of a 
healthy eye       
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method can ensure that the tissue sampling location is consistent through multiple 
scans, as the repositioning of the circle is possible if needed. 

 SD-OCT devices provide average RNFL thickness measurements, thicknesses in 
four quadrants (temporal, superior, nasal and inferior) and sectoral thicknesses at 
each of the 12 clock-hours or in 16 equal sectors. The RNFL thickness profi le in the 
peripapillary region follows the ISNT rule, with thickest RNFL seen in the inferior 
quadrant, followed by superior, nasal and temporal quadrants. 

 Several devices also report the RNFL thickness as a color-coded thickness map 
of the entire peripapillary region. This map provides additive information to the 
circumpapillary RNFL thickness, as it can highlight small, localized thinning or 
defects outside the circumpapillary sampling location. 

 Figure  2.4  shows Cirrus HD-OCT ONH scan printout that provides the RNFL 
thickness map (a) and cross-section (c). The deviation map (b) compares the RNFL 
measurements at each superpixel with an age-matched normative database, and 
locations thinner than the lower 95 % of the normal range are highlighted. At the 

  Fig. 2.4    Cirrus HD-OCT ONH scan printout with RNFL thickness map (a), deviation map (b) and 
cross section (c)       
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center panel quantitative parameters are provided for ONH structures, along with 
RNFL thickness. The background coloring refl ects the comparison with the norma-
tive results, with green representing the normal range, yellow representing <5 % of 
the normal population, and red representing and <1 %.

   Figure  2.5  demonstrates the circumpapillary RNFL scans obtained with the 
Spectralis OCT (a). Spectralis measure RNFL thickness by assessing a total of 
2,325 data points along the sampling circle, and the built-in software constructs the 
fi nal cross-section by averaging 16 consecutive B-scans. The averaging of multiple 
scans reduces the background noise and improves signal quality. The actual thick-
ness values and color-coded comparison results are presented as global average 
thickness, thickness in four quadrants, and thickness in six sectors (b).

   The RTVue Premier peripapillary scan acquire 13 circular scans with diameters 
of 1.3–4.9 mm centered on the ONH. The comparison with the normative database 
is performed in 16 sectors and presented as the deviation map that surrounds the 
RNFL thickness map in Fig.  2.6a .

   The improvements introduced in SD-OCT had a substantial impact on macular 
imaging. Thorough sampling of the macula, the improved visualization of the retina 
and choroid, and the ability to automatically segment the various layers of the retina 
substantially impacted clinical management. The scan patterns that are often used to 
image the macula include the 3D cube, line and cross-line, raster, mesh, and radial 
scan patterns. The principle of the volumetric cube scan is similar to the 3D ONH 
scan patterns described above. 

 Figure  2.7  shows a macular 3D scan obtained with Cirrus HD-OCT (a) and 
Spectralis OCT (b) from two different healthy subjects. These types of scans are 

a

b

  Fig. 2.5    Spectralis OCT RNFL Analysis with circumpapillary RNFL cross section (a), thickness 
profi le and sectoral measurements (b)       
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  Fig. 2.6    ONH and peripapillary RNFL thickness protocol of RTVue premier       

a b

  Fig. 2.7    3D-OCT images of healthy maculas obtained with Cirrus HD-OCT ( a ) and spectralis 
OCT ( b )       
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often helpful in the estimation of the volume and extent of pathologies in the mac-
ula, such as macular edema or macular holes.

   Line scans are typically composed from the averaging of multiple scans at the 
same location, as explained above. This is typically performed along a single loca-
tion (Fig.  2.8 ) or along several parallel lines (Fig.  2.9 ). Line scans are clinically 
useful for obtaining retinal images with highest level of detail.

    Some SD-OCT systems are capable of acquiring scans in horizontal and vertical 
orientations to provide a mesh scan pattern. The logic behind this scan pattern is that 
even at a fast scanning rate there is a relatively long temporal gap between adjacent 
points that are perpendicular to the scan orientation. For example, in a horizontal 

a

b

c

  Fig. 2.8    Line scans of the macular region obtained with spectralis OCT from a healthy eye ( a ), 
and eyes with vitreomacular traction ( b ) and wet age-related macular degeneration ( c )       
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raster scan, the time gap between adjacent points in the horizontal direction is much 
shorter than the gap between adjacent points vertically. This can lead to image dis-
tortion along the slow axis of the scan. Registering the horizontal and vertical scans 
together can reduce the distortion in the slow axis and improve scan quality. 
Figure  2.10  shows a mesh scanning pattern (b) of the macula centered on the fovea 
with correspondent cross-sectional image (a) obtained with RTVue Premier. The 
pattern consists of an inner, dense grid and outer grid, visible as white grid lines.

   Radial scan protocols acquire multiple evenly spaced linear scans which all 
intersect at the fovea. This pattern provides information from the entire macular 
region, with dense coverage near the fovea where the lines intersect and sparse cov-
erage at the macula periphery. Figure  2.11  demonstrates a radial scanning pattern of 

  Fig. 2.9    Macular fi ve line raster scanning pattern obtained with cirrus HD-OCT       
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the macula from two different healthy subjects using different commercial SD-OCT 
systems.

   The high resolution of SD-OCT allows the acquisition of reproducible segmenta-
tion and the analysis of individual macular layers that are of particular diagnostic 
interest [ 54 ,  55 ]. It has been suggested that three innermost retinal layers: the nerve 
fi ber layer, the retinal ganglion cell (RGC) layer, and the inner plexiform layer (IPL) 
are directly prone to glaucomatous damage [ 56 ]. Cirrus HD-OCT extracts the infor-
mation from an ellipse (vertical radius of 2 mm, horizontal radius of 2.4 mm) cen-
tered on the fovea and provides a combined measurement that includes RGC layer 
and IPL. The macula protocol of RTVue Premier provides the ganglion cell com-
plex (GCC) that includes the macular NFL, RGC layer, and IPL. The data is cap-
tured from a 7 mm 2  area centered 1 mm temporal to the fovea (Figs.  2.12  and  2.13 ).

   Enhanced depth imaging (EDI) is a scanning protocol that allows the acquisition 
of images from deeper ocular tissues. This method switches the point of maximal 
focus in the interference signal so that it is centered on deeper tissues. The advan-
tages of this method have been shown in the visualization of the choroid [ 57 ], optic 
nerve head [ 58 ], and deeper structures within the optic nerve such as the LC [ 59 ]. 

a

b

  Fig. 2.10    Macular mesh 
scanning pattern (a) 
obtained with RTVue 
Premier and (b) with 
corresponding cross-
sectional image       
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 Because OCT provides highly reproducible micron scale measurements, small 
structural changes occurring over time due to disease deterioration can be detected. 
Several commercial SD-OCT devices include a progression analysis tool. Automatic 
progression algorithms utilize trend-based analysis methods, primarily linear 
regression analysis, for computing the rate of change in structural parameters over 
time. The computed rate is compared to a no change slope to determine if the rate is 
statistically signifi cant. This rate of change is also used to predict future progression 
beyond the most recent visit. This prediction can be useful when discussing disease 
forecast with a patient or to assess the effect of treatment modifi cation. Several 

a

b

  Fig. 2.11    Macular radial scanning pattern obtained with spectralis OCT ( a ) and RTVue 
 premier ( b )       
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a

b

  Fig. 2.12    Cirrus HD-OCT ganglion cell analysis ( a ) and RTVue premier GCC analysis ( b )       
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commercial devices also provide event-based analysis, where a series of follow up 
measurements are compared with baseline measurements and progression is defi ned 
when measurements exceed a predetermined threshold for change from baseline.  

2.5     The Future 

 As OCT technology keeps rapidly evolving, at the time of this writing several inno-
vative OCT technologies are being tested. The following sections will provide a 
brief description of some of the most promising developments.  

2.6     Swept Source OCT 

 As previously discussed, SS-OCT is a form of Fourier domain technology that 
obtains time-encoded spectral information by sweeping a narrow-bandwidth laser 
through a broad optical spectrum. This method uses a narrow-bandwidth light 
source and photodetector, in contrast to SD-OCT, which applies a broad bandwidth 
light source and detects the interference spectra with a CCD camera and spectrom-
eter. The use of a photodetector allows SS-OCT to achieve higher scanning speeds 
and better sensitivity with imaging depth (Fig.  2.14 ) [ 17 ,  29 ,  60 ]. While SD-OCT 
suffers from signal attenuation along the axial path, SS-OCT is less prone to this 
effect, maintaining good imaging quality throughout the axial path. In addition, 
many SS-OCT systems use a light source centered at a ~1050 nm wavelength, 
allowing for better tissue penetration than SD-OCT, which typically uses a light 
source centered at ~840 nm. This enables visualization of structures such as the 
choroid (Fig.  2.15 ) [ 61 ,  62 ] and lamina cribrosa (LC) (Fig.  2.16 ) [ 63 ,  64 ] along with 
structures at the anterior segment of the eye [ 65 ]. Increased scanning speed results 
in a shorter scanning time and the reduction of image distortions caused by motion 
artifacts, which results in improved scan quality and better visualization of fi ne 
structures [ 15 ,  66 ]. These properties can improve visualization of retinal sub-RPE 
pathologies such as central serous chorioretinopathy, AMD, choroidal tumors, and 
retinitis pigmentosa [ 67 ].

     The only commercially available anterior segment SS-OCT device (CASIA 
SS-1000, Tomey, Nagoya, Japan), at the time of this writing, provides automatic 
measurements of anterior chamber structures [ 68 ]. Examination of the LC and pos-
terior sclera might improve the understanding of the mechanical aspects of glau-
coma pathogenesis [ 69 ,  70 ]. 

 The fast scanning speed of the SS-OCT allows the acquisition of widefi eld scans 
covering large areas of the fundus [ 71 ]. Another investigative development is a 
scanning method that allow the acquisition of data from the entire eyeball, from the 
cornea to the retina [ 72 ]. The clinical utility of all these features is still under 
investigation.  
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2.7     Adaptive Optics 

 Adaptive optics (AO) is an optical method designed to dynamically adjust mono-
chromatic aberrations in optical systems. AO was initially used in astronomy for 
correcting distortions of light passing through the atmosphere. The fi rst in vivo 
examination of the retina with an AO fundus camera using a Hartmann-Shack 
wavefront sensor and a deformable mirror was introduced in 1997 [ 73 ]. A few years 

a

d

b

c

  Fig. 2.13    Automated analysis for the detection of glaucomatous retinal and optic nerve damage 
provided by cirrus HD-OCT in the ONH region ( a ) and macula ( c ), spectralis OCT of the ONH 
( b ), and RTVue premier of the macula ( d )       
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  Fig. 2.14    Swept-source 
OCT cross section. The 
same scan can capture 
retinal layers ( red arrows ), 
nerve fi ber fascicles 
passing through lamina 
cribrosa ( yellow arrows ), 
and choroidal vessels ( blue 
arrows ) because this 
technology is less prone to 
signal drop-off in 
comparison with other 
OCT iterations       

  Fig. 2.15    Swept-source OCT macular cross-section. The upper panel of the fi gure demonstrates 
en-face image of choriocapillaries ( a ) and choroid ( b ) with correspondent cross-sectional scans at 
the bottom panel. The thick turquoise line in the cross-section images marks the plane where the 
en-face is acquired       

later, AO was combined with scanning laser ophthalmoscope [ 74 ] and OCT systems 
[ 75 ,  76 ]. The transverse resolution of all conventional OCT systems is limited to the 
range of 20 μm due to the optical aberrations of the light beam when passing through 
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various media in the eye. AO measures and corrects the optical aberrations, reduces 
the projected spot size, and improves the transverse resolution to the range of 
5–10 μm [ 75 ]. This resolution allows the acquisition of highly detailed images, 
enabling the visualization of fi ne details such as the retinal microvasculature, pho-
toreceptor mosaic [ 77 ], LC (Fig.   2.17 ), and microstructures within the RNFL [ 18 , 
 78 ] and ganglion cell layer. The ability to acquire highly detailed in vivo images of 

  Fig. 2.16    Swept-source OCT lamina cribrosa en-face and cross-section. En-face image ( a ) of 
lamina cribrosa demonstrating the intricate structure of the hyperrefl ective beams ( white ) and 
hyporefl ective pores ( black ) with corresponding cross-sectional scan ( b )       

  Fig. 2.17    Adaptive optic 
SD-OCT en-face lamina 
cribrosa image 
demonstrating the highly 
detailed visualization of 
this complex structure       
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these structures allow further insight into ocular anatomy in health and disease, 
providing the opportunity to expand the understanding of pathologic processes in 
the eye.

    The major limitation of the AO technique is the small fi eld of view, which is 
restricted to approximately 1° to 3°. The use of an eye-tracking system to acquire a 
series of neighboring scans to cover a larger volume might resolve this limitation, 
though the longer scanning time might prohibit large scale clinical use [ 79 ]. 
Similarly, the focusing depth of the AO technique is also limited, and therefore 
acquiring high quality images of structures such as the choroid and retina in the 
same image is diffi cult to obtain. It may be possible to address this limitation by 
varying the focal plane while scanning in depth [ 80 ,  81 ].  

2.8     Polarization Sensitive OCT 

 Polarization sensitive OCT (PS-OCT) uses the polarization state of polarized light 
for the assessment of tissue function [ 44 ]. Different ocular structures and tissues 
alter the polarization state of light in different ways, such as through birefringence 
(sclera, RNFL), polarization-preservation (photoreceptors), and depolarization 
(RPE) (Fig.  2.18 ). PS-OCT estimates these light state alterations by simultaneously 
measuring intensity, retardation, and optic axis information, thus providing both tis-
sue structural and functional information. The technology was initially incorporated 

  Fig. 2.18    PS-OCT optic nerve head and retinal imaging in healthy subjects. ( a ) A cross-sectional 
intensity image with two depth-encoded copies of the optic nerve head region. ( b ) Corresponding 
PS-OCT image shows high retardance in the RNFL and sclera. ( c ) OCT fundus image. ( d ) 
Corresponding PS-OCT map shows high retardance around the optic nerve head region. ( e ) A 
cross-sectional intensity image at the fovea region. ( f ) Corresponding PS-OCT image shows low 
retardance in the retinal layers. Scale bar: 500 μm       
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into TD-OCT system, with subsequent introduction into all known OCT iterations 
such as SD-OCT [ 49 ], SS-OCT [ 50 ], and AO-OCT [ 82 ]. Recent studies demon-
strated that functional alteration in ocular tissues might precede the occurrence of 
structural alteration, and thus evaluation of the functional properties of the RNFL 
[ 83 ], sclera [ 84 ], and RPE [ 85 ,  86 ] using PS-OCT technology could be an attractive 
candidate for improving the detection of ocular pathologies such as glaucoma and 
age-related macular degeneration.

2.9        OCT Blood Flow and Angiography 

 Other methods of estimating the functional characteristics of tissue using OCT are 
Doppler OCT and OCT angiography [ 87 ]. 

 Doppler OCT (Fig.  2.19 ) uses the information from the shift of light’s optical 
frequency when it scatters from moving red blood cells. Two approaches have been 
taken to measure absolute blood fl ow: (1) post processing techniques to determine 
directionality of the vessels and than extract the moving signal from the blood 
and (2) multiple illumination beams to unambiguously determine Doppler angle 
by comparing the fl ow measurements from different directions. Using these tech-
niques, a reduced retinal blood fl ow has been detected in glaucomatous eyes that 
corresponded with locations of visual fi eld damage [ 88 ,  89 ]. Investigators are also 
actively investigating the use of Doppler OCT to measure neurovascular coupling 
[ 90 ], which is thought to be disturbed in subjects with diabetes as well as glaucoma.

   OCT angiography (Fig.  2.20 ), aims to contrast moving blood vessels against 
static tissue. The general concept behind this method is that regions that are moving 
(i.e., regions with blood fl ow) when the same region is scanned repeatedly, will be 
different from scan to scan (decorrelated). This decorrelation is then used to create 
a depth resolved map of the vasculature of the eye. Different algorithms are used by 
the various manufacturer to perform OCT angiography, including intensity based 

  Fig. 2.19    Doppler OCT 
retina cross-section. The 
red and blue regions mark 
locations where blood 
fl ows toward or away from 
the scanning path       
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and phase based algorithms. OCT angiography has benefi ted from the increase in 
OCT imaging speed, which permit imaging of fl ow in small capillaries as well as 
wide fi eld OCT angiography [ 91 ]. The modality is most promising for assessment 
of various retinal pathologies involving alterations in the vasculature such as dia-
betic retinopathy and macular degeneration, where retinal and choroid vasculature 
can be evaluated with capillary level resolution [ 91 ,  92 ].

   It should be noted that while OCT can provide high quality Doppler and angiog-
raphy information, the technology is not capable of capturing leakage or blood 
pooling.  

2.10     Phase Sensitive OCT 

 The Phase Sensitive OCT technique is able to provide in vivo information on micron 
scale movements or vibrations within the tissue [ 93 ]. The technology analyzes the 
phase information of the back-refl ected light beam, which is typically ignored in 
conventional OCT systems. OCT phase imaging has been demonstrated with SD 
[ 94 ] and SS [ 95 ] technologies. Phase sensitive OCT offers the advantage of simul-
taneously assessing both the structural and functional information of the scanned 
tissue. 

 In conclusion, OCT has an important clinical role in the diagnosis of disease and 
the tracking of changes overtime, leading to better insight into the pathophysiology 
of diseases. The constant improvement in this technology ensures that clinicians 
will have an indispensible diagnostic tool in their armamentum.     

  Fig. 2.20    OCT angiography 
of the peripapillary region in 
rat. Retinal vessels are color 
coded with depth showing 
large vessels on the retinal 
surface and fi ne vascular 
network in the inner retina 
(Image courtesy of W Liu 
and H Zhang, Functional 
Optical Imaging Laboratory, 
Department of Biomedical 
Engineering, Northwestern 
University, Evanston, 
IL. Scale bar: 200 μm)       
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    Chapter 3   
 Optical Coherence Tomography and 
Optic Nerve Edema                     

       Kendra     A.     Klein       and     Thomas     R.     Hedges     III     

    Abstract     Optical coherence tomography (OCT) continues to advance our understand-
ing of the various diseases characterized by optic disc edema. In acute papilledema, 
OCT has demonstrated subretinal fl uid extending from the optic disc to the subfoveal 
region, assisting in our understanding of the pathophysiology of vision loss in these 
cases. In evolving cases of optic disc edema, OCT of the RNFL can thus be an objec-
tive measurement of nerve swelling. By analyzing the ganglion cell complex, OCT can 
now help detect early axonal damage in optic nerve disease, even when the RNFL is 
edematous, and may be helpful in predicting visual outcomes. Finally, OCT has also 
proven to be a reliable tool in assisting clinicians in differentiating between cases of 
frank papilledema and pseudopapilledema, such that occurs in optic nerve head dru-
sen, vitreopapillary traction, Bergmeister papilla, and myelinated nerve fi ber layer.  

  Keywords     Papilledema   •   Pseudopapilledema   •   Increased intracranial pressure   • 
  Optic nerve sheath meningioma   •   Optic disc edema   •   Vitreopapillary traction   • 
  Bergmeister papilla   •   Myelinated nerve fi ber layer   •   Nonarteritic optic neuropathy 
(NAION)   •   Optic disc drusen   •   Retinal nerve fi ber layer (RNFL)   •   Ganglion cell 
complex (GCC) layer   •   Lebers herediary optic neuropathy (LHON)     

  OCT and optic nerve edema

    1.    Papilledema   
   2.    Optic disc edema secondary to ischemia   
   3.    Optic disc edema secondary to toxic/hereditary/nutritional optic neuropathies   
   4.    Pseudopapilledema

•    Vitreopapillary traction  
•   Optic nerve head drusen  
•   Bergmeister’s papilla and myelinated nerve fi ber layer        
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3.1     Papilledema 

 Information given to us by optical coherence tomography (OCT) has advanced our 
understanding of the pathophysiology of papilledema and pseudopapilledema. 
In 1860, von Graefe described engorgement and distention of the retinal veins as an 
early manifestation of papilledema, suggesting that increased intracranial pressure 
lead to increased intracranial venous pressure and eventual venous stasis [ 1 ]. 
Subsequent investigators described dilatation of the optic nerve sheath in cases of 
papilledema, suggesting that increased pressure within the sheath could obstruct the 
central retinal vein [ 2 ,  3 ]. 

 In 1963, in a study of rhesus monkeys, Hedges showed that with acute and sub-
acute increases in intracranial pressure, there was always an associated rise in oph-
thalmic vein pressure. He proposed that impairment of orbital venous outfl ow at the 
level of the cavernous sinus, arterial pressure elevation, and a local hemodynamic 
effect within the orbit all contribute to the elevation if orbital venous pressure [ 4 ]. 
In 1977, in an experimental model of rhesus monkeys, Tso and Hayreh demon-
strated that unlike swelling in the central nervous system, which is characterized by 
fl uid accumulation in glial cells and extracellular space, the primary pathologic 
change in papilledema is severe swelling of axons with disruption of mitochondria 
and neurotubules [ 5 ]. The Tso and Hayreh study also demonstrated that the edema-
tous axons displaced the peripapillary retinal laterally, with extension of tracer into 
the subretinal space surrounding the optic nerve head. This idea of a direct com-
munication between the swollen optic disc and the submacular space was fi rst put 
forth by Samuel’s histopathologic study in 1938, suggesting that the intermediary 
tissue of Kuhnt can be disrupted from optic nerve swelling with subsequent escape 
of peripapillary fl uid [ 6 ]. Visual acuity loss, when it is seen in papilledema, is typi-
cally in conjunction with these macular changes [ 7 ]. 

 Visual acuity loss is infrequent in papilledema. More commonly, chronic papill-
edema leads to degeneration of optic nerve fi bers with resultant peripheral visual 
fi eld defects [ 7 ]. In 1980, Morris and Sanders described visual acuity loss from 
papilledema due to macular changes, including retinal hemorrhages, macular exu-
dates, and choroidal folds. They suggested that cerebrospinal fl uid pressure in the 
optic nerve sheath produces hemodynamic and mechanical effects causing compen-
satory dilatation of the retinal papillary and peripapillary plexus and distention of 
the optic nerve sheath, indenting the posterior globe causing choroidal and pigment 
epithelial wrinkling in the macula [ 8 ]. 

 Shortly after, Corbett et al. showed that peripapillary fl uid in the context of pap-
illedema could lead to enlargement of the blind spot, hyperopia, and refractive sco-
toma [ 9 ]. In patients with papilledema retinal pigment epithelial changes, as seen in 
cases of chronic macular edema, have also been observed [ 10 ]. Even choroidal neo-
vascular membranes have been described in patients with papilledema [ 11 – 19 ]. 
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 In 2001, Hoye et al. evaluated 55 patients with papilledema from increased intra-
cranial pressure using OCT of the optic nerve and retinal nerve fi ber layer (RNFL). 
Nineteen of the patients also had OCT of the macula during times of acute, subacute, 
or recurrent papilledema. OCT demonstrated subretinal fl uid in association with 
decreased visual acuity in a subset of patients. In some cases this fl uid was localized 
to the subfoveal region, and in others the fl uid appeared to be continuous from the 
optic disc to the subfoveal region, suggesting fl uid leakage from the optic nerve head. 
In these cases, fl uorescein angiography failed to demonstrate leakage from the retinal 
or choroidal vasculature. In cases in which the visual acuity was not substantially 
affected, there was thickening of the maculopapillary retina on OCT, suggesting intra-
retinal edema, without clear separation of the retina and underlying choroid. They 
further noted an improvement in visual acuity after resolution of subretinal edema [ 7 ]. 

 A common clinical problem is the inability to differentiate mild papilledema from 
pseudopapilledema. Although following these patients with repeat exams would 
eventually yield an answer, such action is subjective and could delay diagnosis. 

 In a study of patients under 20 years of age, peripapillary RNFL thickness on 
OCT has been found to be a reliable tool in assisting in the differentiation between 
frank papilledema and pseudopapilledema. The mean RNFL thickness in eyes with 
papilledema was 218 % (340 microns versus 156 microns) above the eyes with 
pseudopapilledema [ 20 ]. However, patients with moderate to severe papilledema 
can be readily distinguished from pseudopapilledema on clinical examination. 
Differentiating cases of  mild  papilledema from congenital crowding without optic 
disc drusen is much more challenging. In 2005, OCT showed that both congenital 
crowding and mild papilledema mean RNFL thickness was signifi cantly increased in 
comparison to normal control patients. Although the patients with mild papilledema 
had higher RNFL values than those with congenital crowding, the difference was not 
statistically signifi cant, and it was concluded that distinction between these similar 
appearing entities could not be made by OCT RNFL analysis alone. However, this 
fi nding suggests pseudopapilledema and papilledema share a similar pathogenesis, 
in which axonal swelling is the result of delayed axoplasmic transport [ 21 ]. 

 Fard et al. studied 42 eyes with mild papilledema, 37 eyes with pseudopapill-
edema from congenitally crowded discs, and 34 normal eyes with SD-OCT. Patients 
with optic disc drusen, moderate to severe papilledema, atrophic papilledema, and 
previous retinal disease were excluded. As previously found, eyes with both pap-
illedema and pseudopapilledema had statistically signifi cant increased RNFL 
thickness in comparison to normal subjects. They found that the difference 
between the average outer peripapillary total retinal volume in the papilledema 
and pseudopapilledema groups was statistically signifi cant. However, the differ-
ence between the outer ring peripapillary total retinal volume in pseudopapill-
edema and normal eyes was not. They concluded that outer peripapillary total 
retinal ring volumes might be useful in helping to differentiate between papill-
edema and pseudopapilledema [ 22 ]. 
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  Fig. 3.1    Optic nerve sheath meningioma. A 53-year-old woman was referred for painless, gaze- 
induced, “dimming out” of vision in her right eye. On examination, visual acuities were 20/20 in 
both eyes, there was no afferent papillary defect, and color vision was preserved. Fundoscopy 
revealed optic disc edema in the right eye ( a ). Humphrey visual fi eld 24–2 examination demon-
strated temporal depression and an enlarged blind spot in the right eye and was full in the left eye. 
OCT demonstrated diffuse thickening of the RNFL in the right eye ( b ). OCT through the nerve and 
macula demonstrated swelling of the optic nerve and deformation of the peripapillary RPE toward 
the vitreous ( c ). Ganglion cell analysis was normal in both eyes. Given the concern for a compres-
sive optic neuropathy, MRI of the orbits with and without contrast with fat saturation was per-
formed and revealed abnormal enhancement of the right optic nerve sheath, consistent with optic 
nerve sheath meningioma ( d )                     

a

 OCT can be a helpful tool in evaluating the optic nerve head in cases of optic 
nerve sheath meningioma (Fig.  3.1 ). Sibony et al. used OCT to examine the biome-
chanical changes of the optic nerve head in patients with presumed optic nerve sheath 
meningiomas (pONSM) and compare the shape of the peripapillary retinal pigment 
epithelium-Bruch’s membrane layer (ppRPE) with normal subjects. In patients with 
pONSM, the ppRPE surrounding the neural canal opening was found to be indented, 
creating an inverted-U shaped deformation towards the vitreous. This varied signifi -
cantly from normal subjects, in which the ppRPE bordering the neural canal opening 
was V-shaped, pointing away from the vitreous. This deformation of the ppRPE was 
correlated with both the size of the tumor and the proximity of the tumor to the globe 
and was indistinguishable from the shape of the ppRPE- layer in patients with intra-
cranial hypertension and papilledema previously reported by the authors. Interestingly 
these changes were not seen in disc edema from NAION or optic neuritis [ 23 ].
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Fig. 3.1 (continued)
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Fig. 3.1 (continued)
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Fig. 3.1 (continued)
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   OCT has also been valuable in demonstrating the natural history of optic disc 
edema from a variety of causes, by measuring the RNFL thickness. OCT can objec-
tively quantify the amount of RNFL swelling, and thus axonal swelling, which is 
the main pathological event in optic nerve edema; conversely confocal scanning 
laser ophthalmoscope can not due to disruption of mitochondria and neurotubules 
in the swelling axons [ 5 ,  24 ]. OCT can thus be an objective tool in following the 
clinical course of optic disc edema. After the period of acute edema, during which 
the RNFL is diffusely thickened, OCT can be used to monitor resolution of axonal 
swelling and thinning of the RNFL. Long term, RNFL thinning on OCT can be used 
to monitor for evolution towards optic atrophy [ 24 ]. 

 Monteiro and Afonso found using frequency domain optical coherence tomogra-
phy in patients with pseudotumor cerebri and clinically resolved papilledema and 
stable visual fi elds for at least 6 months, that macular and RNFL thickness measure-
ments were signifi cantly reduced when compared with normal eyes, and that the 
degree of RNFL and retinal axonal loss correlated with visual fi eld loss. This study 
highlights that OCT can be used as an objective tool in guiding management, and 
may estimate axonal loss following chronic papilledema [ 25 ]. 

 The retinal nerve fi ber layer is composed of the unmyelinated axons that origi-
nate from ganglion cell bodies in the macula [ 26 ]. Since the retinal nerve fi bers 
originate from retinal ganglion cells, the degeneration of the RNFL may lead to 
decreased average macular thickness reductions, at least in part secondary to gan-
glion cell death from retrograde axonal degeneration [ 27 ]. 

 Papchenko et al. demonstrated a robust association between visual fi eld sensitiv-
ity using automated perimetry and structural changes in OCT macular thickness in 
patients with NAION, suggesting macular thickness could be a surrogate for deter-
mining the extent of neuronal damage in nonglaucomatous optic neuropathy. 
Further, there was a topographical correlation between regions of macular thinning 
with corresponding visual fi eld loss [ 28 ]. 

 Average thickness measurements represent multiple layers of the macula, includ-
ing diverse cell types with diverse functions. However, recent advancements seg-
mentation algorithms have made it possible to measure discrete retinal layers. 
SD-OCT can now analyze individual retinal layers such as the ganglion cell com-
plex (GCC) layer in the macula, and can detect early axonal damage acutely, even 
when the peripapillary RNFL is edematous (Fig.  3.2 ). This is useful because initial 
optic disc edema as evidenced by RNFL thickness on OCT has limited prognostic 
value; it is not correlated with fi nal thickness, visual acuity, or visual fi eld mean 
deviation. Quantifi cation of the retinal ganglion cell layer in the macula, therefore, 
may provide a more specifi c assessment of a discrete retinal neuronal population. 
Analysis of the ganglion cell complex (GCC) in the macula has therefore become 
an important tool in assessing various optic neuropathies [ 29 ].

   Bianchi et al. showed that measurements of GCC thickness correlated better with 
visual fi eld mean deviation decrease than RNFL measurements. They concluded 
that mean GCC thickness measurements give a more reliable estimate and an objec-
tive estimate of early retrograde optic nerve damage even in cases without papill-
edema of visual loss [ 30 ]. 
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  Fig. 3.2    Papilledema. A 33-year-old man with idiopathic intracranial hypertension treated with 
daily acetazolamide and optic nerve sheath fenestration in both eyes 5 years prior presented with 
blurred vision in both eyes and headache. There was moderate papilledema on fundoscopy and 
visual fi eld examination revealed inferior arcuate scotomata in the right ( b ), and left ( a ) eyes. OCT 
demonstrated diffuse thickening on the RNFL bilaterally ( c ). Ganglion cell analysis revealed seg-
mental thinning, despite the papilledema ( d ). The opening pressure was elevated on lumbar punc-
ture, and he underwent left transverse sinus stenting. Post stenting, his visual fi eld examination 
remained largely unchanged in the right ( e ) and left ( f ) eyes. Although the optic disc swelling 
signifi cantly improved ( g ), segmental ganglion cell loss remained apparent in ( h )         

a 

3 Optical Coherence Tomography and Optic Nerve Edema



44

b

Fig. 3.2 (continued)
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Fig. 3.2 (continued)
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Fig. 3.2 (continued)
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Fig. 3.2 (continued)
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Fig. 3.2 (continued)
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Fig. 3.2 (continued)
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Fig. 3.2 (continued)
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 Using Fourier-domain OCT, Aggarwal et al. showed high correlation of the mac-
ular GCC thickness with visual fi eld losses in both magnitude and location in 
patients with NAION, with hemispheric GCC loss correlating with altitudinal visual 
fi eld loss [ 29 ]. Larrea et al. showed a signifi cant correlation between GCC averages 
at the onset of NAION and visual fi eld losses in both acute and chronic stages, sug-
gesting that GCC thickness in the acute stage may be a determining factor to predict 
fi nal visual fi eld defects, with good correlation between location of damage in the 
GCC in the macular region and location of the scotoma [ 31 ]. 

 Syc et al. demonstrated that GCC analysis can be used to evaluate neuronal injury 
acutely in eyes with optic neuritis from multiple sclerosis or neuromyelitis optica, 
when infl ammation may lead to swelling of the optic disc and peripapillary RNFL, 
masking the early stages of axonal thinning and confounding accurate quantifi cation 
of RNFL thickness. Such acute swelling precludes an accurate baseline measure of 
RNFL thickness to use as a point of reference for longitudinal  assessment of axonal 
degeneration. Interestingly, there was absence of detectable swelling within the gan-
glion cell complex during the acute phase of optic neuritis, with subsequent thinning 
over time. Further, ganglion cell layer thickness was lower in optic neuritis patients 
when compared with healthy controls, and  correlated with visual function [ 32 ].  

3.2     Optic Disc Edema Secondary to Ischemia 

 Anterior ischemic optic neuropathy (AION) is characterized by abrupt visual loss 
with associated optic disc edema [ 33 ]. It is believed to be secondary to disrupted 
blood fl ow in a disc with retinal nerve fi ber crowding and minimal to no physiologic 
cup. Although typically occurring unilaterally, optic disc edema secondary to AION 
can be confused with papilledema resulting from increased intracranial pressure. 
Both conditions have been associated with axonal swelling axoplasmic fl ow stasis 
in the optic nerve head, and can appear similar on ophthalmoscopy with disc swell-
ing, obscured disc margins, and peripapillary hemorrhages [ 34 ]. 

 AION occurs acutely, and is followed by a period of axonal swelling and subse-
quent thinning. After atrophy of the retinal ganglion cells has occurred, the optic 
neuropathy remains relatively stable [ 24 ]. 

 At presentation, OCT can detect RNFL edema in AION. In the acute phase, the 
RNFL of the involved eye is signifi cantly thicker than the fellow eye, and can be 
nearly doubled [ 35 ,  36 ]. The mean RNFL from superior, inferior, temporal, and 
nasal quadrants have been shown to all be signifi cantly higher than the correspond-
ing normal values [ 6 ]. This corresponds to histopathologic studies [ 37 – 39 ]. 

 Over time, the optic disc edema decreases, and the RNFL undergoes thinning, 
corresponding to progressive optic atrophy and pallor. OCT can follow this evolu-
tion of initial thickening and progressive thinning of the RNFL as a proxy for esti-
mating optic disc damage. By 2 months after the AION event, the RNFL thickness 
is similar to the fellow eye, marking resolution of optic disc edema. By 3–4 months, 
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RNFL thickness is decreased nearly 40 % in comparison to the fellow eye. By 
12 months, the retinal nerve fi ber loss is typically stabilized, with only a 6 % further 
reduction in RNFL thickness [ 35 ,  36 ]. Resolution of optic disc edema from the 
onset of visual acuity loss may be longer in patients with diabetes and maybe 
shorter in patients with worse initial visual fi eld and visual acuity loss. Resolution 
of edema may be quicker in patients with more severe vision loss because the 
greater destruction of axons results in fewer axons to swell and cause edema [ 40 ]. 

 Bellusci et al. used OCT to detect different patterns of RNFL damage in 16 eyes 
with NAION, classifi ed by visual fi eld loss. They found that eyes with NAION and 
VF loss limited to the inferior hemifi eld had RNFL atrophy limited to the superior 
half of the optic nerve head. Patients with diffuse VF loss had diffuse RNFL atrophy 
involving all quadrants around the disc. Patients with central or centrocecal scotoma 
had RNFL atrophy limited to the superior and temporal sectors [ 41 ]. Alasil et al. 
found similar correlation between the peripapillary nerve fi ber layer thinning on 
OCT and severity and location of visual fi eld defects. They also showed that the 
division between affected and nonaffected hemispheres is more complicated than 
the altitudinal defects seen on visual fi eld testing, illustrated by the greatest relative 
loss of RNFL to be in the superior quadrant and superotemporal octant, correlating 
with visual fi eld loss greatest inferonasally [ 42 ]. 

 OCT demonstrates that some patients with optic disc edema secondary to non-
arteritic optic neuropathy (NAION) develop subretinal fl uid, similar to that which 
occurs in papilledema [ 7 ,  43 ]. Hedges et al. found 8 out of 76 patients studied with 
NAION had subfoveal fl uid, when examined within 4 weeks of developing acute 
vision loss. Additional patients had peripapillary subretinal fl uid and peripapillary 
subretinal fl uid extending toward but not involving the fovea. OCT fi ndings in the 
patients with subfoveal fl uid included peripapillary subretinal hyporefl ectivity next 
to the elevated optic nerve head with retinal nerve fi ber thickening and hyporefl ec-
tivity under the fovea. Decreased visual acuity corresponded to degree of macular 
thickening. Similar to the subretinal fl uid reported in some patients with papilledema, 
half of the patients had subretinal fl uid that appeared to extend from the optic disc 
to the fovea. The other half of the patients had subretinal fl uid in the peripapillary 
region and a separate area of subfoveal fl uid. Reduction in OCT RNFL thickness 
and resolution of subretinal fl uid corresponded to improvement in visual acuity [ 43 ]. 

 In non-glaucomatous optic neuropathies, like NAION, greater damage occurs in 
the papillomacular fi bers, with resultant loss of central acuity. Therefore, although 
the site of damage occurs at the optic nerve head, axons have cell bodies in the 
macula and contribute to macular thickness [ 44 ]. 

 Papchenko et al. studied the macular thickness in addition to the retinal nerve 
fi ber layer thickness in patients with NAION, and found a stronger correlation 
between macular thickness and Humphrey visual fi eld sensitivity than RNFL param-
eters, suggesting that macular thickness may be a surrogate marker for determining 
the extent of nerve injury in NAION. They found that in patients with inferior visual 
fi eld defects, the total macula thickness and temporal thickness were thinner when 
compared to control eyes [ 28 ]. Similarly, Fernandez-Beunaga et al. found that nasal 
macular thickness correlated with visual acuity in ischemic optic neuropathy [ 44 ]. 
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 Ganglion cell thickness has been shown in both the acute and chronic stages to 
correlate with visual fi eld parameters and may predict fi nal visual fi eld defects in 
NAION. Further, location of ganglion cell damage in the macular region correlates 
with location of visual fi eld scotoma. Thus, ganglion cell thickness as measured by 
OCT may detect axonal damage in acute NAION, when the RNFL is still grossly 
edematous (Fig.  3.3 ) [ 28 ,  29 ,  31 ].

  Fig. 3.3    Optic disc edema secondary to NAION. A 78-year-old man with hypertension awoke 
with a dark shadow in his right eye upon awakening. He had a superior hemifi eld defect in his right 
eye on HVF 30–2 testing. Fundoscopy and OCT RNFL analysis revealed diffuse swelling of the 
optic nerve in the right eye ( a ). Despite the edema on RNFL analysis, there was thinning inferiorly 
in the right eye on ganglion cell analysis, suggesting neuronal loss ( b )           

a 
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3.3        Optic Disc Edema Secondary to Toxic/Hereditary/
Nutritional Optic Neuropathies 

 High defi nition optical coherence tomography (OCT) has shed some light on the 
events occurring at the optic nerve head in LHON, including a more clear depiction 
of axonal swelling, which precedes and is present at the time of visual loss. 
Furthermore, OCT clearly shows and can measure atrophy of the nerve fi ber layer 
(RNFL) following the acute event, which in most cases, is confi ned to the papillo-
macular bundle [ 45 – 47 ]. We have noted in the early phase, when visual acuity 
begins to decline, the GCC remains relatively normal, while the RNFL becomes 
swollen and frequently is associated with peripapillary telangiectasias. Within days, 
as vision further declines, the GCC starts to appear thinner. The RNFL thickening 
resolves or becomes thin only until the chronic phase in most patients. In some 
cases, average RNFL thickness remains relatively normal despite GCC loss, creat-
ing a mismatch between RNFL and GCC thickness measurements. In cases where 
RNFL loss is mild, the papillomacular bundle is affected. The degrees of GCC thin-
ning or RNFL loss does not correlate with fi nal visual acuity or visual fi elds even if 
there is visual recovery.  

3.4     Pseudopapilledema 

3.4.1     Pseudopapilledema: Vitreopapillary Traction 

 OCT has been useful in distinguishing other causes of pseudopapilledema, such as 
vitreopapillary traction (Fig.  3.4 ), optic nerve head drusen (Fig.  3.5 ), myelinated 
nerve fi ber layer, and Bergmeister papillae (Fig.  3.6 ).

     Posterior vitreous detachment is a dynamic process characterized by the lique-
faction and separation of the posterior vitreous cortex from the inner limiting mem-
brane of the retina. Proliferative disorders, such as the development of premacular 
membranes, and tractional disorders, such as macular hole formation can result 
from faulty separation at this interface. If the vitreous partially or anomalously sep-
arates from the internal limiting membrane, it can lead to persistent adhesion and 
even traction on posterior pole structures [ 48 ]. 

 Vitreomacular traction syndrome, a result of a partially or anomalously sepa-
rated vitreous face, is a well-known clinical entity that has been well described 
in the  literature. In 1954, Schepens used the term pseudopapilledema when he 
demonstrated the histopathology of partially detached vitreous at the optic 
nerve head, usually in the context of co-existing retinal disease [ 49 ], such as 
proliferative diabetic retinopathy [ 50 ], central retinal vein occlusion [ 51 ], and 
non-arteritic ischemic optic neuropathy [ 52 ]. Using slit lamp biomicroscopy 
and ultrasonography, Katz and Hoyt observed peripapillary and intrapapillary 
hemorrhage in eight young patients with mildly dysplastic discs and persistent 
vitreopapillary traction, postulating that transmitted forces traumatized disc 
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  Fig. 3.4    Vitreopapillary traction. A 79-year-old man was referred for declining vision in both 
eyes. The view to the optic disc in the right eye was hazy secondary to cataract, and the optic disc 
margins appeared somewhat indistinct ( a ). The left eye had clear media and no obvious disc edema 
( b ). OCT revealed vitreopapillary traction in the right ( c ) and the left ( d ) eyes. The RNFL showed 
no true optic disc swelling in either eye ( e )       

a b

c
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Fig. 3.4 (continued)
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Fig. 3.4 (continued)
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  Fig. 3.5    Optic disc drusen. An 18-year-old man was referred for bilateral visual fi eld defects 
noted on routine examination. On examination, visual acuities were 20/20 in both eyes, there was 
no afferent papillary defect, and color vision was preserved. The optic discs appeared crowded, 
with indistinct margins in the right ( a ) and left ( b ) eyes. OCT of the optic discs revealed an elevated 
optic nerve head with an irregular internal optic nerve contour in the right ( c ) and left ( d ) eyes. 
Despite the crowded appearance, OCT RNFL analysis revealed thinning superiorly and inferiorly 
in both eyes ( e ). Fundus auto-fl uorescence revealed numerous round lesions with increased auto- 
fl uorescence on the optic nerve head in both eyes, consistent with optic nerve head drusen. He 
remained stable at follow-up 1 year later       

a

b
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Fig. 3.5 (continued)
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Fig. 3.5 (continued)
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vessels [ 53 ]. In addition, Wisotsky et al. demonstrated in two patients that vit-
reopapillary traction could cause highly elevated optic discs with blurring of the 
margins [ 54 ]. 

 In 2006, Hedges et al. demonstrated by OCT that persistent vitreopapillary trac-
tion could occur as an isolated phenomenon, in the absence of proliferative 
 fi brocellular membranes or vascular insult [ 55 ]. Tractional forces from vitreous 
adhesion on the optic nerve alone were suffi cient in causing optic disc elevation, 
obscured disc margins, and peripapillary hemorrhage in these patients [ 55 ]. 
Vitreopapillary traction has even been shown to cause focal disc leakage on fl uores-
cein angiography [ 56 ]. When occurring bilaterally, vitreopapillary traction can be 
confused with papilledema, potentially leading to costly and invasive diagnostic 
procedures and even unnecessary treatment [ 56 ].  

3.4.2     Pseudopapilledema: Optic Nerve Head Drusen 

 ONHD are calcifi ed hyaline deposits and have been associated with small, crowded 
optic discs [ 57 ]. Histopathologically, they are associated with elevation of the optic 
nerve head, compression of optic nerve fi bers, disc hemorrhages, and juxtapapillary 
retinal scarring [ 58 ]. Several predisposing factors for the development of ONHD 
have been proposed, including a small scleral canal, altered axoplasmic transport, 
and abnormal vasculature [ 59 ]. 

a b

  Fig. 3.6    Bergmeister papilla. A 43-year-old woman was referred for pain in her left eye. 
Incidentally, a small tuft of tissue was visualized at the optic disc ( a ) and appeared to be continuous 
with the optic disc on OCT ( b ), consistent with Bergmeister papillae       
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 When ONHD are superfi cially located on the nerve, they can be recognized as 
refractile deposits. When they are buried within the optic nerve head, however, they 
can be much more diffi cult to identify by ophthalmoscopy alone. Further, they can 
elevate the optic nerve head and obscure the margins of the optic disc. It is estimated 
that in approximately 2/3–4/5 of cases, ONHD occurs bilaterally [ 59 ]. In these cases, 
ONHD can simulate papilledema. This pseudopapilledema secondary to ONHD is 
typically benign, whereas true papilledema requires emergent work-up for a poten-
tially life-threatening condition. Thus, differentiating true optic disc edema caused by 
papilledema or other optic neuropathies is crucial for the ophthalmologist. 

 Various methodologies have been used to study buried ONHD, including fundus 
autofl uoresence, B-scan ultrasonography, computerized tomography, and fl uores-
cein angiography [ 60 ]. Currently, B-scan ultrasonography is commonly used in the 
clinical evaluation of ONHD. Although useful, B-scan ultrasonography necessitates 
a skilled ultrasonographer and interpreter, and is not always available. OCT is a 
widely available and can give information regarding the size, structure, and location 
of ONHD within the optic disc. 

 Thinning of the RNFL OCT is often associated with optic atrophy, and thicken-
ing of the RNFL OCT is often associated with optic disc edema [ 21 ]. However, both 
ONHD and optic disc edema can present with either RNFL thinning or RNFL thick-
ening on OCT [ 61 ]. Therefore, the presence or absence of RNFL thinning or thick-
ening alone does not help the clinician distinguish between ONHD and optic disc 
edema [ 62 ]. 

 Savini et al. examined nine patients with optic disc edema due to various causes. 
In addition to noting a signifi cant increase in the mean RNFL thickness in all optic 
nerve quadrants in patients with optic disc edema, they described a triangular- 
shaped hyporefl ective subretinal space above the retinal pigment epithelium, 
 possibly representing subretinal fl uid, with the widest part of the triangle abutting 
the optic nerve head and the tapered apex pointing away. They hypothesized that 
swelling induced by the optic disc edema could produce an upward traction produc-
ing a subretinal space with the hydrostatic forces overcoming osmotic forces [ 24 ]. 

 Expanding on this idea of subretinal hyporefl ective space, Johnson et al., used 
OCT images to examine the qualitative and quantitative differences between ONHD 
and optic disc edema. They found that patients with ONHD tended to have an ele-
vated optic nerve head with a “lumpy bumpy” internal optic nerve contour, a rapid 
and abrupt decline in subretinal hyporefl ective space with a normal thickness at the 
2.0 mm radius, and normal or mildly increased RNFL thickness with the nasal 
RNFL being less than 86 microns. Patients with optic disc edema, on the other hand, 
had an elevated optic nerve head with a smooth internal contour, a recumbent 
“lazy V” pattern of the subretinal hyporefl ective space with an increased thickness 
at the 2.0 mm radius, and an increased RNFL thickness with a nasal RNFL greater 
than 86 microns. They found a nasal RNFL thickness greater than 86 microns has 
80 % specifi city and a subretinal hyporefl ective space thickness greater than 169 
microns at 2.0 mm radius has 90 % specifi city in differentiating between optic disc 
edema and ONHD [ 60 ]. 
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 Using SD-OCT, Lee et al. found ONHD to be focal, hyperrefl ective subretinal 
masses with distinct margins. They found the RNFL to be deformed with high 
refl ectance and the ONHD to be beneath the outer nuclear layer and on the retinal 
pigment epithelium. They proposed that the increased thickness and deposition of 
axonal transport materials in the RNFL in optic disc edema could increase peripap-
illary RNFL refl ectance and induce shadowing of the underlying retinal layers, 
mimicking subretinal fl uid space rather than representing it. Like Johnson et al., 
they found RNFL thickness in the nasal section to be a good differential marker for 
optic disc edema from ONHD, with a thinner cut-off value of 78 microns [ 63 ]. 

 Enhanced depth imaging OCT (EDI-OCT), a technique developed to give supe-
rior imaging quality of the deeper structures of the retina and optic nerve head, has 
also shown useful in detecting ONHD. Merchant et al., in an analysis of 34 patients 
with clinically visible or suspected ONHD based on ophthalmoscopy or optic disc 
stereophotography, EDI OCT had a signifi cantly higher ONHD detection rate than 
B-scan ultrasound [ 64 ].  

3.4.3     Pseudopapilledema: Bergmeister’s Papilla 
and Myelinated Nerve Fiber Layer 

 OCT can help characterize other conditions causing pseudopapilledema. In cases of 
myelinated retinal nerve fi ber layer, OCT can show signifi cant hyper-refl ectivity 
and increased thickness of the RNFL in the area of the myelinated fi bers [ 65 ,  66 ]. 
The recent use of wide fi eld three-dimensional swept source OCT (SS-OCT), which 
utilizes better sensitivity with imaging depth and longer imaging range, has enabled 
enhanced imaging of vitreous and vitreo-retinal interface. SS-OCT can offer supe-
rior resolution of vitreo-retinal entities, such as Bergmeister’s papillae that may 
simulate papilledema [ 67 ].      
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    Chapter 4   
 OCT and Compressive Optic Neuropathy                     

       Mário     Luiz     Ribeiro     Monteiro     

    Abstract     Optical coherence tomography (OCT) has provided new and important 
resources for quantifi cation of retinal neural loss in many different optic nerve dis-
eases including compressive optic neuropathies. As in other optic neuropathies 
OCT can be useful for diagnosis and follow-up of both optic nerve and chiasmal 
compressive diseases. Axonal loss can be assessed both through peripapillary reti-
nal nerve fi ber layer measurements as well as using macular thickness measure-
ments, particularly when segmented analysis of different retinal layers are analyzed. 
By analyzing the amount of axonal loss OCT can also be of help in estimating the 
possibility of visual improvement in such conditions. In this chapter we discuss the 
main use of OCT in compressive optic neuropathies including primary optic nerve 
tumors, extrinsic optic nerve compression by tumors or other orbital lesions and the 
important group of diseases causing chiasmal compression.  

  Keywords     Optic neuropathy   •   Optic nerve compression   •   Optic nerve tumor   
•   Chiasmal syndrome   •   Pituitary tumors   •   Band atrophy   •   Optical coherence tomog-
raphy   •   Retinal nerve fi ber layer   •   Macular thickness measurements     

4.1      Introduction 

 Compressive optic neuropathies are among the most important diseases of the ante-
rior visual pathway and can lead to severe visual handicap particularly when an 
early diagnosis is not obtained. It encompass a wide array of conditions including 
optic nerve glioma and meningioma, extrinsic optic nerve compression by orbital 
tumor, enlarged muscles in Graves’ orbitopathy, sinus expansive disease or intracra-
nial tumors affecting the optic nerve and chiasm such as occurs in pituitary 
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adenomas, craniopharyngiomas, aneurysms, meningioma, glioma, germ cell tumors 
and metastases [ 1 ]. 

 The diagnosis of compressive optic neuropathy usually relies on the history of 
progressive visual loss and on imaging studies, particularly modern magnetic reso-
nance imaging (MRI) and computed tomography (CT) scanning devices. On oph-
thalmic examination patients with tumors compressing the anterior visual pathway 
usually present with visual acuity (VA) and visual fi eld (VF) loss in one or both 
eyes. Visual loss may occur rapidly in fast growing or hemorrhagic tumors but most 
of the times visual loss (either central or in the peripheral fi eld) is slow. Optic disc 
pallor is also commonly found in longstanding diseases while proptosis may be 
present when optic nerve compression occurs at the orbit. 

 Traditionally evaluation of the visual pathway in such cases is restricted to VA, 
color vision and VF assessment as well as fundus observation of structural abnor-
malities in the optic nerve head such as optic disc pallor or edema and peripapillary 
retinal nerve fi ber layer (RNFL) loss. However, recent technological development 
has greatly modifi ed our ability to evaluate structural fundoscopic abnormalities in 
anterior visual pathway diseases with the introduction of new equipment for 
 estimating retinal and optic nerve structures including scanning laser polarimetry, 
confocal laser scanning and particularly optical coherence tomography (OCT) [ 2 –
 5 ]. Among those technologies, OCT evolved to become the most useful instrument 
for structural evaluation of the fundus. The instrument was introduced as a means of 
detecting retinal abnormalities but quickly progressed to include measurements that 
estimate axonal loss in diseases such as glaucoma and hereditary, demyelinating or 
compressive lesions of the anterior optic pathways [ 6 ]. 

 Earlier generations of OCT used time-domain (TD-OCT) technology that provided 
an axial resolution of approximately 8–10 μm of tissue [ 7 ]. Newer generation spectral 
domain OCT (SD-OCT) in the modern era allows for scanning rates of up to 52,000 
A-scans per second to achieve a resolution of 5–7 μm [ 8 ]. The current technologies 
allow for OCT to be of help in the diagnosis and follow-up of compressive optic neu-
ropathies both by quantifying peripapillary RNFL and also by measuring retinal thick-
ness in the macular area for estimating RNFL and ganglion cell loss [ 9 ,  10 ]. 

 Compressive lesions of the anterior visual pathways may go unnoticed by exam-
iners until a signifi cant amount of retinal axonal loss has occurred and clinically 
detected optic atrophy is present [ 11 ]. In such conditions, OCT-measured RNFL 
and macular thickness measurements may be reduced indicating retinal neuronal 
loss. By quantifying RNFL and retinal ganglion cells the technology can therefore 
be very useful for an early diagnosis. 

 Reduced OCT-measured RNFL may help detecting an optic neuropathy occur-
ring from intrinsic or extrinsic optic nerve tumors. When visual loss is subtle, with 
mild decrease in visual acuity, VF and color vision, the fi nding of RNFL thinning 
provides more objective evidence that there is an optic neuropathy. Since compres-
sive optic neuropathies usually have an insidious presentation such fi nding can be 
extremely important to raise suspicion and pursue with further investigation [ 12 ]. 

 In patients with compressive optic neuropathies OCT may not only be of help in 
the diagnosis but also be useful for estimating the chances of visual improvement 
after treatment. Ideally such conditions should be detected before retinal axonal loss 
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is present based on history, ophthalmic examination and neuroimaging studies. In 
such cases, the fi nding of normal or only mildly reduced OCT measurements in a 
patient with signifi cant visual loss from compressive optic neuropathy indicates that 
visual recovery is possible at least to a large extent. Finally detailed analysis with 
modern SD-OCT analysis can be of help when judging treatment effi cacy,  particularly 
when complete removal of lesions is not possible. Effi cacy of treatment can be 
 estimated with OCT by repeating retinal and optic nerve measurements over time [ 6 ]. 

 While not all conditions have been studied using OCT, the technology should 
probably provide important data in all compressive optic neuropathies. Irrespective 
of the etiology the most frequent utility of OCT is to assess optic neuropathy through 
quantifi cation of peripapillary RNFL thickness measurements. More recently mac-
ular thickness measurements, particularly segmented measurements of retinal gan-
glion cell layer (GCL) in the macula, have been introduced in practice and are 
available in most modern SD-OCT equipments [ 10 ,  13 ]. In the following paragraphs 
we discuss briefl y the most important compressive lesions of the anterior visual 
pathway, particularly those that have been subject to previous OCT studies.  

4.2     Optic Nerve Tumors 

 Tumors of the optic nerve represent approximately 4–10 % of all orbital tumors [ 14 –
 16 ]. Although uncommon lesions such as hemangiopericytomas and medulloepithe-
liomas are occasionally reported, the great majority are either optic nerve gliomas or 
optic nerve meningiomas. Gliomas usually occur in children while most optic nerve 
meningiomas are tumors affecting middle-aged persons with progressive visual loss, 
proptosis, disc edema and optociliary veins on fundus examination [ 14 ,  16 ]. 

 Meningiomas of the anterior visual pathway are important compressive lesions 
of the optic nerve that usually occur in middle aged patients leading to progressive 
VA and VF loss, optic atrophy or optic disc edema and abnormalities on imaging 
studies such as MRI and CT scan. The tumors can originate from the sheaths of the 
optic nerve or from the meninges near the nerves [ 1 ]. 

 Optic nerve sheath meningiomas (ONSM) are tumors that originate from the 
meninges of the optic nerve. The tumors are slow growing but generally lead to 
gradual visual deterioration. Patients with ONSM and progressive but recent visual 
loss or those with long-standing loss but still visual function can be treated with 
conformational fractioned radiation therapy [ 17 ,  18 ]. By contrast, surgical resection 
of ONSM leads to signifi cant or complete visual loss and should be restricted to 
patients with severe irreversible visual loss for correction of disfi guring proptosis or 
preventing intracranial extension. 

 OCT can be important in the diagnosis of ONSM and in estimating the chances 
of visual recovery. When visual loss occurs in a patient with little or no retinal neu-
ronal loss visual improvement may be expected (Fig.  4.1 ). On the other hand, when 
signifi cant RNFL and macular GCL is present indicating established axonal loss, 
successful treatment should be aimed at preventing further visual loss and absence 
of visual improvement is not an indication of treatment failure (Fig.  4.2 ).
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    While ONSM are usually treated with radiotherapy, patients with tumors from the 
skull base meninges but compressing the optic pathway are usually treated with sur-
gery. Visual outcome after decompressive surgery however is variable; while a signifi -
cant number of patients experience improvement or stability of vision, 20–30 % 
deteriorate [ 19 ]. Although several risk factors for poor visual outcomes are known 
including prolonged duration of symptoms, the presence of disc pallor and incomplete 
tumor resection, estimating the potential for visual recovery may be diffi cult based on 
the clinical exam and imaging fi nding alone. Loo et al. [ 20 ] performed a study to 
determine the prognostic value of pretreatment OCT measurement of the peripapillary 
RNFL in fi nal visual outcomes of patients with anterior visual pathway meningioma 
and optic neuropathy. The authors evaluated the outcome of 14 eyes of 12 patients 
treated in which pretreatment and post-treatment OCT along with clinical examina-
tion were performed. After treatment, the group with normal RNFL experienced sig-
nifi cant improvement in the VA, color vision, and VF compared with the group with 
reduced peripapillary RNFL. The fi ndings in this study is a further indication that 
patients with compressive optic neuropathy due to anterior pathway meningioma are 
more likely to improve post-treatment if they have a normal pretreatment RNFL. 

 Optic nerve gliomas are the most common tumors of the optic nerve but repre-
sent only 1 % of all intracranial tumors [ 21 ]. While malignant gliomas may occur in 

  Fig. 4.1    A 51-year-old woman with progressive visual loss in the left eye for 1 year was found to 
have an optic nerve sheath meningioma ( upper left ). Optical coherence tomography (Topcon 
3D-OCT 2000™) revealed normal peripapillary retinal nerve fi ber layer ( upper right ,  A ). 
Segmented macular thickness measurements indicated normal macular ganglion cell layer ( upper 
right ,  B ). The patient presented with an inferior paracentral scotoma and constricted fi eld ( lower 
left ) and showed signifi cant improvement after conformational radiation therapy ( lower right )       
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the adult, the large majority of gliomas are benign juvenile pilocytic astrocytomas 
that present primarily among children in the fi rst decade of life. The natural history 
of childhood optic nerve gliomas is almost always benign and most patients retain 
stable visual function without treatment. A conservative management is usually rec-
ommended to patients with unilateral optic nerve gliomas, particularly those with 
neurofi bromatosis type 1 (NF-1) [ 22 ]. On the other hand in uncommon cases of 
more aggressive tumors, particularly those near of affecting the optic chiasm che-
motherapy can be use to help stabilize the lesion [ 23 ]. 

 Both in patients optic pathway gliomas (OPG) followed with conservatively with-
out treatment as well as in those submitted to chemotheraphy, assessment of visual 
function along with imaging studies is the main parameters used to evaluate disease 
progression on follow-up examinations. However, monitoring young children with 
OPGs for visual deterioration can be diffi cult owing to age-related noncompliance. 
OCT measures of peripapillary RNFL and macular thickness can be of signifi cant help 
in monitoring the integrity of the visual pathway and has been proposed as a surrogate 
marker of vision in previous studies evaluating OCT fi ndings in patients with OPG. 

 Chang et al. [ 24 ] evaluated, using the Stratus OCT, both macular and RNFL thick-
ness measurements in patients with NF-1 with or without optic gliomas and controls. 
The authors found that NF-1 subjects with OPG had average RNFL thickness and 

  Fig. 4.2    A 49-year-old woman with a 7-year history of visual loss in the left eye from an optic nerve 
sheath meningioma ( upper left ). Optical coherence tomography (Topcon 3D-OCT 2000™) revealed 
severely reduced peripapillary retinal nerve fi ber layer ( upper right ,  A ). Segmented macular thickness 
measurements indicated markedly reduced macular ganglion cell layer ( upper right ,  B ). The patient 
presented with a severe constriction, enlarged blind spot and superior paracentral scotoma ( lower 
left ). There was only mild visual improvement after conformational radiation therapy ( lower right )       
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macular volume signifi cantly reduced compared to those without gliomas. The study 
suggests that OCT can be used to detect RNFL thinning secondary to NF-1 related 
OPGs and that it may be a useful adjunct to routine clinical ophthalmologic evalua-
tion in children with NF-1. 

 Avery et al. [ 25 ] prospectively evaluated 62 patients with NF-1 and optic nerve 
gliomas submitted to neuro-ophthalmic examination including TD-OCT of the 
optic nerve head. Eighty-nine eyes of patients with OPG were included and 41 clas-
sifi ed as having abnormal VA or VF loss. Reduced RNFL thickness was associated 
signifi cantly reduced VA and contrast sensitivity. The study indicated that reduced 
OCT-measured RNFL is a sensitive technology to detect visual loss in OPG. 

 Parrozzoni et al. [ 26 ] compared visual function and SD-OCT measured RNFL thick-
ness for the screening of OPG in 57 pediatric patients affected by NF-1. Visual function 
assessment, RNFL analysis, and optic disc evaluation results correlated with the pres-
ence of OPGs, but only RNFL analysis reached statistically signifi cant sensitivity and 
positive predictive value. The authors concluded that RNFL analysis assessment using 
SD-OCT is superior to visual function assessment and optic disc evaluation as a clinical 
screening tool for OPGs. Macular thickness measurements were not investigated. 

 Fard et al. [ 27 ] studied 38 eyes of 23 children with OPG and evaluated the rela-
tionship between SD-OCT fi ndings and clinical/radiological changes at diagnosis 
and on a 24-month follow-up evaluation. Mean changes in average RNFL and mac-
ular thickness measurements were signifi cantly higher in patients that had clinical/
radiological progression of the gliomas compared to those that did not progressed. 
OCT measurements were signifi cantly different in patients with tumor progression 
compared to those that did not progress indicating that OCT measurements may be 
helpful in monitoring OPG. 

 More recently, Gu et al. [ 28 ] evaluated the macular GC-inner plexiform layer 
(GC-IPL) thickness in children with or without visual loss from OPG using 
SD-OCT. Decreased GC-IPL thickness was able to discriminate between children 
with and without vision loss from their OPG. The authors concluded that GC-IPL 
thickness could be used as a surrogate marker of vision in children with OPGs. 

 While the above-mentioned studies have indicated the value of OCT in monitor-
ing visual function in OPG, an important limitation for obtaining OCT measure-
ments in this condition is that gliomas usually occur in young patients, when the 
technique is also limited by patient cooperation. However, more recently Avery 
et al. [ 29 ] used a hand-held OCT to obtain optic nerve and retinal thickness mea-
surements during sedation in 33 young children with OPGs. The authors concluded 
that for young children who do not cooperate with vision testing, hand-held OCT 
measures may be a surrogate marker of vision.  

4.3     Dysthyroid Optic Neuropathy 

 Graves’ orbitopathy (GO) is an autoimmune infl ammatory process affecting the orbital 
and periorbital tissues, mainly the extraocular muscles but also the retrobulbar fat. GO 
occurs before, during or after the onset of hyperthyroidism and, less frequently, in 
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euthyroid or hypothyroid patients [ 30 ]. The enlargement of the extraocular muscles is 
responsible for most of the debilitating manifestations of the disease, including pro-
ptosis, diplopia, congestive signs and dysthyroid optic neuropathy (DON) [ 30 ,  31 ]. 

 DON is a serious complication of GO occurring in 3.4 % of patients [ 32 ], almost 
always as a result of optic nerve compression at the orbital apex by enlarged extra-
ocular muscles. The diagnosis of DON rests mainly on clinical fi ndings, such as 
decreased VA, abnormal VF, altered color and brightness perception, abnormal 
visual evoked potentials, afferent pupillary defects and edema or atrophy of the 
optic nerve head [ 33 ]. Nevertheless, DON is often subclinical and in many cases 
diffi cult to diagnose due to confounding signs and symptoms, especially signifi cant 
orbital congestion or decreased corneal transparency due to exposure keratopathy. 
Establishing a diagnosis may also be diffi cult because many tests of optic nerve 
dysfunction, such as VA, color and brightness perception and VF, especially when 
performed with standard automated perimetry, require full cooperation of an alert 
and motivated patient and will not infrequently render false positive results, particu-
larly in patients with congestive GO. 

 Because the prognosis of DON improves signifi cantly with early diagnosis and 
treatment, much effort has been put into designing objective tests capable of identi-
fying patients at high risk for developing DON. Therefore imaging studies, particu-
larly CT scanning of the orbit are often used to investigate the possibility of DON 
[ 34 ]. Several studies have tested the ability of CT parameters (linear, area and vol-
ume measurements of the orbital muscles) to raise suspicion and facilitate the diag-
nosis of DON [ 34 ,  35 ]. More recently OCT measurements have been introduced in 
the management of GO. 

 In patients with GO, OCT can be of help in the diagnosis and in follow-up of 
DON. Because DON can present with optic disc edema, OCT can help its detection 
and measurement to monitor treatment effi cacy. While no previous studies have 
specifi cally evaluated the use of OCT for monitoring optic disc edema in GO, many 
studies have documented the ability of the equipment for that purpose in patients 
with papilledema [ 36 ,  37 ]. Presumably the same rationale applies for measuring 
optic disc edema in patients with DON. On the other hand, many patients with DON 
present without optic disc edema, either with atrophy or with normal optic disc 
appearance. As in any other compressive optic neuropathy, OCT thickness measure-
ments can help quantifying axonal loss in patients with DON both help establishing 
the diagnosis as well as to estimate the chances of reversing visual loss (Fig.  4.3 ).

   Very few studies, however, have critically evaluated OCT in GO and in special 
those with DON. Forte et al. [ 38 ] evaluated the RNFL in patients with GO and ocu-
lar hypertension using OCT. The authors found that RNFL loss on OCT was found 
in 9 of the 30 patients evaluated. However, apparently the patients did not have well- 
defi ned DON and the authors concluded that RNFL loss was important to detect the 
presence of optic neuropathy but could not differentiate whether the causative effect 
was DON or the elevated intraocular pressures. 

 One study evaluated patients with DON using OCT but as a secondary measure-
ments when investigating the value o multifocal visual evoked potentials (mfVEP). 
Pérez-Rico et al. evaluated 65 eyes of 34 consecutive patients with GO using 
mfVEP, SAP and OCT (Stratus TD-OCT). The authors found mfVEP abnormalities 

4 OCT and Compressive Optic Neuropathy



76

in 27 % of eyes and diffuse VF defects in 20 % indicating that a signifi cant number 
of eyes had DON. OCT-measured RNFL did not differ from normal and no correla-
tion was found between mfVEP, VF and OCT data. While the study might indicate 
a poor sensitivity to detect abnormalities on OCT it may also be interpreted as indi-
cating reversibility of visual function abnormalities in the patients. 

  Fig. 4.3    A 50-year-old woman with Graves’ orbitopathy presented with double vision, proptosis 
for 3 months and a 2-week history of visual loss in the right eye (OD). Computerized tomography 
scan showed enlarged medial and inferior rectus muscles and crowding at the orbital apex ( upper 
left ). Visual acuity was 20/200 and there was inferior altitudinal fi eld loss ( lower left ). Optical 
coherence tomography (OCT) scan (HRA Spectralis™, Heildelberg Engeneering) showed normal 
peripapillary retinal nerve fi ber layer ( upper right ). Macular thickness measurements showed nor-
mal full-thickness ( A ) and normal macular ganglion cell layer ( B ). There was marked improvement 
of both visual acuity and visual fi eld after orbital decompressive surgery ( lower right ) in accor-
dance with the normal retinal neural integrity as assessed by OCT       

 

M.L.R. Monteiro



77

 It is widely known that visual loss in DON can be reversible when properly 
treated, provided there is no signifi cant permanent optic nerve damage. The fi nding 
of normal RNFL in a patient with signifi cant visual loss would therefore be a strong 
indicator for further treatment to obtain visual recovery (Fig.  4.3 ). However, further, 
prospective studies are necessary to better defi ne the use of OCT in patients with 
GO.  

4.4     Other Compressive Optic Nerve Diseases 

 Optic nerve compression can also be due to a number of orbital and adnexal condi-
tions including extrinsic tumors of the orbit, osseous diseases leading to optic nerve 
compression at the canal, sinusal process invading the orbit, metastases and lym-
phomatous that can lead to optic nerve dysfunction. Very few of these conditions 
have been evaluated systematically using OCT but the instrument can certainly be 
an important additional data in a number of them both in the diagnosis by character-
izing the presence of an optic neuropathy as well as estimating the chances of visual 
recovery after treatment (Fig.  4.4 ).

4.5        Compressive Chiasmal Diseases 

 Compressive lesions at the optic chiasmal region are among the most important 
lesions of the anterior visual pathway and can be caused by a number of lesions 
including pituitary adenoma, craniopharyngioma, meningioma, and aneurism. The 
lesions produce loss of VA, color vision and particularly VF defects. However, 
because visual symptoms are usually vague early on the course of the disease, the 
diagnosis may be retarded until later stages when permanent damage of the visual 
pathway has already occurred. 

 Chiasmal lesions can lead to a wide variety of visual and axonal damage to the 
visual pathway fi bers, ranging from mild VF defect and focal peripapillary RNFL 
and macular GCL loss to severe and diffuse visual loss and optic nerve atrophy and 
retinal GCL loss. In most cases, however, typical bitemporal VF defect occur and a 
specifi c pattern of axonal loss develops. In patients with mid-chiasmal lesions, tem-
poral hemianopia and preserved nasal fi eld, the crossed nerve fi bers are lost with 
preservation of the uncrossed nerve fi bers, which originate in the temporal hemiret-
ina and penetrate the optic nerve through the superior and inferior arcuate fi ber 
bundles. Thus, RNFL loss occurs predominantly on the nasal and temporal side of 
the optic disc, a pattern identifi ed on ophthalmoscopy as band atrophy (BA) of the 
optic nerve [ 39 ], and the retina shows a clear distinction in axonal loss when the 
temporal hemiretina is compared with the affected nasal hemiretina (Fig.  4.5 ).

   Chiasmal lesions were the fi rst compressive anterior visual pathway diseases to 
be evaluated using OCT. Approximately a decade ago, we and other authors have 
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demonstrated that retinal thickness measurements could detect neural loss in 
patients with chiasmal compression and that such measurements were able to iden-
tify the pattern of axonal loss found in this condition, based peripapillary RNFL 
thickness measurements using early generation OCT devices (Fig.  4.6 ) [ 4 ,  40 – 42 ].

   Subsequently we have demonstrated that full-thickness macular thickness mea-
surements were also able to detect axonal loss in chiasmal compression and corre-
lated well both with peripapillary RNFL and with VF defects [ 9 ,  43 ,  44 ]. 
Discrimination ability and the relationship between OCT thickness measurements 
and VF loss were similar with both sets of measurements although macular thick-
ness measurements allowed a better correlation when quadrantic measurements of 
the macula were obtained [ 9 ]. Because the RNFL of different quadrants and differ-
ent hemifi elds enter the optic disc in a way that the fi bers from different quadrants 

  Fig. 4.4    A 52-year-old man had severe visual loss in the left eye (OS) due to a spheno-ethmoidal 
mucocele compressing the optic nerve at the optic canal and the orbital apex ( upper left ). Visual 
fi eld showed a dense central scotoma ( upper right ) and visual acuity was reduced to fi nger count-
ing. Optical coherence tomography (OCT) scan (HRA Spectralis™, Heildelberg Engeneering) 
showed severely reduced peripapillary retinal nerve fi ber layer in OS and was normal in the right 
eye (OD) ( lower left ). Segmented macular scans showed normal macular ganglion cell layer in OD 
and severely reduced in OS ( lower right ). There was no signifi cant improvement of vision after 
surgery in accordance with the severe retinal neural loss observed on OCT       

 

M.L.R. Monteiro



79

superimpose one with the other, specifi c correlation of RNFL with VF is somewhat 
cumbersome at the optic disc. With the exception of the nasal area of the disc all 
other sectors receive retinal nerve fi bers from both the nasal and the temporal 
hemiretina. The result is a lack of specifi city between VF loss and optic disc sectors 
in patients with lesions of the optic chiasm [ 9 ,  10 ]. For example, when a VF defect 
affecting the superotemporal quadrant is present, it results in RNFL loss in the 
nasal, temporal and inferior regions of the optic disc. Since the inferior region of the 
optic disc also receives nerve fi bers from the unaffected nasal VF, there is presum-
ably a lack of specifi city in the structure-function relationship. 

 On the other hand, with macular thickness measurements a superotemporal VF 
defect may be related to reduced macular thickness below and nasally to the fovea, 
with a direct correspondence to the quadrantic VF defect. The advantage of macu-
lar thickness measurements is even greater in patients with temporal hemianopia, 
affecting both the superior and the inferior temporal quadrants. Based on the distri-
bution of the RNFL on the optic disc [ 45 ], such patients may be expected to have 
RNFL loss in every quadrant of the optic disc, with a resultant lack of specifi c-
ity in the structure-function relationship, while macular thickness reduction would 
be observed almost exclusively nasally to the fovea, probably with a much higher 
specifi city. In previous studies we have demonstrated a closest structure-function 
relationships observed between macular thickness measurements and VF abnormal-
ities compared to the relationship between RNFL thickness measurements and VF 
defects [ 9 ]. The relationship between OCT-measured macular thickness parameters 
and VF defects were even greater when segmented macular thickness measurements 
were used and separate analysis of the retina GCL is possible (Fig.  4.7 ) [ 10 ,  13 ,  46 ].

  Fig. 4.5    Optic nerve ( left ) and fundus photograph ( right ) of a patient complete temporal hemiano-
pia with normal nasal hemifi eld, band atrophy of the optic nerve and a pattern of retinal nerve fi ber 
layer loss in the temporal and nasal portions of the optic nerve with relative preservation of the 
superior and inferior arcuate fi bers (left) and the demarcation between the retinal area with pre-
served ganglions cells (temporal) and the ares with atrophic ganglion cells (nasal).  T  temporal,  N  
nasal (Modifi ed from Cunha et al. [ 57 ])       
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   Previous studies have evaluated the relationship between OCT fi ndings and 
VF or electrophysiological testing. In one study, we have also shown that OCT 
 measurements correlated well both with VF and pattern electroretinogram in 
patients with chiasmal compression [ 47 ]. Moon et al. [ 48 ] showed an important 
correlation between reduced RNFL thickness and decreased b wave on photopic 
negative response, both associated with worse VF outcome. Therefore OCT can 
also be associated with other electrophysiological methods as prognostic indicator 
in the preoperative assessment of chiasmal compression. 

 While in most patients with chiasmal compression treatment is usually neces-
sary, estimating the prognosis for visual recovery is particularly important in 
patients with recurrent tumors where the need for further surgery is in question. 
Although it is expected that visual improvement may occur after optic pathway 
decompression, in many cases such recovery is variable and many times unpredict-
able [ 49 – 52 ]. While other predictive values such as duration of symptoms, age, size 
of tumor, the severity of VA and VF loss as the presence or absence of optic disc 
pallor have been used to estimate visual recovery, the results are far from ideal 
[ 50 – 53 ]. However, the grading of optic disc pallor is diffi cult and subjective [ 53 ]. 

  Fig. 4.6     Above , Goldmann visual fi elds showing bitemporal severe loss in a patient with pituitary 
adenoma.  Below , Stratus™ (Carl Zeiss, Meditec), time-domain Optical coherence tomography 
showing diffuse retinal nerve fi ber layer loss in both eyes mostly in the nasal ( arrows ) and temporal 
( arrowheads ) aspects of the optic nerve (From Leal et al. [ 58 ])       
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Therefore the use of OCT to quantify axonal loss through peripapillary RNFL 
thickness measurements and through measurements of retinal neural elements at the 
macula arouse as one of the most important predictor of visual recovery (Figs.  4.8  
and  4.9 ).

  Fig. 4.7    Pseudo-color thickness map generated from cube scan based on the thickness of the 
macular layers obtained using spectral-domain optical coherence tomography (Topcon 3D-OCT 
1000™). First, second and third lines = eyes with band atrophy of the optic nerve and different 
degrees of visual fi eld loss. Fourth line = a normal control.  RGCL + retinal ganglion cell layer asso-
ciated with the inner plexiform layer,  TR  total retinal thickness. Notice that thickness reduction in 
the nasal hemiretinas is more evident in the RGCL+ when compared to TR (Modifi ed from 
Monteiro et al. [ 10 ])       
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    A few studies have evaluated prospectively the ability of OCT in predicting 
visual improvement in chiasmal compression. Such studies have shown a signifi cant 
correlation between the depth and thickness of the RNFL measured by OCT and the 
possibility of improvement in patients that undergo surgery for tumors involving the 
chiamal region [ 12 ,  54 ]. Danesh-Meyer et al. [ 12 ] evaluated OCT’s ability to predict 
visual recovery from optic nerve and chiasmal compression due to parachiasmal 
lesions. Forty patients with various etiologies were evaluated with Stratus-OCT 
(time-domain, Carl Zeiss-Meditec, Inc) and VF both pre- and post-surgical decom-
pression. Patients with thin RNFL, defi ned preoperatively as below 97.5 % of 
 normal values did not demonstrate signifi cant improvement in visual acuity and VF 

A

B

  Fig. 4.8    A 32-year-old woman with a large pituitary adenoma with chiasmal compression ( left ). 
 Middle : optical coherence tomography (OCT) scan (Topcon 3D-OCT 1000™) revealed reduced 
peripapillary retinal nerve fi ber layer in the temporal portion of the right eye (in  red ) and in the 
nasal and temporal portions of the left eye (in  yellow ). Full-thickness macular measurements 
showed thinning mostly of the nasal macula (in  red  or  yellow ) indicating retinal axonal loss.  Right : 
visual fi elds showing bilateral defect pre-operatively ( A ) and no signifi cant improvement after 
surgery ( B ) in accordance with the fi nding of permanent retinal axonal loss on OCT       

A

B

  Fig. 4.9    A 24-year-old pregnant woman developed a large pituitary adenoma with chiasmal com-
pression ( left ).  Middle : optical coherence tomography (Topcon 3D-OCT 1000™) revealed normal 
peripapillary retinal nerve fi ber layer in both eyes. Full-thickness macular measurements showed 
normal measurements indicating retinal axonal normality.  Right : visual fi elds showing bitemporal 
quadrantic defect pre-operatively ( A ) and normal visual fi eld after surgery ( B ) in accordance with 
normal OCT fi ndings       
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mean deviation in the post-operative period while those with normal RNFL thick-
ness had signifi cant improvement in visual acuity. The authors found that there was 
an increased likelihood of postoperative improvement with thicker preoperative 
RNFL until approximately 85 um. 

 Jacob et al. [ 54 ] evaluated 37 eyes of 19 consecutive patients suffering from 
pituitary adenomas compressing the anterior visual pathways. Seventeen patients 
underwent trans-sphenoidal surgery and 2 received dopamine agonists. VF and 
OCT were performed before treatment and in the 2 weeks and 3 months after treat-
ment. The study showed that the odds of complete recovery after 3 months from the 
initial VF defect was multiplied by 1.29 for each increase in 1 μm of mean 
RNFL. The authors concluded that RNFL thinning measured by OCT leads to a 
decreased chance of recovery of an initial VF defect 3 months after treatment. 

 Ohkubo et al. [ 55 ] evaluated the relationship between macular GCL and VF 
parameters in chiasmal compression and the potential for GCL parameters in order 
to predict the short-term post- surgical VF. Examining the macular GCL was useful 
for evaluating structural damage in patients with chiasmal compression. Preoperative 
GCL parameters, especially focal loss of GCL, may be useful in predicting visual 
function following surgical decompression of chiasmal compression. 

 On the other hand, it is important to consider that axonal loss may appear later in 
the course of the disease, even after optic pathway decompression has occurred. 
Moon et al. [ 56 ] evaluated 19 patients undergoing chiasmal decompression before 
and 1 and 3 months after surgery. Visual recovery was signifi cantly correlated with 
the changes in retinal GCL and RNFL thickness measurements. However, pro-
longed retrograde degeneration progressed for some period, even after surgical 
decompression and visual recovery occurred.  

4.6     Conclusions 

 While much more work is still necessary to better understand the precise relation-
ship between OCT and VA, VF and other modalities of visual function evaluation, 
a number of previous studies as well as clinical observation clearly indicate the 
importance of using OCT in diagnosis, treatment as well as follow-up of compres-
sive optic neuropathies. As both technology and interpretation of data advances we 
expect the use of OCT will certainly increase in the management of this important 
group of optic nerve diseases.     
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    Chapter 5   
 Optical Coherence Tomography (OCT) 
and Multiple Sclerosis (MS)                     

       Rachel     C.     Nolan      ,     Kannan     Narayana      ,     Laura     J.     Balcer      , and     Steven     L.     Galetta     

    Abstract     Acute optic neuritis (ON) is a common manifestation of multiple sclero-
sis (MS). ON is the fi rst clinical demyelinating event in MS for about 20 % of 
patients. In the Optic Neuritis Treatment Trial (ONTT), the overall cumulative prob-
ability of developing clinically- defi nite MS, defi ned as a second clinical event, was 
50 % by 15 years after the onset of acute ON. Furthermore, those patients with a 
positive brain MRI consistent with demyelination had a far greater risk of develop-
ing of MS compared to those with a normal baseline MRI (72 % vs. 25 %). The 
subsequent development of MRI-based diagnostic criteria for MS has led to a para-
digm shift in our clinical approach to patients with ON as a fi rst clinical demyelinat-
ing event. In those patients with MRI scans consistent with demyelination, platform 
MS therapies have become standard treatment for patients with clinically isolated 
syndromes (CIS), including ON. Our ability to diagnose MS with a single MRI scan 
has allowed us to more expeditiously establish the diagnosis of MS while advances 
in OCT (optical coherence tomography) has provided us an opportunity to better 
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resolve the visual dysfunction that occurs in this disorder. OCT permits the correla-
tion of structural aspects of anterior visual pathway axonal and neuronal loss with 
visual function in ON. It is now known that patients with MS have thinning of the 
retinal nerve fi ber layer (RNFL, axons) and ganglion cell/inner plexiform layer 
(GCL+IPL, neurons) even in the absence of a history of acute ON. Such patients 
have clinically meaningful worsening of vision and quality of life (QOL). 
Furthermore, OCT is useful in patients with MS for distinguishing macular disease 
from ON, and for monitoring patients for macular edema associated with use of 
fi ngolimod. In this chapter, we summarize the data and current concepts for use of 
OCT in the evaluation and monitoring of patients with MS. Importantly, we will 
highlight how OCT has expanded our thinking about the pathogenesis of visual 
pathway dysfunction, and how RNFL and GCL+IPL thickness may serve as struc-
tural markers for monitoring disease in our patients. 

   Keywords     Optic neuritis (ON)   •   MS-associated optic neuritis (MSON)   •   Optical 
coherence tomography (OCT)   •   Retinal nerve fi ber layer (RNFL)   •   Total macular 
volume (TMV)   •   Ganglion cell/inner plexiform layer (GCL+IPL)   •   Microcystic 
macular edema (MMO) 

5.1          Background 

 The Optic Neuritis Treatment Trial (ONTT) [ 1 – 5 ] was a landmark study in the fi eld 
of neuro-ophthalmology. This study provided a large-scale systematic view into the 
course and clinical characteristics of acute demyelinating optic neuritis (ON). ON 
may be the fi rst clinical demyelinating event in up to 20 % of patients with multiple 
sclerosis (MS) [ 6 ] and the overall cumulative probability of developing clinically- 
defi nite MS, defi ned as a second clinical event, was 50 % by 15 years after the onset 
of acute ON [ 7 ]. Presence of magnetic resonance imaging (MRI)-detected brain 
lesions and oligoclonal bands [ 7 ,  8 ] were found to be associated with an increased 
risk of developing clinically defi nite MS (CDMS), defi ned by a second clinical 
demyelinating event. Patients with one or more MRI lesions at baseline had a 56 % 
risk of CDMS at 10 years and a 72 % risk at 15 years [ 7 ,  9 ]. While visual recovery 
from ON as a fi rst demyelinating event and in the setting of established MS is said 
to be good [ 5 ,  10 ], studies of vision in MS have shown that patients will have con-
tinued defi cits that are not well captured by high-contrast visual acuity (VA) alone. 
Visual symptoms in MS may result from a variety of pathological processes, includ-
ing infl ammation, demyelination, and axonal degeneration in the afferent visual 
pathways [ 11 ,  12 ]. Subclinical optic neuropathy and involvement of the optic chi-
asm or post-chiasmal regions of the visual pathway have been reported [ 13 – 15 ]. 

 Signifi cant progress has been made in understanding the additional ways to assess 
qualitative and quantitative visual function in patients with MS. Tests of low- contrast 
vision, particularly low-contrast letter acuity (LCLA), have emerged as methods that 
demonstrate the greatest capacity to capture visual impairment in patients with MS 
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[ 16 – 19 ]. Vision-specifi c quality of life (QOL), measured by 25-Item National Eye 
Institute Visual Functioning Questionnaire (NEI-VFQ-25) and the 10-Item Neuro-
Ophthalmic Supplement has been shown to be reduced among patients with worse 
visual function by low-contrast letter acuity and with structural changes of RNFL and 
GCL+IPL thinning by OCT [ 20 – 22 ]. These measurements from an ongoing collabora-
tive study [ 23 ] of visual structure, function and QOL in MS are presented in Table  5.1 .

5.2        Optical Coherence Tomography (OCT) in MS 

 Optical coherence tomography (OCT) is a non-invasive technique that is close to a 
tissue level  in vivo  optical biopsy of the retina. During the past decade, OCT has 
become increasingly recognized as a highly sensitive method for imaging the retina 
and optic disc. Imaging of the RNFL, both in the peripapillary region (pRNFL) and 
in the macula (mRNFL), represents a unique opportunity in the central nervous 
system to image axons without myelin sheaths (retinal ganglion cell axons are not 
myelinated until they traverse behind the lamina cribosa). Measures of ganglion cell 
layer/inner plexiform layer (GCL+IPL) thickness and total macular volume (TMV) 
also may be used to monitor neuronal integrity in the anterior visual pathway.  

5.3     OCT in Patients with MS and ON 

 As OCT imaging has advanced to provide retinal detail that is nearly histologic in its 
level of detail, autopsy studies have likewise have shown that up to 94–99 % of MS 
patients have detectable optic nerve lesions [ 24 ,  25 ]. The earliest application of OCT 
technology to the study of ON in patients with MS was reported by Parisi et al. in 
1999 [ 26 ], utilizing a fi rst-generation OCT technology. In those patients with 
MS-associated ON (MSON), pRNFL thickness was reduced by an average of 46 % 
in eyes with an ON history, compared to disease-free control eyes. Even fellow eyes 
had RNFL thickness reductions of 28 %. In 2005, Trip et al. [ 27 ] reported further 
fi ndings using time-domain (TD-) OCT. This study revealed a 33 % reduction in 
pRNFL thickness in eyes with a history of ON and incomplete recovery. There was a 
27 % reduction in the affected eyes compared to the unaffected fellow eyes (P <0.001). 
Eyes with a history of ON had macular volume reductions of 11 %. These fi rst reports 
of OCT were thus able to show both axonal loss and retinal ganglion cell loss. 

 In 2010, Petzold et al. [ 28 ] performed a meta-analysis of available published 
reports on OCT in patients with MS and found pRNFL thinning by an average of 
20.38 μm (95 % CI 17.91–22.86, n = 2063,  p  < 0.0001) in MS eyes with a history of 
acute ON, and by an average of 7.08 μm (5.52–8.65, n = 3154,  p  < 0.0001) in MS 
eyes without an ON history compared to disease-free controls. Peripapillary RNFL 
thickness also was found to correlate with visual and neurological functioning. 

 In 2006, Costello et al. [ 29 ] reported that the majority of patients (approximately 
75 %) with acute ON, 94 % of whom had a clinically isolated syndrome, will sustain 
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   Table 5.1    Mean reference values from recent investigations of vision, QOL, and OCT in MS   

 Disease- 
free 
controls  All MS 

 MS, 
 No 
History of 
ON 

 MS, 
 History of 
ON 

 High-contrast visual acuity (VA), 
ETDRS, number of letters correct 

 59 ± 6 
 (n = 52 
eyes) 

 53 ± 10 
 (n = 559 
eyes) 

 55 ± 7 
 (n = 301 
eyes) 

 52 ± 12 
 (n = 252 
eyes) 

  Binocular testing   62 ± 4 
 (n = 26 pts) 

 58 ± 7 
 (n = 273 
pts) 

 59 ± 6 
 (n = 147 
pts) 

 57 ± 8 
 (n = 123 pts) 

 Low-contrast letter acuity (2.5 %), 
number of letters correct 

 35 ± 6 
 (n = 52 
eyes) 

 25 ± 12 
 (n = 550 
eyes) 

 27 ± 11 
 (n = 296 
eyes) 

 23 ± 13 
 (n = 248 
eyes) 

  Binocular testing   44 ± 4 
 (n = 26 pts) 

 34 ± 11 
 (n = 273 
pts) 

 36 ± 9 
 (n = 147 
pts) 

 32 ± 112 
 (n = 123 pts) 

 Low-contrast letter acuity (1.25 %), 
number of letters correct 

 21 ± 9 
 (n = 52 
eyes) 

 13 ± 11 
 (n = 550 
eyes) 

 15 ± 11 
 (n = 296 
eyes) 

 11 ± 11 
 (n = 248 
eyes) 

  Binocular testing   32 ± 5 
 (n = 26 pts) 

 23 ± 11 
 (n = 271 
pts) 

 25 ± 11 
 (n = 146 
pts) 

 21 ± 12 
 (n = 122 pts) 

 NEI-VFQ-25 composite score, best 
score = 100 

 98 ± 2 
 (n = 27 pts) 

 85 ± 15 
 (n = 264 
pts) 

 88 ± 14 
 (n = 142 
pts) 

 82 ± 15 
 (n = 119 pts) 

 10-Item Neuro-Ophthalmic Supplement 
to the NEI-VFQ-25, best score = 100 

 97 ± 5 
 (n = 28 pts) 

 78 ± 18 
 (n = 256 
pts) 

 83 ± 16 
 (n = 137 
pts) 

 73 ± 18 
 (n = 117 pts) 

  Time-domain (TD) OCT  
 Peripapillary RNFL thickness, μm  104.5 ± 10.7 

 (n = 219 
eyes) 

 92.5 ± 16.7 
 (n = 1,058 
eyes) 

 95.6 ± 14.5 
 (n = 730 
eyes) 

 85.7 ± 19.0 
 (n = 328 
eyes) 

 Total macular volume, mm 3   6.84 ± 0.36 
 (n = 219 
eyes) 

 6.54 ± 0.51 
 (n = 1,058 
eyes) 

 6.63 ± 0.48 
 (n = 730 
eyes) 

 6.36 ± 0.53 
 (n = 328 
eyes) 

  Spectral-domain (SD) OCT  
 Peripapillary RNFL thickness, μm  93.0 ± 9.0 

 (n = 48 
eyes) 

 83.1 ± 12.9 
 (n = 529 
eyes) 

 86.4 ± 10.9 
 (n = 287 
eyes) 

 79.1 ± 14.1 
 (n = 236 
eyes) 

 Ganglion cell + inner plexiform layer 
(GCL+IPL), μm 

 88.9 ± 6.9 
 (n = 61 
eyes) 

 84.1 ± 8.4 
 (n = 239 
eyes) 

 87.0 ± 6.6 
 (n = 150 
eyes) 

 79.7 ± 9.2 
 (n = 87 
eyes) 

 Macular Thickness, μm  10.1 ± 0.4 
 (n = 50 
eyes) 

 9.8 ± 0.6 
 (n = 509 
eyes) 

 9.9 ± 0.5 
 (n = 282 
eyes) 

 9.7 ± 0.6 
 (n = 221 
eyes) 

  Abbreviations:  MS  multiple sclerosis,  ETDRS  Early Treatment Diabetic Retinopathy Study,  QOL  
quality of life  NEI-VFQ-25  25-Item National Eye Institute Visual Functioning Questionnaire,  TD  
time-domain (OCT-3 platform),  SD  spectral-domain (Cirrus platform),  OCT  optical coherence 
tomography,  RNFL  retinal nerve fi ber layer  
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10–40 μm thinning of the pRNFL within a period of 3–6 months following the acute 
event. Importantly, pRNFL thinning to the level of 75–80 μm in that study was 
found to be a “threshold level” below which there were more severe decrements in 
visual function, as measured by automated perimetry mean deviation. To provide 
perspective on these measurements, normal pRNFL thickness by TD OCT is 
approximately 105 μm, with an estimated physiological loss due to aging of only 
about 0.017 % per year from age 18 years onward (approximately 10–20 μm loss 
over 60 years) [ 30 ]. 

 Pro et al. [ 31 ] demonstrated mild, relative thickening of the pRNFL in eight 
patients with clinical retrobulbar optic neuritis (no visible optic disc swelling on 
ophthalmoscopy). Even though these OCT fi ndings were subtle, and were within the 
range of the normal (100.7 μm in affected eye versus 92.9 μm in unaffected eye), the 
authors pointed out that these represented true change, as the unaffected eye 
remained stable over follow up. There was subsequent RNFL thinning in these 
affected eyes below the expected value for disease-free control eyes (approximately 
105 μm) despite visual improvement [ 31 ]. The RNFL thinning was seen as early as 
2–4 months following the acute ON. OCT was thus able to identify very mild, and 
in some cases clinically undetectable, optic disc edema in eyes with acute ON. These 
fi ndings represent one way in which OCT has helped to refi ne the clinical profi le of 
acute ON and of visual pathway structure in MS even in the absence of ON (see 
Case Study  5.1 ).  

5.4     OCT Changes in the Subacute Phase and Recovery 
from ON 

 The time course of RNFL axonal loss following acute ON may be important for 
determining the “window of opportunity” for potential intervention with therapies 
that could protect and repair the nervous system. Reductions in pRNFL thickness in 
affected eyes, usually by 10–40 μm, are maximal after acute ON within 3–6 months. 
This pattern of rapid RNFL thinning suggests that signifi cant axonal degeneration 
follows immediately after the primary demyelinating event [ 29 ,  32 ]. There is stabi-
lization of RNFL thickness within 7–12 months from the beginning of the disease 
[ 32 ]. However, we now recognize that thinning of the GCL-IPL layer begins within 
weeks of the onset of acute ON and may precede the thinning of the RNFL, thus 
narrowing the window of therapeutic window of neuro-repair [ 33 ]. 

 Henderson et al. [ 32 ] performed comprehensive qualitative and quantitative visual 
assessments in a study of 23 patients with acute clinically isolated unilateral ON. The 
mean time to 90 % of maximum loss from baseline in pRNFL thickness for affected 
eyes was 2.38 months. Ninety-nine percent of the degree of pRNFL loss occurred by an 
average of 4.75 months. The time of fi rst detectable pRNFL thinning compared to the 
baseline fellow eye value was 1.64 months (95 % CI, 0.96–2.32;  p  < 0.05). Eyes with 
poor recovery had a signifi cantly greater decline of RNFL from baseline to 3 months 
( p  = 0.002). Macular volumes also declined signifi cantly at the time of last follow-up.  
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5.5     OCT in MS Subtypes 

 Costello et al. [ 34 ] demonstrated that patterns of OCT RNFL thinning may be able 
to distinguish MS disease subtypes. For ON eyes among the different MS subtypes, 
differences among groups were noted in the overall and temporal RNFL regions. 
Patients with CIS had the highest overall RNFL thickness values (mean 87.8 μm), 
while patients with secondary progressive MS (SPMS) had the greatest degree of 
thinning compared to control reference values (mean RNFL thickness 70.8 μm). For 
MS non-ON eyes, RNFL thickness was reduced in patients with primary progres-
sive MS (PPMS, average 94.3 μm  p  = 0.04), relapsing remitting MS (RRMS, aver-
age 99.6 μm,  p  = 0.02), and SPMS (average 84.7 μm,  p  < 0.0001) relative to eyes of 
patients with CIS (average RNFL thickness 105.7 μm). RNFL thickness may thus 
represent an important structural marker of disease progression. 

 In a study by Pulicken et al. [ 35 ], progressive MS patients showed more marked 
decreases in RNFL and macular volume than relapsing-remitting MS. However, 
even patients with “benign MS” may have pRNFL axonal loss that is as marked as 
that of typical RRMS and have reduced vision and QOL. While overall neurologic 
impairment may be mild in such cases, visual dysfunction may account for a sub-
stantial degree of disability in benign MS [ 36 ].  

5.6     RNFL Thickness in Asymptomatic Fellow Eyes in ON 

 Thinning of RNFL has been observed not only in the eyes with a history of ON, but 
also in the asymptomatic fellow eyes of MS patients, as well as in MS patients with-
out a clinical history of ON. The average pRNFL thickness was found to be between 
91.08 and 109.3 μm in the fellow eye in patients with MSON [ 27 ,  31 ,  35 ,  37 – 49 ]. 

 In MS patients with no history suggestive of ON, the average RNFL thickness 
was between 93.9 and 110.9 μm [ 35 ,  49 – 52 ]. These fi ndings emphasize the com-
mon occurrence of subclinical anterior visual pathway axonal loss in patients with 
MS even in eyes without history of ON.  

5.7     RNFL Thinning and Visual Loss 

 One of the most important fi ndings that has resulted from the use of OCT MS stud-
ies is the association of RNFL thinning to visual loss, as measured by low-contrast 
letter acuity [ 23 ]. In 2006, Fisher et al. [ 40 ] conducted a cross-sectional study that 
compared RNFL thickness among MS eyes with a history of ON (MS ON eyes), 
MS eyes without a history of ON (MS non-ON eyes), and disease-free control eyes. 
These investigators found that RNFL thickness was reduced signifi cantly among 
MS eyes as a group overall (92 μm) vs. controls (105 μm ,  p  < 0.001, generalized 
estimating equation models, accounting for age and within-patient, inter-eye 
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correlations) and particularly reduced in MS ON eyes (85 mm,  p  < 0.001). 
Furthermore, lower visual function scores were associated with reduced average 
overall RNFL thickness in MS eyes; for every 1-line decrease in low-contrast letter 
acuity or contrast sensitivity score, the mean RNFL thickness decreased by 4 μm. 
These fi ndings supported the validity of low-contrast visual assessment and sug-
gested a potential role for OCT in trials that may examine neuroprotective and other 
disease- modifying therapies. Several other investigations have demonstrated corre-
lations between RNFL thinning and visual loss [ 53 – 55 ] (see Case Study  5.2 ). 
Costello et al. [ 56 ] found that RNFL thickness after an episode of isolated ON can-
not be used to predict the risk of MS.  

5.8     Relation of RNFL Thickness to Visual Evoked Potential 
(VEP) and MRI Findings 

 Several recent studies have highlighted the structure function-correlations provided 
by neuroimaging (MRI) and electrophysiological testing (visual evoked potentials) 
[ 57 – 60 ]. 

 In a retrospective study, visual evoked potential (VEP) latency was found to be 
sensitive for detecting demyelination [ 61 ], while RNFL thickness refl ects more struc-
tural aspects of optic nerve damage following acute ON. As might be expected, OCT 
RNFL thickness correlated well with VEP amplitude, but not with the latency [ 43 ]. 
In another study, retinal ganglion cell (RGC) axonal loss was associated with retinal 
dysfunction in eyes of MS patients without a history of ON and evidence of post-
chiasmal involvement of the visual pathway [ 62 ]. In a study that compared 112 part-
ners of patients with MS to a control group of 93 volunteers, abnormal VEP latency 
in 5 of the partners and one clinically defi nite case of MS was found. Studies of OCT 
among partners of people with MS may provide further context for this fi nding [ 63 ]. 

 In terms of brain MRI studies, RNFL thickness has been shown to refl ect the vol-
umes of brain white and gray matter as well as the normalized volumes of whole 
brain and white matter [ 53 ,  64 ]. The correlations between RNFL thickness and MRI 
measurements of brain atrophy were more signifi cant in the subset of patients with no 
clinical history of ON than in those who had an ON history in either eye. Studies also 
suggest that RNFL thickness measurements could be considered a marker for brain 
atrophy in MS [ 40 ]. The relation of RNFL thicknesses and brain parenchymal frac-
tion (BPF), measured using high-resolution MRI was also recently shown to refl ect 
the likely global nature of axonal and neuronal loss in MS [ 49 ]. A correlation between 
RNFL thickness, volume of T1 and T2 lesions, gray matter atrophy, MTR and diffu-
sion tensor imaging measures (DTI) measurements in MS patients with or without a 
history of ON was also reported [ 39 ]. These MRI parameters also correlated with 
low-contrast letter acuity measurements, consistent with prior studies suggesting that 
both posterior and anterior visual pathway disease contribute to visual function in MS 
[ 65 ]. Interestingly, in MS patients with optic radiation lesions, a correlation was 
found between the volume of the lesion and RNFL thickness (p < 0.001) [ 66 ].  
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5.9     Role for OCT in Monitoring MS Therapy Adverse 
Events and Effi cacy 

 Fingolimod, an oral sphingosine-1-phosphate receptor modulator approved for 
treatment of MS, has been shown in clinical trials to cause macular edema in 0.3–
1.2 % of patients, with uveitis and other ocular pathology elevating this risk [ 67 ] 
(see Case Study  5.3 ). Patients present with blurred vision, decreased visual acuity or 
eye pain. Macular edema resolves in most cases when fi ngolimod treatment is dis-
continued [ 67 ,  68 ]. OCT studies of patients on fi ngolimod have shown elevations in 
macular volume consistent with diffuse macular edema; some of these patients were 
symptomatic, presenting with metamorphopsia and blurred vision [ 69 ]. 
Ophthalmologic evaluations, including OCT scans of the macula, are recommended 
before initiating treatment. Follow-up at 3–4-month intervals is also recommended. 

 Though not common, cases of retinopathy associated with interferon-beta 1a 
treatment in MS have been reported [ 70 – 73 ]. This retinopathy was characterized by 
clinical/OCT fi ndings of retinal hemorrhages or cotton wool spots at the posterior 
fundus and improved with discontinuation of medication. 

 In a prospective study of 94 MS patients and 50 healthy subjects followed over 
3 years, the authors evaluated whether treatment with interferon 1a, interferon 1b or 
glatiramer acetate was associated with reduced degrees of RNFL thinning. 
Progressive RNFL thinning was detected in both the treated and untreated groups, 
but untreated patients had lower mean RNFL thicknesses. Otherwise, no differences 
in the treatment groups were noted [ 74 ]. 

 Another study showed that the peripapillary RNFL, ganglion cell layer thick-
nesses, and macular volumes measured by OCT were all reduced among patients 
with or without disease modifying therapy when compared with controls. The 
abnormal fi ndings were more prominent for MS eyes with an ON history [ 75 ].  

5.10     Microcystic Inner Nuclear Layer Abnormalities 

 Microcystic changes in the inner nuclear layer (MMO, microcystic macular oedema) 
are characterized by retinal microcysts in the inner nuclear layer and are easily iden-
tifi ed perifoveally on macular spectral-domain OCT. These fi ndings are typically 
not identifi able by direct ophthalmoscopy, and may be associated with reductions in 
VA. In many cases, a perifoveal hyporefl ective crescent shape can be seen on confo-
cal infrared laser fundus imaging directly correlating with the area of microcysts 
observed on OCT (see Case Study  5.4 ). It has been hypothesized that inner nuclear 
layer microcysts associated with various forms of optic neuropathy could be either 
a sign of infl ammation [ 76 ,  77 ], autoantibodies against AQP4 and KIR4.1, microg-
lial activation, blood–retina barrier breakdown or retrograde or anterograde trans- 
synaptic degeneration changes secondary to neurodegeneration [ 78 ,  79 ]. Microcystic 
changes in the inner nuclear layers in eyes of patients with MS were fi rst described 
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by Gelfand et al. [ 76 ]. These fi ndings were seen in association with increased dis-
ease severity (4.7 % of patients), with higher prevalence in patients with a history of 
ON [ 76 ]. Further evaluation of microcystic macular oedema (MMO) found that 
patients with neuromyelitis optica (NMO), who are known to have a high incidence 
of ON, had a higher prevalence of MMO (20–26 %) [ 80 ,  81 ]. Microcystic inner 
nuclear layer abnormalities are not specifi c to MS and ON and have been found 
associated with other optic neuropathies, including hereditary optic neuropathy 
[ 82 – 92 ].  

5.11     Segmentation and Newer trends 

 Segmentation of the macular retinal layers is now possible for use in the clinical and 
research setting. Thinning of the ganglion cell layer has been demonstrated to be 
greatest among patients with decrements in vision-specifi c QOL and among those 
with the highest degrees of visual loss [ 93 ]. 

 In a study by Gabilondo et al., retinal changes by OCT in ON were evaluated 
using the latest segmentation techniques. Changes in ganglion cell layer thickness 
within the fi rst month were predictive of visual impairment by 6 months [ 33 ]. These 
studies, and others, have confi rmed an important role for neuronal loss as measured 
by ganglion cell layer thickness in determining visual disability in MS. 

 OCT angiography is a newer technique that demonstrates the optic nerve blood 
fl ow, which may be refl ective of the metabolic demand. This is hypothesized to be 
a sensitive measure of axonal loss. Wang and colleagues showed that eyes of patients 
with MS and ON had lower fl ow indices as compared to controls and MS eyes with-
out an ON history. In addition, the fl ow index was abnormal in a greater proportion 
of eyes with a history of ON than was the peripapillary RNFL [ 94 ]. One caution in 
interpreting these fi ndings might be the very high threshold (thickness below 5th 
percentile) for categorizing an RNFL thickness measurement as abnormal.  

5.12     Conclusions 

 OCT has provided a basis for correlating structural aspects of anterior visual pathway 
axonal and neuronal loss with visual function in ON as well as in MS. It is now known 
that patients with MS have thinning of the retinal nerve fi ber layer (RNFL, axons) and 
ganglion cell/inner plexiform layer (GCL+IPL, neurons) even in the absence of a his-
tory of acute ON. Such patients have clinically meaningful worsening of vision and 
quality of life (QOL). Furthermore, OCT is useful in patients with MS for distinguish-
ing macular disease from ON, and for monitoring patients for macular edema associated 
with use of fi ngolimod. OCT is a powerful tool that may be used to assess neuro-repair 
and neuroprotective mechanisms in both acute and chronic optic nerve injury.  
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5.13     Figures/Representative Cases 

    Case 1: MS patient with unilateral ON – cross sectional  
  Case 2: Bilateral RNFL thinning – MS patient with no optic neuritis  
  Case 3: Fingolimod related macular edema  
  Case 4: Microcystic Inner Nuclear Layer Abnormalities    

  Case 5.1: MS Patient with Unilateral ON – Cross Sectional 
 55-year old man with history of MS and right ON in his 20s. At time of imag-
ing, 35 years after onset of visual loss, his visual acuities were 20/30 OD and 
20/20 OS. Patient could not correctly read color plates with the right eye, but 
read all with the left eye. He had a small right relative afferent pupillary 
defect. Both optic discs appeared mildly pale bilaterally, OD greater than 
OS. His neuro-ophthalmological exam revealed mild disc atrophy in OD. OCT 
showed decreased RNFL in OD measuring 76 μm (93 μm in OS) and reduced 
GCL and TMV in OD.

    RNFL Thickness ( left ), GCL Thickness ( Top Right ), Macular Volume ( Bottom Right )   

      

R.C. Nolan et al.



97

  Case 5.2: Bilateral RNFL Thinning – MS Patient with No Optic Neuritis 
 49-year old female with history of RRMS and disease duration of 13 years 
and no history of optic neuritis. She had an Expanded Disability Severity 
Scale (EDSS) of 4.5 and was treated with Tysabri. The picture shows a global 
symmetric RNFL loss in the absence of acute ON.

    Peripapillary RNFL Thinning in MS patient with no history of optic neuritis   
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  Case 5.3: Fingolimod Related Macular Edema 
 51-year old female w/history of MS and retinitis pigmentosa. One month 
post- fi ngolimod initiation, new cystoid macular edema was seen in macula. 
This resolved after immediate discontinuation of medication, however there 
was additional macular volume loss beyond the initial increase.

    Line Scan through fovea ( top ). Macular volume increases of 0.19 mm 3  after 1 month of 
treatment initiation ( bottom left ). Macular volume decreases after stopping treatment 
of 0.34 mm 3  (−0.15 mm 3  from baseline) ( bottom right ) (Courtesy by Sam Arnow and 
Ari Green, University of California, San Francisco)   
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  Case 5.4: Microcystic Inner Nuclear Layer Abnormalities 
 23-year old female with RRMS, previous history of ON OS and evident 
microcysts stable over 2.5 years.

    ( a ) Baseline macular SD-OCT of left eye with prior history of ON. Microcystic inner 
nuclear layer abnormalities ( white arrow ) are found perifoveally. Hyporefl ectant cres-
cent shape perifoveally on infrared image ( red arrow ) corresponds to areas of micro-
cysts on OCT. ( b ) Follow-up macular SD-OCT scan referenced to original scan. 
Microcysts are dynamic but relatively stable since baseline. ( c ) IR images of fundus. 
( d ) Red-Free image of fundus. ( e ) Autofl uorescence image of fundus (Courtesy by Sam 
Arnow and Ari Green, University of California, San Francisco   
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    Chapter 6   
 OCT and Parkinson’s Disease                     

       Shahnaz     Miri      ,     Sofya     Glazman      , and     Ivan     Bodis-Wollner     

    Abstract     Research in Parkinson’s disease (PD) using Optical coherence tomogra-
phy (OCT) is rapidly expanding. These studies aim to better understand the pathobi-
ology of PD and defi ne an accessible biomarker for early diagnosis, monitoring 
disease severity and progression. Peripapillary retinal nerve fi ber layer (pRNFL) and 
macular scans in many, but not in all studies, demonstrated signifi cant retinal thin-
ning in PD patients and its correlation with disease severity. There is a critical need 
to defi ne the best region of interest in OCT scans for PD patients. In this chapter, we 
describe the detailed method of OCT application and evaluation of the retinal thick-
ness in PD. Establishing a unifi ed method of retinal thickness analysis by OCT would 
be a major advance for further research studies and clinical application of OCT. 

   Keywords     Parkinson’s disease   •   Optical coherence tomography   •   OCT   •   The retina   
•   Foveal thinning   •   Disease severity   •   Retinal biomarker   •   Inner retinal layer   • 
  Peripapillary nerve fi ber layer   •   Dopaminergic amacrine cells   •   Ganglion cell 
complex     

6.1      Introduction: Retinopathy in Parkinson’s Disease 

 Parkinson’s disease (PD) is the second most common movement disorder after 
essential tremor, characterized by neurodegeneration of the dopaminergic cells in 
the basal ganglia. Although PD presents with motor symptoms including resting 
tremor, bradykinesia, rigidity and postural instability, non-motor symptoms are also 
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prevalent, including mood disorders, sleep disturbances, orthostatic hypotension, 
loss of smell, cognitive decline and visual impairment. 

 Retinal involvement and ganglion cell receptive fi eld re-organization in Parkinson 
disease were described decades ago [ 1 ,  2 ]. Since then many studies put forward 
functional evidence that foveal vision is impaired in PD. Foveal visual defi cits are 
manifested by decreased contrast sensitivity [ 3 – 6 ] and color vision abnormalities 
[ 4 ,  6 – 8 ]. Flash and pattern electroretinography demonstrated a decline in retinal 
bioelectrical activity [ 9 – 14 ]. The results of psychophysical and electrophysiological 
functional studies of pharmacological interventions in the dopaminergic system 
imply that impaired retinal processing in PD is caused by dopaminergic defi ciency 
[ 10 ,  15 – 18 ]. In recent years, optical coherence tomography (OCT) provided direct 
in-vivo visualization of retinal structure and retinopathy in PD [ 19 ,  20 ]. Peripapillary 
nerve fi ber layer [ 19 ] and the inner retina [ 21 ] are thinned and the shape of the 
foveal pit is altered in PD [ 22 ]. Recent histopathological studies confi rmed the 
involvement of the retina in PD by describing the presence of alpha-synuclein depo-
sition in the inner retina [ 23 ,  24 ]. 

 The retina is a multilayered structure, with three layers of nerve cell bodies and 
two layers of synapses (Fig.  6.1a ). The outer nuclear layer (ONL) contains cell 
 bodies of cones and rods photoreceptors; the inner nuclear layer (INL) includes cell 
bodies of bipolar, horizontal, and dopaminergic amacrine cells (Fig.  6.1b ); and the 
ganglion cell layer (GCL) contains ganglion cells and displaced amacrine cells [ 25 ]. 
The fovea is a highly specialized area of the retina, located at temporal side of the 
optic disc. This area contains the highest concentration of the cone photoreceptors, 
responsible for best visual acuity. As cone density diminishes with distance from the 
center of the fovea, other retinal neurons successively emerge at the slope and at the 
edge of the foveal pit. The interaction between receptors and their organization into 
a receptive fi eld structure is responsible for high contrast sensitivity [ 26 ]. The foveal 
region is the thickest part of the retina, mainly due to increased density of photore-

a b c

  Fig. 6.1    ( a ) Histology of the foveal pit and retinal layers (After Provis and Hendrickson [ 27 ]). The 
interrupted line represents the end of the foveal avascular zone. ( b ) Thyrosine-Hydroxylase stain-
ing of the retina demonstrating immunoreactivity in the inner plexiform layer. The  arrow  shows a 
dopaminergic amacrine cell on the border of the innerplexiform and inner nuclear layers (After 
Witkovsky [ 28 ]). ( c ) Postmortem slide of the PD retina with Alpha-Synuclein immunoreactivity 
(dark brown staining) in the inner retina: GCL, IPL and the margin of INL reveal immunorectivity 
with AS staining. The  arrow  shows a neuron with dense glubular AS aggregation.  GCL  ganglion 
cell layer,  IPL  inner plexiform layer,  INL  inner plexiform layer,  fH  fi ber layer of Henle,  OPL  outer 
plexiform layer,  ONL  outer nuclear layer,  IS  inner segment of the photoreceptors,  OS  outer seg-
ment of the photoreceptors,  RPE  retinal pigment epithelium       
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ceptors (cones) and ganglion cells compared to the peripheral retina. There are 
abundant synaptic interactions in the central retina leading to a thick inner plexi-
form layer (IPL) [ 25 ]. The Retinal Nerve Fiber Layer (RNFL) functions as the reti-
nal output emanating from retinal ganglion cells. The nerve fi bers are the axons of 
retinal ganglion cells and form the optic nerve behind the globe toward the lateral 
geniculate body and then onto the visual cortex. Further visual processing takes 
place in visual cortical areas [ 26 ].

   The cellular pathology in PD, as shown by intracellular alpha-synuclein aggre-
gates are in postmortem PD retina [ 23 ] at the border of INL in a typical position of 
dopaminergic amacrine cells, and in the IPL and GCL (Fig.  6.1c ). 

 OCT quantifi es in-vivo microscopic retinal structure for differentiating PD and 
to predict disease severity. In this chapter, we discuss the application of OCT in PD 
for diagnosis, disease monitoring and possible therapeutic effi cacy evaluations.  

6.2     Optical Coherence Tomography Equipment
and Data Acquisition 

 OCT was developed in 1991, and fi rst applied to in vivo retinal imaging in 1993 
[ 29 ,  30 ]. OCT is a rapid, non-invasive method which provides high resolution 
cross- sectional and three-dimensional images of the retina. OCT has been applied 
to evaluate neurodegenerative disease of the retina, such as glaucoma and in CNS 
neurodegenerative diseases including multiple sclerosis (MS), Alzheimer’s disease 
(AD), and Parkinson disease (PD) which have all shown to affect differently the 
retina [ 20 ,  31 – 33 ]. 

 Original OCT technology used time domain OCT (TD-OCT) in which retinal 
thickness data were obtained through successive “slices” through the retina. TD-OCT 
takes time. Third-generation TD-OCT, Stratus OCT (Carl Zeiss Meditec AG, Jena, 
Germany), has been widely used with scanning rate of 400 axial scans per second and 
10 μm axial resolution [ 34 ]. The more recent introduction of Fourier domain or spec-
tral domain OCT (SD-OCT) provides retinal imaging with faster scan rate and higher 
resolution, compared to older generation TD-OCT. SD-OCT uses spectral interfer-
ence and Fourier transform to extract the frequency spectrum of a signal. Fourier 
domain OCT can measure all light echoes with different delay time simultaneously 
which increase speed and sensitivity of detection [ 35 ]. SD-OCT provides at least 
18,000 axial measurements per seconds with 5 μm axial resolution [ 36 ]. SD-OCT sys-
tems have a higher sensitivity, even in low light levels, with high speed detection [ 37 ]. 

 Here we concentrate on different commercially available SD-OCT with wide 
distribution in the Western hemisphere and in major Asian countries. They have 
somewhat different data analysis algorithms and different sampling rate. These are 
presented in detail in Table  6.1 . The macular area sampled is sampled at somewhat 
different for each device [ 38 ,  39 ].

   The recently developed high-penetration OCT (HP-OCT) with a long wave-
length (1050 nm, versus 840 nm in SD-OCT) provides deeper visualization of 

6 OCT and Parkinson’s Disease



108

microstructures beneath the retinal pigmented epithelium. HP-OCT (Topcon, 
Tokyo, Japan) has a scanning rate of 100,000 per second [ 40 ]. To our knowledge 
HP-OCT has not been applied in neurological diseases. 

 Different sampling rate and retinal segmentation algorithms lead to difference 
between macular thickness values obtained by different OCT equipment [ 41 ]. Matlach 
et al. [ 42 ], have demonstrated a high degree of repeatability for both Cirrus and RTvue-
100 in measurements of peripapillary RNFL and inner retinal layer (IRL) thickness 
among idiopathic and atypical PD. Despite a high correlation between measure-
ments of the two OCT devices and a high consistency in the measurements of the two 
devices, RTVue reported thicker macular RNFL-GCL-IPL and pRNFL thickness [ 42 ].  

6.3     OCT Data Analysis 

 To visualize the three-dimensional retinal structure, cross-sectional OCT images in 
the 3D data set can be rendered volumetrically by the OCT software. The number 
of horizontal and vertical pixels obtained by OCT is different according to compa-
ny’s scan protocols. The produced image is obtained over an area of 5 × 5 or 6 × 6 mm 
with 1 mm depth [ 35 ]. 

 OCT image analysis is based on outlining the retinal layers and measuring the dis-
tances between the layers. Image analysis starts with correct detection of the Internal 
Limiting Membrane (ILM) [ 43 ]. Commercially available OCT devices use different 
layer segmentation algorithm based on quantifi cation of the optical properties of the reti-
nal layers [ 44 ]. “Segmentation” refers to the establishment of the demarcation of differ-
ent histological layers. Device dependent algorithm difference affect retinal thickness 
measures [ 45 ]. Accordingly, different sensitivities are reported for different OCT devices 
when the results are compared in the same subjects. One of the critical variables is the 
estimation of the borders of different layers. However, the histological borders between 
layers is not a straight line. Hence thickness measurements idealized to a straight line 
approximation of the edges of different layers can suffer various inaccuracies. 

 As mentioned, three-dimensional rendering of OCT images is acquired based on 
consecutive 2D OCT slices. Reconstructing methods are recently developed to 
quantify raw voxel data from 2-D OCT slices and visualize them as 3D retinal 
images. These 3D rendering methods provide a more reliable segmentation and 
evaluation of volumetric images [ 22 ,  46 ]. 

   Table 6.1    Comparison of commercial OCT devices   

 Device  Manufacturer 
 Axial image 
resolution (μm)  Scanning speed 

 Cirrus OCT  Carl Zeiss Meditec  5  27,000 axial scans/s 
 RTVue-100  Optovue  5  26,000 axial scans/s 
 3D OCT-1000  Topcon  6  18,000 axial scans/s 
 Spectralis HRA+OCT  Heidelberg Engineering  3.8  40,000 axial scans/s 
 Spectral OCT/SLO  Ophthalmic technologies  8  27,000 axial scans/s 

   HRA  Heidelberg retinal angiography,  SLO  scanning laser ophthalmoscope  
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 Raw volumetric data obtained from OCT can be imported into MATLAB software 
environment in order to analyze and reconstruct the data. This method, by not relying 
on straight line approximation in the segmentation method, minimizes analysis errors. 
Based on fi nely sampled volumetric data of perifoveolar raw thickness data, a math-
ematical equation for the foveal pit was developed [ 47 ]. This method does describes 
the shape of the fovea by “segmenting” at every 0.25 mm (RT-Vue) or 0.3 mm (Cirrus).  

6.4     Methods of OCT Data Evaluation 

 Commercially available OCT devices have different scan protocols to evaluate areas 
in the retina (Fig.  6.2a, b ). The optic nerve head (ONH) protocol is used to obtain peri-
papillary Retinal Nerve Fiber Layer (pRNFL) measurements. This protocol generates 
an RNFL thickness map measured along a circle of 3.45 mm in diameter centered on 
the ONH. The overall average thickness is separated into the superior hemisphere, 
inferior hemisphere, and temporal, superior, nasal, and inferior quadrants.

   Macular scans provide images of the macula with 5–6 mm in diameter, centered 
at the foveola. Different companies have their own software and protocol with a 
normative database for statistical comparison of data [ 48 ]. This scan protocol was 
developed to automatically measure macular thickness averages for each of the 9 
map sectors as defi ned by the Early Treatment Diabetic Retinopathy Study (ETDRS). 
The inner and outer rings were segmented into 4 quadrants, with radii of 1.5 mm 
and 3 mm, respectively [ 49 ]. 

 The retinal regions of interest for neurodegenerative disease are not clearly 
defi ned and no specifi c scan protocol is developed for them. In PD, there are fi nd-
ings of thickness changes in both pRNFL scans and macular area [ 20 ]. Decreased 
pRNFL thickness, macula volume, and foveal thickness are well established by 
Schneider et al. [ 50 ] in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
treated cynomolgus monkeys. Here, we review in detail the OCT studies in human 
PD studies based on the type of scan and region of interest separately.  

a b

  Fig. 6.2    ( a ) Fundoscopic image of the retina which shows the peripapillary and the macular 
region, capillaries, the optic disc. ( b ) Schematic image of the optic disc and the fovea which illus-
trates retinal nerve fi ber layer (After Bodis-Wollner et al. [ 20 ]).  OD  optic disc,  F  fovea       
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6.5     Macular Volume in PD 

 The rationale for sampling the macular area in PD is based on the localization of 
dopaminergic neurons and the nature of visual defi cits in PD. There is dopaminergic 
defi ciency in the PD retina [ 10 ,  15 – 18 ,  51 ]. Dopaminergic neurons in the retina are 
located at the border of inner nuclear layer and IPL and dopaminergic fi bers are 
present in IPL [ 28 ]. Spatial geometry of the dopaminergic amacrine neurons is 
described in the foveal avascular zone (FAZ) (Fig.  6.3a–c ) [ 52 ]. The FAZ is the 
central area of the fovea without any inner retinal vascular supply. The neural retina 
within the FAZ receives its nutritional supplementation through diffusion from cho-
roidal vascular supply [ 53 ].

   In most OCT programs, macular volume is measured as a total volume in a 
6.00 mm macular map. The algorithm developed by Hu et al. [ 44 ], quantifi es total 
macular thickness in a macular cube scan pattern of 496 × 1024 × 37 voxels. They 
reported the thickness of the IPL as 31 μm while full retinal thickness was reported 
as 279 μm from NFL to RPE. Thus the IPL an average, contributes less than 12 % 
to average thickness of the macular area (Fig.  6.4a, b ). However, at the very center 

a b c

  Fig. 6.3    ( a ) Tyrosine-Hydroxylase staining of dopaminergic neurons ( arrows ) in the human 
foveal avascular zone. Immunoreactivity is observed within the FAZ area, limited to the margin of 
the FAZ; (After Savy et al. [ 52 ]). ( b ) Schematic view of spatial geometry of dopaminergic (DA) 
neurons in the FAZ within capillary borders. ( c ) The vertical profi le view of the retina, showing the 
distribution of the DA neurons in the FAZ (After Savy et al. [ 52 ])       
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  Fig. 6.4    ( a ) Layer segmentation of the retinal SD-OCT volume scans by the automated graph 
search algorithm to sequentially segment 11 retinal surfaces. ( b ) Average thickness of each indi-
vidual retinal layer in total macular volume in healthy eyes (After Hu et al. [ 44 ])       
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of the foveal pit, there is no contribution to the macular volume (or thickness) by the 
INL, IPL and GCL.

   A thinned and remodeled foveal pit in PD (Fig.  6.5 ) is consistent with this 
unequal contribution of the inner retina (Fig.  6.6 ) [ 22 ]. The difference between PD 
and healthy controls (HC) becomes evident in an annular zone between 0.5 and 
2 mm from the foveola. Retinal thickness in the radial zone of 0.75–1.5 mm yields 
the optimal area for discriminating a PD retina from HC subjects [ 54 ].

    Several studies compared total macular volume in PD and HC. Given only 
11.1 % contribution of IPL to the total macular volume, fi nding a signifi cant differ-
ence in total macular volume in PD compared to healthy controls may be an unre-
warding task. Altintaş et al. [ 55 ] reported a signifi cant total macular volume 
reduction in 17 PD compared to 11 HC (6.82 ± 0.32 mm 3  vs. 7.09 ± 0.23 mm 3 ). 

  Fig. 6.5    Perifoveolar 
thickness attenuation in PD 
patients. This fi gure 
demonstrates mean foveal 
thickness difference 
between healthy controls 
and subjects. The reddish 
ring which is around 
1–1.5 mm radial distance 
from the foveola, illustrates 
the zone of the largest 
difference of retinal 
thickness of PD and 
HC. Note: the course and 
distribution of the density 
of the NFL superior and 
inferior of the macula. This 
density contains the axons 
of the foveal ganglion 
cells.  S  superior,  T  
temporal (After Spund 
et al. [ 22 ])       

a b

  Fig. 6.6    OCT macular scan in a healthy control ( a ) and a PD patient ( b ). Notice the foveal thin-
ning in the PD patient. Notice the thinning of the inner retina at the fovea and the fl attening of the 
foveal pit in PD patient       
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However, in the study by Archibald et al. [ 56 ] no difference was observed in total 
macular volume between PD and HC (6.47 ± 0.4 vs. 6.54 ± 0.4 mm 3  in right eyes; 
and 6.61 ± 0.5 vs. 6.47 ± 0.4 mm 3  in the left eyes). Cubo et al. [ 14 ] also did not fi nd 
any difference in total macular volume in PD vs. HC (6.8 ± 0.3 vs. 7.0 ± 0.3 mm 3 ).  

6.6     Macular Thickness in PD 

 Altinaş et al. [ 55 ] reported the fi rst macular study in PD patients which implied a 
decreased superior segment thickness of the IRL and temporal, nasal, and inferior 
segment of the outer retinal layer (ORL). Hajee et al. [ 21 ] reported a thinned inner 
foveal retina in PD. A number of studies [ 22 ,  57 – 63 ] reported thinning in macular 
scan of PD patients, mainly in temporal, inferior and superior quadrants. 

 Automated segmentation software recently has been developed to evaluate the 
specifi c layers involvement in PD compared to HC and other Parkinsonian syn-
dromes [ 64 ]. However, the results of these studies [ 62 ,  64 – 66 ] are diffi cult to com-
pare due to application of different algorithms and using different devices. 

 Out of 16 macular studies in PD (Table  6.2 ), 13 studies have listed thinning of the 
retina [ 21 ,  22 ,  54 ,  55 ,  57 – 63 ,  65 ,  66 ]. Aaker et al. [ 46 ], Archibald et al. [ 56 ] and 
Cubo et al. [ 14 ] did not fi nd thinning. Furthermore, Roth et al. [ 65 ] who used a new 
segmentation algorithm, reported a thinning in ONL/PRL (photoreceptor layer) but 
not in other layers. Previous studies also using segmentation methods reported thin-
ning of RNFL, GCL, IPL, outer plexiform layer (OPL) [ 66 ] and INL [ 58 ,  62 ].

   Thinning of the entire parafovea (or inner macular ring) which contains an annu-
lar area with about 1.5 mm radius has been reported by fi ve studies [ 22 ,  54 ,  59 ,  60 , 
 63 ]. However, other studies have shown thinning only in specifi c quadrants, mainly 
in superior, temporal and inferior segments of the macula [ 21 ,  55 ,  58 ,  62 ]. 

 Lee et al. [ 62 ] segmented macular data obtained from PD and HC, using the cali-
per tool within the Spectral OCT/SLO at the fovea center, temporally 1, 2, and 
3 mm and nasally 1 mm from the fovea center. They compared the 6 retinal layer 
including RNFL, IPL+ GCL, INL, OPL, ONL+PIS (photoreceptor inner segments), 
and the photoreceptor outer segments and retinal pigment epithelium (POS+RPE). 
Using this method, they observed thinning in the outer superior zone of the macula 
and INL layer at temporally 1 mm from the fovea center in PD patients [ 62 ]. 

 Roth et al. [ 65 ] have applied an automated segmentation software for macular 
scan analysis in three dimensions. This method yields the thicknesses of the follow-
ing macular layers: ganglion cell layer/inner plexiform layer (GCIP), inner nuclear 
layer/outer plexiform layer (INL/OPL), and outer nuclear layer including inner and 
outer photoreceptor segments (ONL/PRL). They reported signifi cant ONL/PRL 
thinning in PD versus HC. However, no difference in total macular volume, or the 
other retinal layer thicknesses was observed between PD and HC. Impaired function 
of blue cones that receive their input from dopaminergic cells was previously 
described in PD [ 65 ]. This impaired synaptic input from DA neurons to photorecep-
tors may hypothetically lead to transsynaptic degeneration of ONL neurons in the 
PD retina and results in ONL thinning [ 65 ]. 
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 Satue et al. [ 63 ] reported a signifi cant decrease in RNFL and macular thickness 
in 153 PD compared to 242 healthy controls (Cirrus, Zeiss; Spectralis, Heidelberg). 

 Schneider et al. [ 64 ] performed a semiautomatic, retinal single-layer analysis 
with calculation of the average thickness of retinal layers to compare foveal scans 
of 65 PD, 16 progressive supranuclear palsy (PSP), and 12 multiple system atrophy 
(MSA) patients as well as 41 matched controls. There was no difference in thickness 

   Table 6.2    Investigations of macular thickness in PD compared to healthy controls   

 Reference 
 Sample 
size (eyes)  Equipment  Main results of the comparison in PD 

 Altinaş et al. 
(2008) [ 55 ] 

 17 (34) 
PD, 11 
(22) HC 

 3000 unit 
Zeiss 

 ↓sup IRL; ↓temp, nasal, inf ORL; No difference 
in fovea 

 Hajee et al. 
(2009) [ 21 ] 

 24 (45) 
PD, 17 
(31) HC 

 Optovue  ↓IRL in sup and inf quads; No change in ORL 

 Aaker et al. 
(2010) [ 46 ] 

 9 (18) PD, 
9 (16) HC 

 Spectralis  No difference in IRL thickness; Compared to 
published normal values, ↓ORL sup; ↑ORL 
nasal; ↑IRL inf quad 

 Cubo et al. 
(2010) [ 57 ] 

 9 (18) PD, 
9 (18) HC 

 OCT3 
Zeiss 

 ↓fovea; thinner fovea in the contralateral to the 
more affected side 

 Archibald et al. 
(2011) [ 56 ] 

 34 (63) 
PD, 19 
(33) HC 

 Stratus  No difference in foveal thickness and macular 
volume 

 Albrecht et al. 
(2012) [ 58 ] 

 40 (80) 
PD, 35 
(70) HC 

 Spectralis  ↓INL especially in temp quad; No difference in 
other layers 

 Shrier et al. 
(2012) [ 54 ] 

 23 (26) 
PD, 18 
(36) HC 

 Optovue  ↓macular volume at 0.5–0.75 mm from the 
foveola; IOA in IRL 

 Adam et al. 
(2013) [ 59 ] 

 14 (28) 
PD, 14 
(28) HC 

 Optovue  ↓IRL at radial distances (1–1.75 mm) form the 
foveola, especially sup quadrant 

 Spund et al. 
(2013) [ 22 ] 

 30 (50) 
PD, 27 
(50) HC 

 Optovue  ↓IRL at 1–2 mm distance from the foveola 

 Garcia-Martin 
et al. (2014) [ 60 ] 

 46 (46) 
PD, 33 
(33) HC 

 Cirrus/
Spectralis 

 ↓fovea, IRL all quad; ↓inf ORL (Cirrus); ↓sup, 
nasal ORL (Spectralis) 

 Satue et al. 
(2013) [ 61 ] 

 100 PD, 
100 HC 

 Cirrus/
Spectralis 

 ↓mean macular, fovea, ORL inf quad 

 Lee et al. (2014) 
[ 62 ] 

 56 PD, 30 
HC 

 OPKO/OTI 
Spectral 

 ↓temparafoveal INL, no difference in other layers; 
↓supouter segment of the total macular thickness 

 Roth et al. 
(2014) [ 65 ] 

 68 PD 
(114), 32 
(63) HC 

 Cirrus  ↓ONL/PRL 
 No difference in GCL+IPL, GCL+IPL+mRNLF, 
INL/OPL; No difference in macular volume 

 Garcia-Martin 
et al. (2014) [ 66 ] 

 129 (PD), 
129 (HC) 

 Spectralis  ↓in RNFL, GCL, IPL, OPL; ↑in INL 

(continued)
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of any retinal layer between PD and HC. Thickening of the outer nuclear layer in 
PSP and the outer plexiform layer in MSA was highly specifi c for these disease enti-
ties and allowed differentiating PSP from MSA with high sensitivity and specifi city. 

 Ding et al. [ 47 ] developed a mathematical equation of the foveal pit, based on 
fi nely sampled volumetric data of perifoveolar thickness to describe the foveal pit in 
PD and healthy eyes. Using this model, based on the RT-Vue 100 of the parameters 
foveal model had an over 70 % discriminating power of PD.  

6.7     Peripapillary Retinal Nerve Fiber Layer Scan in PD 

 Another region of interest in the PD retina is peripapillary retinal nerve fi ber layer 
(pRNFL) (Table  6.3 ). The fi rst OCT study in PD by Inzelberg et al. [ 19 ] reported 
thinned average RNFL, specifi cally in inferior and temporal quadrants. Most of 
further studies have shown fi ndings consistent with Inzelberg et al. [ 19 ]. However, 
Aaker et al. [ 46 ], Archibald et al. [ 56 ], Tsironi et al. [ 67 ], Albrecht et al. [ 58 ], and 
Roth et al. [ 65 ] did not fi nd difference between PD and HC.

   In a meta-analysis by Yu et al. [ 68 ] for 13 case-control studies of pRNFL mea-
surements in PD, a signifi cant pRNFL thinning was reported in all quadrants in PD 
patients compared to controls.  

6.8     OCT and Disease Severity in PD 

 Retinal thinning was reported to relate to disease severity and functional disabili-
ties in PD patients. Altintaş et al. [ 55 ] fi rst reported an inverse correlation between 
foveal thickness and the unifi ed Parkinson’s Disease rating scale (UPDRS) total 
and motor scores. A non-signifi cant inverse correlation between total macular vol-
ume and P100 latency measured by pattern visual evoked potential was reported in 
PD [ 55 ]. 

Table 6.2 (continued)

 Reference 
 Sample 
size (eyes)  Equipment  Main results of the comparison in PD 

 Satue et al. 
(2014) [ 63 ] 

 153 PD 
and 242 
HC 

 Cirrus  ↓fovea, ↓full thickness nasal and inf quads of 
outer macular ring 

 Spectralis  ↓in full macular thickness in all quads, no foveal 
thickness difference 

 Cubo et al. 
(2014) [ 14 ] 

 30 PD, 30 
HC 

 No difference in full-thickness macular measures 

  Equipments: Carl Zeiss company: Cirrus, Stratus; Heidelberg company: Spectralis; Optovue, 
RTvue 
  IRL  inner retinal layer,  ORL  outer retinal layer thickness,  sup  superior quadrant,  inf  inferior quad-
rant,  temp  temporal quadrant,  INL  inner nuclear layer, ↓ signifi cant decrease in thickness,  IOA  
interocular asymmetry  
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   Table 6.3    Investigations of retinal nerve fi ber layer in PD compared to healthy controls   

 Reference 
 Sample 
size (eyes)  Equipment  Results of comparison in PD 

 Inzelberg et al. 
(2004) [ 19 ] 

 10 (10) PD, 
10 (10) HC 

 Not mentioned 
(NM) 

 ↓mean RNFL thickness, ↓inf, temp quad 

 Altinaş et al. 
(2008) [ 55 ] 

 17 (34) PD, 
11 (22) HC 

 Stratus  ↓mean RNFL thickness, ↓sup, nasal quad 

 Moschos et al. 
(2011) [ 69 ] 

 16 (32) PD, 
20 (40) HC 

 Stratus  No mean RNFL thickness difference, ↓inf, 
temp quad 

 Aaker et al. 
(2010) [ 46 ] 

 9 (18) PD, 
16 (19) HC 

 Spectralis  No RNFL thickness difference 

 Archibald et al. 
(2011) [ 56 ] 

 51 (66) PD, 
25 (35) HC 

 Stratus  No RNFL thickness difference 

 Tsironi et al. 
(2012) [ 67 ] 

 24 (24) PD, 
24(24) HC 

 Stratus  No RNFL thickness difference 

 Albrecht et al. 
(2012) [ 58 ] 

 40 (80) PD, 
35 (70) HC 

 Spectralis  No RNFL thickness difference 

 Garcia-Martin 
et al. (2012) [ 70 ] 

 75 (75) PD, 
75 (75) HC 

 Cirrus/Spectralis  ↓RNFL thickness all quads, Spectralis 
more sensitive device than Cirrus 

 Rohani et al. 
(2013) [ 71 ] 

 27 (54) PD, 
27 (50) HC 

 TOPCON, 
3D-OCT Mark II 

 ↓RNFL thickness all quads, ↓inf, nasal 
quad more in akinetic rigid 

 Kirbas et al. 
(2013) [ 72 ] 

 42 (84) PD, 
40 (80) HC 

 Cirrus  ↓mean RNFL thickness, ↓temp quad 

 Garcia-Martin 
et al. (2014) [ 60 ] 

 46 (46) PD, 
33 (33) HC 

 Cirrus/Spectralis  ↓mean RNFL thickness, ↓sup, temp, inf 
quad 

 La Morgia et al. 
(2013) [ 73 ] 

 43 (86) PD, 
86 (86) HC 

 Stratus  No mean RNFL thickness difference, 
↓temp quad, contralateral to d-side 

 Satue et al. 
(2013) [ 61 ] 

 100 PD, 
100 HC 

 Cirrus/Spectralis  ↓mean RNFL thickness, ↓inf-temp, 
sup-temp quad 

 Moreno-Ramos 
et al. (2013) [ 74 ] 

 10 PD, 10 
HC 

 NM  PD with dementia had ↓RNFL thickness 
compared to HC 

 Sen et al. (2014) 
[ 75 ] 

 18 PD, 11 
HC 

 RTvue  ↓mean RNFL thickness, and ↓inf, 
sup-temp, inf-temp segments 

 Roth et al. 
(2014) [ 65 ] 

 68 PD 
(111), 32 
(62) HC 

 Cirrus  No difference in RNFL thickness 

 Jimenez et al. 
(2014) [ 76 ] 

 52 (102) 
PD, 50 (97) 
HC 

 Stratus  ↓average RNFL thickness and ↓RNFL 
thickness in all quads 

 Garcia-Martin 
et al. (2014) [ 66 ] 

 129 (PD), 
129 (HC) 

 Spectralis  ↓mean RNFL thickness, and ↓RNFL in 
nasal-inferior, temp-inf, tem-sup 

 Satue et al. 
(2014) [ 63 ] 

 153 PD, 
242 HC 

 Cirrus  ↓average RNFL thickness, and ↓RNFL 
thickness in sup, inf, and temp quads 

 Spectralis  ↓average RNFL thickness, and ↓RNFL 
thickness in sup, inf, sup-nasal, inf-nasal, 
inf-temp, sup-temp 

  Equipments: Carl Zeiss company: Cirrus, Stratus; Heidelberg company: Spectralis; Optovue, 
RTvue 
  HC  healthy controls,  quad  quadrant,  sup  superior,  inf  inferior,  temp  temporal, ↓ signifi cant decrease 
in thickness,  d-side  tremor dominant side of the body,  NM  not mentioned in the abstract  
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 Lee et al. [ 62 ] compared retinal layers’ thickness among three subgroup of PD 
and observed the thinnest macular RNFL thickness in the subgroup with hallucina-
tions without dementia. There were no signifi cant correlations between retinal 
thicknesses and duration or severity of PD and medication dosages. 

 Satue et al. [ 63 ] reported a signifi cant decrease in RNFL and macular thickness 
in PD. Hoehn and Yahr (H&Y) scores were signifi cantly and inversely correlated 
with all macular thickness parameters [ 63 ]. 

 Garcia-Martin et al. [ 60 ] reported that visual functional parameters, as well as 
structural retinal parameters were affected in PD patients. Both pRNFL and macular 
thickness were negatively correlated with the H&Y scores, and positively correlated 
with the Schwab and England Activities of Daily Living Scale (SE-ADL). Foveal 
thickness predicted PD severity and quality of life, and amplitude of the Pattern 
ERG N95 component predicted a lower SE-ADL score [ 60 ]. 

 In another study by Garcia-Martin et al. [ 66 ], macular RNFL, GCL, and IPL 
were signifi cantly thinner in PD patients with disease duration longer than 10 years 
compared to those with shorter disease duration. This study reported that thickness 
inversely correlated with longer disease duration. 

 Jimenez et al. [ 76 ] found that average pRNFL thickness, and inferior and nasal 
quadrants of pRNFL thinning were correlated with higher UPDRS score and its 
motor and activity of daily living (ADL) sub scores. They [ 76 ] further developed 
equations based on the pRNFL thickness and PD duration which predicted UPDRS 
motor and ADL sub scores, as shown in Table  6.4 .

6.9        ERG and OCT 

 When OCT, VEP, and PERG data were compared, only the P50 and N95 ampli-
tudes of the PERG were smaller in the PD group compared to controls [ 14 ]. Age, 
PD duration, levodopa dose, NMSQ, and SPES/SCOPA scores were not signifi -
cantly correlated with OCT, VEP, and PERG, except for age with P50 latency 
(r = −0.36, p = 0.007), and SPES/SCOPA with nasal temporal external ring thick-
ness. The area under the curve of OCT, VEP, and PERG receiver operative charac-
teristic curves were less than 0.50, and did not discriminate between PD subjects 
and controls [ 14 ]. 

   Table 6.4    Equations for predicting UPDRS and ADL scores, based on retinal thickness and PD 
duration   

 UPDRS motor score  24 + 8.2 * log PD duration20.3 * RNFL thickness 
 UPDRS ADL score  32.3 + 4.7 * log PD duration 20.3 * RNFL thickness 
 Total UPDRS score  81.6 + 29.6 * log PD duration20.6 * RFNL thickness 

  After Jimenez et al. [ 76 ]  
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 However, by stratifying patients by disease stage showed a signifi cantly decreased 
thickness of the temporal retina and a decreased PERG P50 latency, PERG P50 
amplitude and PERG N95 amplitude in H&Y stage 2 patients compared to stage 1.  

6.10     PD Treatment Effect on the Retina 

 Yavas et al. [ 77 ] studied the effects of levodopa and dopamine agonists on retinal 
nerve fi ber layer using scanning laser ophthalmoscope. Forty-four patients with PD 
(receiving levodopa or dopamine agonist monotherapy) and 21 normal subjects 
were included in the study. The optic nerve head imaging was performed using 
Heidelberg Retina Tomograph. RNFL was signifi cantly decreased in PD patients 
compared with control group. They also found that rim volume of optic nerve head 
and RNFL were signifi cantly greater in the group treated with levodopa while it 
was the thinnest in the group receiving dopamine agonists. Therefore, they sug-
gested that levodopa compared to dopamine agonists had a protective effect on the 
RNFL in PD. 

 Sen et al. [ 75 ] described the effects of levodopa on the PD retina using OCT. In 
their cross-sectional study, they included 35 patients with PD (17 with levodopa 
monotherapy, 18 untreated) and 11 healthy control. According to the fi ndings, the 
average RNFL thickness of PD patients was signifi cantly lower than controls’. In 
addition, retinal thickness of PD patients who underwent dopaminergic treatment 
was compared with the untreated group. According to this study, although the dis-
ease in patients with treated PD was more severe than in the untreated group, no 
signifi cant difference in the thickness of retina was found between the two groups. 
Therefore, the authors also proposed a protective effect of L-dopa on the retina in 
patients with PD. 

 Shrier et al. [ 78 ] suggested the possible effect of Deep Brain Stimulation (DBS) 
on the retina in Parkinson disease. They reported in a PD patient, a 31 μm thickness 
increase in the inferior quadrant of the retina, 1 year after DBS. The patient had no 
change in medication before and after DBS, suggesting that the increase in retinal 
thickness was not attributable to pharmacotherapy. Specifying the mechanism of the 
possible effect of DBS on the retina warrants further studies.  

6.11     Conclusion 

 Most but not all studies of both macular and pRNFL scans demonstrate thinning in 
PD. Some studies report correlation between disease severity and retinal thinning. It 
is crucial to consider the region of interest of the retina scanned and the algorithm 
used to quantify thinning. OCT is a promising device to be applied in clinical setting 
as a biomarker for PD diagnosis, disease monitoring, and evaluating treatment 
response.     

6 OCT and Parkinson’s Disease



118

   References 

    1.    Bodis-Wollner I, Yahr MD. Measurements of visual evoked potentials in Parkinson’s disease. 
Brain. 1978;101:661–71.  

    2.    Bodis-Wollner I, Marx MS, Mitra S, Bobak P, Mylin L, Yahr M. Visual dysfunction in 
Parkinson’s disease loss in spatiotemporal contrast sensitivity. Brain. 1987;110:1675–98.  

    3.   Bulens C, Meerwaldt JD, Van der Wildt GJ, Keemink CJ. Contrast sensitivity in Parkinson’s 
disease. Neurology. 1986;36:1121–5.  

    4.   Price MJ, Feldman RG, Adelberg D, Kayne H. Abnormalities in color vision and contrast 
sensitivity in Parkinson’s disease. Neurology. 1992;42:887–90.  

   5.    Rodnitzky RL. Visual dysfunction in Parkinson’s disease. Clin Neurosci. 1998;5:102–6.  
     6.    Pieri V, Diederich NJ, Raman R, Goetz CG. Decreased color discrimination and contrast sen-

sitivity in Parkinson’s disease. J Neurol Sci. 2000;172:7–11.  
   7.    Haug BA, Kolle RU, Trenkwalder C, Oertel WH, Paulus W. Predominant affection of the blue 

cone pathway in Parkinson’s disease. Brain. 1995;118:771–8.  
    8.    Büttner T, Kuhn W, Müller T, Patzold T, Heidbrink K, Przuntek H. Distorted color discrimina-

tion in ‘de novo’ parkinsonian patients. Neurology. 1995;45:386–7.  
    9.    Gottlob I, Schneider E, Heider W, Skrandies W. Alteration of visual evoked potentials 

and electroretinograms in Parkinson’s disease. Electroencephalogr Clin Neurophysiol. 
1987;66:349–57.  

     10.    Ikeda H, Head GM, Ellis CJ. Electrophysiological signs of retinal dopamine defi ciency in 
recently diagnosed Parkinson’s disease and a follow up study. Vision Res. 1994;34:2629–38.  

   11.    Tagliati M, Bodis-Wollner I, Yahr MD. The pattern electroretinogram in Parkinson’s dis-
ease reveals lack of retinal spatial tuning. Electroencephalogr Clin Neurophysiol. 1996;
100:1–11.  

   12.    Sartucci F, Orlandi G, Lucetti C, Bonuccelli U, Murri L, Orsini C, Porciatti V. Changes in 
pattern electroretinograms to equiluminant red-green and blue-yellow gratings in patients with 
early Parkinson’s disease. J Clin Neurophysiol. 2003;20:375–81.  

   13.    Nowacka B, Lubiński W, Karczewicz D. Ophthalmological and electrophysiological features 
of Parkinson’s disease. Klin Oczna. 2010;112:247–52.  

         14.    Cubo E, López Peña MJ, Diez-Feijo Varela E, Pérez Gil O, Garcia Gutierrez P, Araus González 
E, et al. Lack of association of morphologic and functional retinal changes with motor and 
non-motor symptoms severity in Parkinson’s disease. J Neural Transm. 2014;121:139–45.  

     15.    Nguyen-Legros J. Functional neuroarchitecture of the retina: hypothesis on the dysfunction of 
retinal dopaminergic circuitry in Parkinson’s disease. Surg Radiol Anat. 1988;10:137–44.  

   16.    Bodis-Wollner I. Visual defi cits related to dopamine defi ciency in experimental animals and 
Parkinson’s disease patients. Trends Neurosci. 1990;13:296–302.  

   17.    Harnois C, Di Paolo T. Decreased dopamine in the retinas of patients with Parkinson’s disease. 
Invest Ophthalmol Vis Sci. 1990;31:2473–5.  

     18.    Büttner T, Kuhn W, Patzold T, Przuntek H. L-Dopa improves colour vision in Parkinson’s 
disease. J Neural Transm Park Dis Dement Sect. 1994;7:13–9.  

        19.    Inzelberg R, Ramirez JA, Nisipeanu P, Ophir A. Retinal nerve fi ber layer thinning in Parkinson 
disease. Vision Res. 2004;44:2793–7.  

       20.    Bodis‐Wollner I, Miri S, Glazman S. Venturing into the no‐man’s land of the retina in 
Parkinson’s disease. Mov Disord. 2014;29:15–22.  

        21.    Hajee ME, March WF, Lazzaro DR, Wolintz AH, Shrier EM, Glazman S, Bodis-Wollner 
I. Inner retinal layer thinning in Parkinson disease. Arch Ophthalmol. 2009;127:737–41.  

           22.    Spund B, Ding Y, Liu T, Selesnick I, Glazman S, Shrier EM, Bodis-Wollner I. Remodeling of 
the fovea in Parkinson disease. J Neural Transm. 2013;120:745–53.  

     23.    Bodis-Wollner I, Kozlowski PB, Glazman S, Miri S. Alpha-synuclein in the inner retina in 
Parkinson’s disease. Ann Neurol. 2014;75(6):964–6.  

    24.    Beach TG, Carew J, Serrano G, Adler CH, Shill HA, Sue LI, et al. Phosphorylated α-synuclein- 
immunoreactive retinal neuronal elements in Parkinson’s disease subjects. Neurosci Lett. 
2014;571:34–8.  

S. Miri et al.



119

     25.   Kolb H. Simple anatomy of the retina. In: Kolb H, Nelson R, Fernandez E, Jones B, editors. 
Webvision. The organization of the retina and visual system. University of Utah; 2012. PMID: 
21413391  

     26.    Bodis-Wollner I. Foveal vision is impaired in Parkinson’s disease. Parkinsonism Relat Disord. 
2013;19:1–14.  

    27.    Provis JM, Hendrickson AE. The foveal avascular region of developing human retina. Arch 
Ophthalmol. 2008;126:507–11.  

     28.    Witkovsky P. Dopamine and retinal function. Doc Ophthalmol. 2004;108:17–39.  
    29.    Huang D, Swanson EA, Lin CP, Schuman JS, Stinson WG, Chang W, et al. Optical coherence 

tomography. Science. 1991;254:1178–81.  
    30.    Swanson EA, Izatt JA, Lin CP, Fujimoto JG, Schuman JS, Hee MR, et al. In vivo retinal imag-

ing by optical coherence tomography. Opt Lett. 1993;18:1864–6.  
    31.    Parisi V, Manni G, Spadaro M, Colacino G, Restuccia R, Marchi S, et al. Correlation between 

morphological and functional retinal impairment in multiple sclerosis patients. Invest 
Ophthalmol Vis Sci. 1999;40:2520–7.  

   32.    Parisi V, Restuccia R, Fattapposta F, Mina C, Bucci MG, Pierelli F. Morphological and func-
tional retinal impairment in Alzheimer’s disease patients. Clin Neurophysiol. 2001;112:1860–7.  

    33.    Frohman EM, Fujimoto JG, Frohman TC, Calabresi PA, Cutter G, Balcer LJ. Optical coher-
ence tomography: a window into the mechanisms of multiple sclerosis. Nat Clin Pract Neurol. 
2008;4:664–75.  

    34.    Lange AP, Sadjadi R, Saeedi J, Lindley J, Costello F, Traboulsee AL. Time-domain and 
spectral- domain optical coherence tomography of retinal nerve fi ber layer in MS patients and 
healthy controls. J Ophthalmol. 2012;2012:564627.  

     35.    Wojtkowski M, Srinivasan V, Fujimoto JG, Ko T, Schuman JS, Kowalczyk A, Duker JS. Three- 
dimensional retinal imaging with high-speed ultrahigh-resolution optical coherence tomogra-
phy. Ophthalmology. 2005;112:1734–46.  

    36.    Leung CK, Cheung CY, Weinreb RN, Lee G, Lin D, Pang CP, Lam DS. Comparison of mac-
ular thickness measurements between time domain and spectral domain optical coherence 
tomography. Invest Ophthalmol Vis Sci. 2008;49:4893–7.  

    37.    Leitgeb R, Hitzenberger C, Fercher A. Performance of fourier domain vs. time domain optical 
coherence tomography. Opt Express. 2003;11:889–94.  

    38.    Sull AC, Vuong LN, Price LL, Srinivasan VJ, Gorczynska I, Fujimoto JG, et al. Comparison of 
spectral/Fourier domain optical coherence tomography instruments for assessment of normal 
macular thickness. Retina. 2010;30:235.  

    39.    Reznicek L, Dabov S, Kayat B, Liegl R, Kampik A, Ulbig M, Kernt M. Scanning laser ‘en 
face’ retinal imaging of epiretinal membranes. Saudi J Ophthalmol. 2014;28:134–8.  

    40.    Sayanagi K, Gomi F, Ikuno Y, Akiba M, Nishida K. Comparison of spectral-domain and high- 
penetration OCT for observing morphologic changes in age-related macular degeneration and 
polypoidal choroidal vasculopathy. Graefes Arch Clin Exp Ophthalmol. 2014;252:3–9.  

    41.    Wolf-Schnurrbusch UE, Ceklic L, Brinkmann CK, Iliev ME, Frey M, Rothenbuehler SP, et al. 
Macular thickness measurements in healthy eyes using six different optical coherence tomog-
raphy instruments. Invest Ophthalmol Vis Sci. 2009;50:3432–7.  

     42.    Matlach J, Wagner M, Malzahn U, Göbel W. Repeatability of peripapillary retinal nerve fi ber 
layer and inner retinal thickness among two spectral domain optical coherence tomography 
devices. Invest Ophthalmol Vis Sci. 2014;55:6536–46.  

    43.    Wieclawek W, Pietka E. Retina analysis in optical coherence tomography images. Inf Technol 
Biomed. 2014;3:247–58.  

      44.    Hu Z, Wu X, Hariri A, Sadda SR. Multiple layer segmentation and analysis in three- dimensional 
spectral-domain optical coherence tomography volume scans. J Biomed Opt. 2013;18:76006.  

    45.    Terasaki H, Shirasawa M, Yamashita T, Yamashita T, Yamakiri K, Sonoda S, Sakamoto 
T. Comparison of foveal microstructure imaging with different spectral domain optical coher-
ence tomography machines. Ophthalmology. 2012;119:2319–27.  

        46.   Aaker GD, Myung JS, Ehrlich JR, Mohammed M, Henchcliffe C, Kiss S. Detection of reti-
nal changes in Parkinson’s disease with spectral-domain optical coherence tomography. Clin 
Ophthalmol 2010;4:1427–32.  

6 OCT and Parkinson’s Disease



120

     47.    Ding Y, Spund B, Glazman S, Shrier EM, Miri S, Selesnick I, Bodis-Wollner I. Application 
of an OCT data-based mathematical model of the foveal pit in Parkinson disease. J Neural 
Transm. 2014;121:1367–76.  

    48.    Garas A, Vargha P, Hollo G. Diagnostic accuracy of nerve fi bre layer, macular thickness and 
optic disc measurements made with the RTVue-100 optical coherence tomograph to detect 
glaucoma. Eye (Lond). 2010;25:57–65.  

    49.    Chan A, Duker JS, Ko TH, Fujimoto JG, Schuman JS. Normal macular thickness mea-
surements in healthy eyes using Stratus optical coherence tomography. Arch Ophthalmol. 
2006;124:193–8.  

    50.    Schneider JS, Ault ME, Anderson DW. Retinal pathology detected by optical coherence 
tomography in an animal model of Parkinson’s disease. Mov Disord. 2014;29:1547–51.  

    51.    Djamgoz MBA, Hankins MW, Hirano J, Archer SN. Neurobiology of retinal dopamine in rela-
tion to degenerative states of the tissue. Vision Res. 1997;37:3509–29.  

      52.    Savy C, Simon A, Nguyen-Legros J. Spatial geometry of the dopamine innervation in the 
avascular area of the human fovea. Vis Neurosci. 1991;7:487–98.  

    53.    Wang RK, An L, Francis P, Wilson DJ. Depth-resolved imaging of capillary networks in retina 
and choroid using ultrahigh sensitive optical microangiography. Opt Lett. 2010;35:1467–9.  

       54.    Shrier EM, Adam CR, Spund B, Glazman S, Bodis-Wollner I. Interocular asymmetry of foveal 
thickness in Parkinson disease. J Ophthalmol. 2012;2012:728457.  

           55.    Altintaş Ö, Işeri P, Özkan B, Çağlar Y. Correlation between retinal morphological and func-
tional fi ndings and clinical severity in Parkinson’s disease. Doc Ophthalmol. 2008;116:137–46.  

        56.    Archibald NK, Clarke MP, Mosimann UP, Burn DJ. Retinal thickness in Parkinson’s disease. 
Parkinsonism Relat Disord. 2011;17:431–6.  

      57.    Cubo E, Tedejo RP, Rodriguez Mendez V, Lopez Pena MJ, Trejo Gabriel Y, Galan JM. Retinal 
thickness in Parkinson’s disease and essential tremor. Mov Disord. 2010;25:2461–2.  

        58.    Albrecht P, Muller AK, Sudmeyer M, et al. Optical coherence tomography in parkinsonian 
syndromes [serial online]. PLoS One. 2012;7:e34891.  

     59.    Adam C, Shrier E, Bodis-Wollner I, Ding Y, Glazman S. Correlation of inner retinal thick-
ness evaluated by spectral-domain optical coherence tomography and contrast sensitivity in 
Parkinson disease. J Neuroophthalmol. 2013;33:137–42.  

        60.    Garcia-Martin E, Rodriguez-Mena D, Satue M, Almarcegui C, Dolz I, Alarcia R, et al. 
Electrophysiology and optical coherence tomography to evaluate Parkinson disease severity. 
Invest Ophthalmol Vis Sci. 2014;55:696–705.  

     61.    Satue M, Garcia-Martin E, Fuertes I, et al. Use of Fourier-domain OCT to detect retinal nerve 
fi ber layer degeneration in Parkinson’s disease patients. Eye (Lond). 2013;27:507–14.  

          62.    Lee JY, Kim JM, Ahn J, Kim HJ, Jeon BS, Kim TW. Retinal nerve fi ber layer thickness and 
visual hallucinations in Parkinson’s Disease. Mov Disord. 2014;29:61–7.  

           63.    Satue M, Seral M, Otin S, Alarcia R, Herrero R, Bambo MP, et al. Retinal thinning and cor-
relation with functional disability in patients with Parkinson’s disease. Br J Ophthalmol. 
2014;98:350–5.  

      64.    Schneider M, Müller HP, Lauda F, Tumani H, Ludolph AC, Kassubek J, Pinkhardt EH. Retinal 
single-layer analysis in Parkinsonian syndromes: an optical coherence tomography study. J 
Neural Transm. 2014;121:41–7.  

           65.    Roth NM, Saidha S, Zimmermann H, Brandt AU, Isensee J, Benkhellouf‐Rutkowska A, et al. 
Photoreceptor layer thinning in idiopathic Parkinson’s disease. Mov Disord. 2014;29:1163–70.  

         66.    Garcia-Martin E, Larrosa JM, Polo V, Satue M, Marques ML, Alarcia R, et al. Distribution of 
retinal layer atrophy in patients with Parkinson disease and association with disease severity 
and duration. Am J Ophthalmol. 2014;157:470–8.  

     67.    Tsironi EE, Dastiridou A, Katsanos A, et al. Perimetric and retinal nerve fi ber layer fi ndings in 
patients with Parkinson’s disease. BMC Ophthalmol. 2012;12:54.  

    68.    Yu JG, Feng YF, Xiang Y, Huang JH, Savini G, Parisi V, et al. Retinal nerve fi ber layer thick-
ness changes in Parkinson disease: a meta-analysis. PLoS One. 2014;9:e85718.  

S. Miri et al.



121

    69.   Moschos MM, Tagaris G, Markopoulos I, Margetis I, Tsapakis S, Kanakis M, Koutsandrea 
C. Morphologic changes and functional retinal impairment in patients with Parkinson disease 
without visual loss. Eur J Ophtalmol. 2011;21:24–29.  

    70.    Garcia-Martin E, Satue M, Fuertes I, et al. Ability and reproducibility of Fourier-domain opti-
cal coherence tomography to detect retinal nerve fi ber layer atrophy in Parkinson’s disease. 
Ophthalmology. 2012;119:2161–7.  

    71.    Rohani M, Langroodi AS, Ghourchian S, Falavarjani KG, Soudi R, Shahidi G. Retinal nerve 
changes in patients with tremor dominant and akinetic rigid Parkinson’s disease. Neurol Sci. 
2013;34:689–93.  

    72.    Kirbas S, Turkyilmaz K, Tufekci A, Durmus M. Retinal nerve fi ber layer thickness in Parkinson 
disease. J Neuroophthalmol. 2013;33:62–5.  

    73.    La Morgia C, Barboni P, Rizzo G, et al. Loss of temporal retinal nerve fi bers in Parkinson 
disease: a mitochondrial pattern? Eur J Neurol. 2013;20:198–201.  

    74.    Moreno-Ramos T, Benito-Leon J, Villarejo A, Bermejo-Pareja F. Retinal nerve fi ber layer 
thinning in dementia associated with Parkinson’s disease, dementia with Lewy bodies, and 
Alzheimer’s disease. J Alzheimers Dis. 2013;34:659–64.  

     75.    Sen A, Tugcu B, Coskun C, Ekinci C, Nacaroglu SA. Effects of levodopa on retina in Parkinson 
disease. Eur J Ophthalmol. 2014;24:114–9.  

       76.    Jiménez B, Ascaso FJ, Cristóbal JA, López del Val J. Development of a prediction formula of 
Parkinson disease severity by optical coherence tomography. Mov Disord. 2014;29:68–74.  

    77.    Yavas GF, Yilmaz O, Küsbeci T, Oztürk F. The effect of levodopa and dopamine agonists on 
optic nerve head in Parkinson disease. Eur J Ophthalmol. 2007;17:812–6.  

    78.    Shrier EM, Miri S, Glazman S, Bodis-Wollner I. Longitudinal retinal thickness changes in 
Parkinson’s disease before and after deep brain stimulation: case report based on macular opti-
cal coherence tomography. Mov Disord. 2014;29 Suppl 1:1229.    

6 OCT and Parkinson’s Disease



123© Springer International Publishing Switzerland 2016 
A. Grzybowski, P. Barboni (eds.), OCT in Central Nervous System Diseases: 
The Eye as a Window to the Brain, DOI 10.1007/978-3-319-24085-5_7

    Chapter 7   
 Optical Coherence Tomography in 
Alzheimer’s Disease                     

       Gianluca     Coppola      ,     Vincenzo     Parisi      ,     Gianluca     Manni      ,     Francesco     Pierelli      , 
and     Alfredo     A.     Sadun     

    Abstract     Alzheimer’s disease (AD) is a neurodegenerative disorder, which is 
likely to start as mild cognitive impairment (MCI) several years before its full-
blown clinical manifestation. In the last two decades, optical coherence tomography 
(OCT) has been used to observe a signifi cant loss in peripapillary retinal nerve fi ber 
layer (RNFL) and in macular thickness and volume in patients affected by a form of 
mild to severe dementia. These morphological abnormalities correlate to some 
extent with the severity of the disease as evaluated with neuropsychological tests. 
Furthermore, these structural measures correlate with electrophysiological param-
eters of pattern electroretinogram, refl ecting integrity of the innermost retinal lay-
ers, but not with those of the visual evoked potentials, refl ecting activity of the 
post-chiasmatic visual pathway. The latter evidence suggests that RNFL thickness 
reduction is related to neuronal degeneration in the ganglion cell layer and not to a 
retrograde degeneration from the post-chiasmatic visual pathway. These data sug-
gest a possible role of OCT in monitoring the progression of AD and in assessing 
the effectiveness of purported AD treatments.  
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impairment   •   Electroretinogram   •   Psychometric testing   •   Retina  

        G.   Coppola ,  MD, PhD      (*) •    V.   Parisi ,  MD      
  Department of Neurophysiology of Vision and Neuroophthalmology , 
 G.B. Bietti Foundation IRCCS ,   Rome ,  Italy   
 e-mail: gianluca.coppola@gmail.com; vmparisi@gmail.com   

    G.   Manni ,  MD      
  Department of Clinical Sciences and Translation Medicine ,  Tor Vergata University of Rome , 
  Rome ,  Italy   
 e-mail: gianlucamanni53@gmail.com   

    F.   Pierelli ,  MD, PhD      
  Department of Medico-Surgical Sciences and Biotechnologies , 
 Sapienza University of Rome Polo Pontino ,   Latina ,  Italy   
 e-mail: francesco.pierelli@uniroma1.it   

    A.  A.   Sadun ,  MD, PhD      
  Doheny Eye Institute, Keck School of Medicine ,   Pasadena ,  CA ,  USA   
 e-mail: alfredo.sadun@gmail.com  

mailto:gianluca.coppola@gmail.com
mailto:vmparisi@gmail.com
mailto:gianlucamanni53@gmail.com
mailto:francesco.pierelli@uniroma1.it
mailto:alfredo.sadun@gmail.com


124

  Abbreviations 

   AD    Alzheimer’s disease   
  ADAS-Cog    Alzheimer’s Disease Assessment Scale   
  aMCI    Amnestic type of mild cognitive impairment   
  APP    Beta-amyloid precursor protein   
  ERG    Electroretinogram   
  GCL    Ganglion cell layer   
  HRT    Heidelberg retina tomograph   
  OCT    Optical coherence tomography   
  ON    Optic nerve   
  PERG    Pattern electroretinogram   
  PS1    Presenilin 1   
  RBANS    Repeatable Battery for the Assessment of Neuropsychological Status   
  RNFL    Retina nerve fi ber layer   
  VEP    Visual evoked potential   

7.1           Introduction 

 Alzheimer’s disease (AD) is the most common cause of dementia with an incidence 
that increases with age exponentially. According to the World Health Organization 
the worldwide prevalence of Alzheimer’ disease (AD) is increasing yearly and 
receives growing attention not only because it affects quality of life, and also because 
has a signifi cant economic impact, being a major public-health problem [ 1 ]. The 
recent publication of the Global Burden of Disease survey 2012 shows that among 
neurological conditions, AD is the third highest cause of disability in the world [ 2 ]. 

 AD is a brain degenerative disorder, where inherited susceptibility and environ-
mental factors are probably interrelated [ 3 ,  4 ]. The clinical evolution of AD is a 
slowly progressive and episodic memory loss as the predominant symptom, with 
various accompanying signs including aphasia, apraxia, and agnosia, and general 
cognitive symptomology, such as impaired judgement, decision-making, and orien-
tation [ 3 ]. Because of the slowness of the disease’s progression, the neurodegenera-
tive processes are likely to start 20–30 years before the clinical manifestation of 
AD. This transitional phase is recognized as mild cognitive impairment (MCI), 
which has memory defi cit, preservation of general cognitive and functional abilities, 
and absence of diagnosed dementia as cardinal features [ 5 ]. The amnestic type of 
MCI (aMCI) shows the highest annual incidence conversion rate to AD [ 6 ]. 

 Despite great advances in the understanding of AD pathophysiology in the last 
few years, the exact pathogenesis of AD and its precursor MCI is still not compre-
hensively understood. 

 At the histopathologic level, neuronal loss, beta-amyloid plaques, neurofi brillary 
tangles made of hyperphosphorylated tau and neuritic plaques, and granulovacuolar 
degeneration characterize the brain of AD [ 3 ]. These lesions have been seen in the 
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hippocampus and other limbic structures, as well as in the visual associative areas [ 7 , 
 8 ], the primary visual cortex [ 9 ,  10 ], and in subcortical structures including the lateral 
geniculate nuclei and the superior colliculi [ 11 – 13 ], and within the retina [ 14 ,  15 ]. 

 AD patients may be affected by various visual disturbances, such as defi cit in 
contrast sensitivity [ 16 – 18 ], motion perception [ 19 ,  20 ], and color discrimination 
[ 21 – 23 ]. Historically, these visual dysfunctions in AD have been attributed to dam-
age in primary visual cortex and to degenerative processes in primary and associa-
tive visual cortical areas, but cortical dysfunction alone cannot explain the pattern 
of observed defects. Multiple forms of evidence points toward the involvement of 
retinal ganglion cells and their axons in the optic nerve as a basis of the visual dys-
function in AD [ 14 ,  24 ]. 

 In the last two decades, several studies have searched for the retinal involvement in 
AD pathophysiology. Sophisticated imaging techniques have been used, such as optical 
coherence tomography (OCT), scanning laser polarimetry, and pattern electroretinog-
raphy (PERG), to assess the morphologic and functional changes of the retina in AD. 

 Optical Coherence Tomography (OCT) permits the objective quantifi cation  in 
vivo  of the retinal nerve fi ber layer (RNFL) that consists of axons that form the optic 
nerve and contributes partially to the retinal thickness. This method consists of a 
non-invasive technology allowing cross-sectional imaging of the eye [ 25 ,  26 ]. 
A relatively recent implementation of OCT, Spectral-Domain OCT, provides advan-
tages in signal-to-noise ratio, permitting faster signal acquisition [ 27 ,  28 ]. Taking in 
mind that the human eye is an embryological protrusion of the brain, and the nerves 
and axons of the retinal nerve fi ber layer (RNFL) are similar to those in the brain, it 
is not surprising that OCT has been widely employed in assessing RNFL thickness 
in several neuro-ophthalmological disorders [ 29 – 33 ]. 

 The intent of this chapter is to provide a comprehensive overview of the results 
provided by the OCT technique as used to understand morphological retinal changes 
that occur due to the degenerative processes associated with Alzheimer’s disease 
and other dementing disorders.  

7.2     Retina and Alzheimer’s Disease 

 As an integrated part of the nervous system, the retina is physiologically under 
senescence processes, the majority of them still under intense scrutiny. Therefore, in 
order to better evaluating AD patients, it is important to quantify the degree of thin-
ning arising with age in the absence of pathological processes. It is also important 
to determine whether age-related loss is uniformly distributed across the optic disc 
or has any tendency to be sectorial, and might therefore be a confounding factor for 
a correct evaluation of disease-related processes. 

 In the quest for understanding the degenerative changes accompanying AD, 
researchers performed both histological and  in-vivo  studies on healthy subjects. 

 Using immunohistochemical techniques, Löffl er and colleagues examined the 
presence and expression of amyloid-related proteins, the same that have been found 
in specimens of AD patients’ brains, in the human retina collected from cadaver 
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eyes at various ages [ 15 ]. They did not fi nd any abnormal deposits or immunoreac-
tivity changes in the outer neural retina. On the other hand, they fi rst proved the 
presence of tau proteins and amyloid precursor protein in the inner retina layers, 
including retinal ganglion cells and nerve fi ber layer, of the human retina in older 
persons. Small amounts of beta-amyloid were detected in the sub-retinal pigment 
epithelium space [ 15 ]. 

 The analysis of normal  in-vivo  human retinal nerve fi ber layer thickness, as mea-
sured by time-domain OCT, has been repeatedly confi rmed as an age-related reduc-
tion of RNFL thickness in normal subjects [ 34 – 37 ]. This thinning mainly involved 
the superior and inferior optic disc areas [ 38 – 40 ]. 

7.2.1     Animal Model of AD 

 One of the most recognised theories for the genesis of AD, the “amyloid cascade 
hypothesis”, postulates that APP dysmetabolism and beta-amyloid deposition are 
the primary events that facilitate the disease process of AD [ 41 ]. 

 In the past decade, through the use of genetic engineering techniques, transgenic 
(Tg) animal models over-expressing mutant forms of amyloid precursor protein 
(APP) and/or presenilin 1 (PS1) have been generated to mimic various aspects of 
AD pathology, including Aβ deposition, cognitive defi cits, infl ammation, and syn-
aptic dysfunction, to test newly proposed therapeutic agents [ 42 ]. Recent publica-
tions have shown the accumulation of Aβ-plaques within the retina [ 43 – 46 ] and its 
microvasculature [ 47 ], retina ganglion cell death [ 48 ], and local neuroinfl ammation 
[ 47 ] in different Tg animal models. Nevertheless, these transgenic models only 
mimic part of the pathological features of AD. 

 An interesting and novel Tg AD rat model, TgF344-AD, expressing mutant 
human amyloid precursor protein (APPsw) and presenilin 1 genes, seems to more 
faithfully encapsulate all the features of AD. This animal model is characterized by 
an otherwise healthy long lifespan, but the rats suffer from later age cognitive 
decline, age-dependent cerebral amyloidosis, taupathy, gliosis, and frank neuronal 
loss that seems to parallel those in humans [ 49 ]. Recently, Tsai and colleagues 
investigated a group of TgF344-AD rats and age-matched wild type rats [ 50 ]. When 
compared with age-matched controls, the retinas of Tg rats demonstrated the pres-
ence of Aβ plaques, hypertrophic retinal pigment epithelial cells, signs of neuroin-
fl ammation, and a signifi cant thinning of retinal choroid [ 50 ].  

7.2.2     Histological Studies in Post-Mortem AD Eyes 

 In 1986, histological examination in a human post mortem study, revealed depletion 
of axons in the optic nerves from AD patients [ 14 ]. Sadun and colleagues were the 
fi rst to demonstrate this primary AD-associated optic neuropathy and further, to 
characterize, by morphometric analysis, that the predominant effect was on the 
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largest retinal ganglion cells (M-cells) that contribute their large caliber fi bers to the 
optic nerve [ 24 ]. Other studies [ 51 ,  52 ] failed to confi rm the selective large axon 
losses. This discrepancy has been attributed, at least in part, to methodological 
biases such as a different  post-mortem  delays, different techniques in axonal count-
ing and/or diffi culties in obtaining well-preserved myelinated axons. 

 Extensive retinal ganglion cell loss in the central retina in AD was also observed 
in histological studies [ 14 ] or by other methods of evaluating the RNFL  in vitro . 
Morphometric analysis of the central retina (fovea/foveola/parafoveal retina) in eyes 
from 9 AD and 11 age-matched controls revealing an overall decrease of 25 % in 
total numbers of neurons in the ganglion cell layer (GCL) (fovea/parafoveal retina) 
in AD as compared with control eyes [ 53 ]. Moreover, the most severe decrease was 
observed in the foveal region (−43 %) over the far temporal region. Similar results 
were obtained in AD patients with the evaluation of the peripheral retina: the neuro-
nal loss was more pronounced in the superior and inferior quadrants (50–59 %) and 
a signifi cantly increased ratio of astrocytes to neurons was detected when compared 
with control eyes [ 54 ]. Moreover, histological signs of degeneration in the retinal 
ganglion cells (RGCs) were described to include a vacuolated, “frothy” appearance 
of the cytoplasm in the absence of neurofi brillary tangles within the RGCs, or of 
neuritic plaques or amyloid angiopathy in the retinas or optic nerves in AD [ 55 ]. 

 Koronyo-Hamaoui and colleagues recently identifi ed retinal Aβ plaques in  post- 
mortem   eyes from 8 AD patients and in fi ve suspected early stage cases, but not in 
fi ve age-matched non-AD individuals [ 45 ]. 

 Plaque-like structures were seen in two retinas from two AD patients, with thicken-
ing of retinal choroid and no changes in the retinal pigment epithelial cells [ 50 ]. 
Fibrillar tau or Aβ aggregates were seen in  post-mortem  retinas from the same AD 
patients that had been previously observed by using an  in-vivo  imaging technique [ 56 ].  

7.2.3     Clinical Studies Based on the Subjective Evaluation 
of Fundus Photographs 

 The RNFL includes axons of ganglion cells, which form the origin of the optic nerve. 
 That retinal ganglion cell degeneration occurs in AD is further evident by means 

of the use of a boundary-tracking program and RNFL photographs. A higher pro-
portion of AD patients showed signs of optic neuropathy manifesting as optic disc 
atrophy, pathologic optic disc cupping, and thinning of the neuroretinal rim and of 
the RNFL [ 57 ,  58 ]. Tsai et al. [ 57 ] observed an increased cup-to-disc ratio, cup 
volume, and decreased optic disc rim area in AD patients by optic nerve analyser. 

 Analyzing mild to moderate AD patients with RNFL fundus photographs, Lu 
and colleagues found that all the AD patients had different types of RNFL abnor-
malities, including diffuse and wedge shape nerve fi ber layer drop-out [ 59 ]. These 
abnormalities in AD patients were associated with a higher cup–disc ratio of 
39–43 % when compared to that in the control group. 

 However, it must be mentioned that these studies may have been biased by the 
subjective evaluation of fundus photographs.   
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7.3      In-Vivo  Morphological Analysis in AD and MCI Patients 

 One confounding factor in analysing MCI and AD -related late-onset progressive 
changes is that there are anatomical and physiological changes normally found in 
aging eyes. In animal [ 60 ] and human [ 60 ,  61 ] studies a physiological age- dependent 
progressive loss of optic nerve fi bers, with progressive decrease of mean axonal 
diameter has been demonstrated [ 62 – 64 ]. 

 Optical coherence tomography (OCT) is a technique that can also be used in 
ophthalmology for the measurement of the macular thickness and volume. OCT can 
determine RNFL thickness of the peripapillary region refl ecting axons and would 
allow quantifi cation of axonal loss, measurement of macular thickness and volume 
would refl ect retinal neurons, allowing quantifi cation of neuronal loss [ 25 ]. 

 Several previous studies using OCT techniques have examined the relationship 
between age and RNFL measurements. These have consistently shown that optic 
nerve, RNFL, and macular measurements with OCT all varied with age [ 36 ,  65 ], 
with the greatest decrease in mean RNFL occurring in the superior [ 39 ] and inferior 
quadrants [ 37 ], especially after age 50 years [ 38 ], and with the least decrease in the 
nasal and temporal quadrants [ 66 ,  67 ]. This age-related decline in normal RNFL 
measurements needs to be considered when considering or monitoring ocular 
disease. 

 However, as described below, the reduction in RNFL thickness observed in most 
studies on AD patients was signifi cantly greater than that observed in the age- 
matched controls and thus cannot be exclusively ascribed to aging (see some illus-
trative OCT imaging in Fig.  7.1  and a synopsis of published OCT studies in AD and 
MCI in Table  7.1 ). 

 Parisi and colleagues were the fi rst who used OCT to study a group of 17 AD 
patients affected from mild severity cognitive impairment and compared them with 
a group of 14 age-matched controls. In AD patients, OCT results showed thinning 
of the average peripapillary RNFL and in all quadrants examined, showing the 
involvement of the neuroretinal tissue in AD [ 68 ,  69 ].

   The mean RNFL thickness was corroborated to be reduced in AD patients by 
several independent groups [ 59 ,  72 ,  77 ,  78 ], and even in patients affected with MCI 
[ 73 ]. Individual examination of the quadrants was even more revealing. Most stud-
ies observed a signifi cant reduction of RNFL thickness in the superior quadrant [ 59 , 
 70 ,  73 ,  74 ,  78 ], but for some also in the inferior quadrant [ 59 ,  73 ]. In contradistinc-
tion, the inferior quadrant seems more involved in MCI patients [ 73 ]. 

 Some researchers studied optic nerves of AD patients by using confocal scan-
ning laser ophthalmoscopy (cSLO). Ophthalmoscopy in combination with cSLO, 
revealed an enlargement in the mean vertical cup-to-disc ratio (clinician and instru-
ment derived), rim volume, rim area, and reduced RNFL thickness in patients with 
AD with respect to controls [ 81 ]. Compared with individuals in the lowest quarter 
of values of cup-to-disc ratios, those with higher values generally had an increased 
risk of AD [ 81 ]. Lu et al. [ 59 ] also observed an enlarged cup-to-disc ratio and a thin-
ner RNFL thickness in their 22 mild to moderate AD patients. In contrast, Kergoat 
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et al. [ 82 ] found no differences in the regional distribution of RNFL thickness 
between patients with mild to moderate AD and healthy controls evaluated with 
scanning laser polarimetry. The same researchers did not observed optic nerve head 
structural abnormalities in AD by using real-time topographical images obtained 
with a Heidelberg retina tomograph (HRT) from individuals in the early stages of 
AD compared with age-matched controls [ 83 ]. 

 Berisha et al. [ 71 ] tried to determine whether regional thinning of the RNFL 
occurred in the nine patients with mild to moderate AD and to determine whether 
the retinal circulation was abnormal in these patients. AD patients showed a marked 
narrowing of the retinal venous blood column diameter and a reduction in retinal 
blood fl ow rate compared with eight age-matched control subjects. OCT data con-
fi rmed a signifi cant thinning of the peripapillary RNFL that was most pronounced 
in the superior quadrant, which did not correlate with the retinal blood fl ow [ 71 ]. 
They argued that the mechanisms producing reduced blood fl ow in the retina are 
related to those that produce cerebral blood fl ow abnormalities, which are known to 
occur in AD, such as increased venous wall thickness due to collagen and β-amyloid 
deposition [ 84 ]. 

 In a cross-sectional study on 150 patients with low-to-moderate dementia and 61 
controls, researchers compared the parameters provided by two commercially avail-
able spectral domain OCT devices, the Cirrus and the Spectralis OCT instruments 

  Fig. 7.1    Optical Coherence Tomography ( OCT ) imaging taken in cylindrical section of tissue sur-
rounding the optic disc of a control eye and of 2 AD patients eyes. The images in the  left panel  are 
raw OCT data, while the maps in the  right panel  are quantitative data curve. In AD patients eyes 
OCT shows a decrease of RNFL refl ection (reduced RNFL thickness) in each examined quadrant, 
with particular prevalence of the temporal ones       
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[ 79 ]. With both devices, they confi rmed the retinal thinning in AD patients, and they 
found that the best parameter for distinguishing AD patients from healthy controls 
using OCT measurements was the Spectralis looking at RNFL [ 79 ]. Along these 
lines, Marziani et al. [ 77 ] used both Optovue RTVue-100 and Spectralis instruments 
to evaluate retinal thickness in 21 patients affected by AD in comparison with 21 
healthy controls. Both instruments showed a signifi cant difference in full retinal 
thickness between patients and controls in all the macular sectors except in the cen-
tral sector and for the superior external sector [ 77 ]. 

 In order to verify whether involvement of the retina is an early event in the course 
of AD, few studies compared MCI versus AD patients and healthy aged people. 
Paquet and coworkers [ 72 ] enrolled 23 MCI patients, 14 mild AD, 12 moderate to 
severe AD patients, and 15 healthy subjects. Overall, mean RNFL thickness was 
reduced in all patient groups in respect to controls. The subgroup analyses revealed 
no difference between the results observed in MCI and in mild AD patients, whereas 
RNFL thickness assessed in moderate to severe AD patients was signifi cantly 
reduced in respect with that assessed in MCI patients [ 72 ]. Kesler et al. [ 73 ] obtained 
similar results fi nding that the mean RNFL was signifi cantly thinner in both AD and 
MCI patients groups compared to controls, and that the MCI group fell in between 
the other two groups. This difference was particularly prominent in the inferior 
quadrant, whereas the AD patients had signifi cantly thinner retinal NFL values also 
in the superior quadrant [ 73 ]. 

 Recently, investigators attempted to identify individuals who might be at a high 
risk of developing AD, and observed that, despite the reduction in peripapillary 
RNFL thickness, central 1-mm foveal thickness and macular volume were signifi -
cantly increased in aMCI patients, but not in AD patients, when compared with 
age-matched controls. The authors argued that retinal swelling might be the fi rst 
sign of macular retinal ganglion cell degeneration probably due to infl ammation 
and/or gliosis in the early stages of AD [ 80 ]. 

 Finally, it is worth noting that thinning of RNFL is also present in other types of 
dementia, such as dementia with Lewy bodies, dementia associated with Parkinson’s 
disease [ 76 ] and with cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leuco-encephalopathy (CADASIL) [ 85 ] challenging the specifi city of 
OCT fi ndings in AD patients.

7.4        Structural-Functional Correlations 

 The functional activity of the visual system can be dissected by the use of electro-
physiological techniques such as pattern electroretinogram (PERG) and visual 
evoked potentials (VEPs) that have the capability of assessing, respectively, the 
bioelectrical activity of retinal ganglion cells and their fi bers, and the functional 
integrity of the entire visual pathways from retina to the visual cortex. 

 The implicit times were delayed and/or the amplitudes reduced [ 68 ,  69 ,  86 – 89 ] 
in most of the PERG studies performed in AD patients at various stages, refl ecting 
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retinal ganglion cell dysfunction. However, in some studies PERG parameters were 
within the range of normality [ 90 ,  91 ]. In one study luminance pattern ERGs were 
delayed and amplitudes reduced, whereas isoluminant chromatic ERGs were always 
within the normal ranges [ 89 ]. 

 The implicit time of patterned VEP was normal in some studies [ 86 ,  89 ,  92 ,  93 ] 
and in others delayed [ 88 ,  91 ,  94 ,  95 ], with the amplitudes within the range of nor-
mality. A delayed P2 component of the fl ash VEP is a common fi nding across stud-
ies in AD patients [ 86 ,  92 ,  96 ,  97 ], with one exception [ 94 ]. 

 Taken as a whole, these electrophysiological results are consistent with the early 
histological studies showing retinal ganglion cell dysfunction in AD [ 12 ,  22 ] and 
supports the notion that this damage in AD preferentially affects the larger, faster- 
conducting retinal ganglion cells and their retinocortical projections. 

 Parisi and coworkers [ 68 ,  69 ] used OCT and PERG in a group of 17 mild severity 
AD patients compared with a group of 14 healthy controls. They observed that the 
general reduction of peripapillary RNFL thickness was accompanied with delayed 
N35, P50 and N95 implicit times and reduced N35-P50 and P50-N95 amplitudes in 
their AD patients. More interestingly, in AD eyes, the RNFL overall values were 
positively correlated to the PERG P50 and N95 implicit times and PERG P50-N95 
amplitude. This was not so in controls [ 68 ,  69 ]. However, Iseri et al. [ 70 ] did not fi nd 
signifi cant differences in VEP P100 implicit times and N75-P100 amplitudes 
recorded at high spatial frequency in a group of 14 mild to moderate AD patients 
when compared with a group of 15 controls. Moreover, they saw no correlation 
between any of the abnormally in RNFL and macular OCT thickness and VEP in 
AD [ 70 ]. This negative correlation, between VEPs parameters recorded at both high 
and low spatial frequency and OCT peripapillary scans, was later corroborated [ 75 ].  

7.5     Correlations with Psychometric Measures 

 Along with personal history, physical examination and laboratory tests, question-
naires are often used to help test a range of everyday mental skills of persons with 
symptoms of dementias. Widely used tests include the mini mental state examina-
tion (MMSE), the Alzheimer’s disease assessment scale- (ADAS-Cog), and the 
Repeatable Battery for the Assessment of Neuropsychological Status (RBANS). 

 The previously mentioned parameters of increased cup-to-disc ratio, cup vol-
ume, and decreased optic disc rim area, all found in AD patients by optic nerve 
analyser, positively correlated with ADAS-Cog scores and disease’s duration [ 57 ]. 
Moreover, the reduced total macular volume in patients with AD was positively cor-
related with the severity of the disease as assessed by the MMSE [ 70 ,  76 ]. However, 
other studies failed to fi nd the same associations [ 72 – 75 ,  78 ]. RNFL thickness of 
AD or MCI patients was non associated with other patient demographic features, 
such as age [ 72 ,  79 ], gender, and AD stage [ 74 ]. 

 In AD patients, but not in aMCI, multiple linear regression models showed a 
strong association between overall RNFL thickness and MMSE score. The same 
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association was found between MMSE and RNFL thickness in superior and nasal 
quadrants. Macular thickness and volume were not associated with MMSE score 
either in aMCI or in AD patients [ 80 ]. 

 A prospective study attempted to determine whether deterioration of patients’ 
cognitive functions, as verifi ed with the RBANS test, correlated to specifi c OCT 
fi ndings [ 98 – 100 ]. These investigators followed, for a period of 25 months, two 
groups of subjects: 82 participants with a normal cognitive status and 22 MCI 
patients. The participants who completed the observational period were further cat-
egorized as 60 participants experiencing a stable cognitive status and 18 participants 
who experienced a worsening of their cognitive status. The investigators found that 
in those participants who remained stable, greater attenuation of RNFL in the supe-
rior quadrant could predict specifi c cognitive deteriorations. In contradistinction, in 
participants who worsened, less attenuation of RNFL in the inferior quadrant could 
predict greater cognitive deterioration [ 98 – 100 ]. These fi ndings suggest that patients 
who have less reduction in the thickness of the inferior quadrant of RNFL over time 
may have a higher risk of developing MCI and dementia, leading the authors to put 
forward RNFL thickness as a potential biomarker of dementia.  

7.6     Conclusions 

 The diagnosis of AD is often based on psychometric assessments by a multidis-
ciplinary team (neurologists, psychiatrists, and psychologist) and an objective 
neurological examination. Because of inter- and intra-individual variability, neuro-
physiological and neuroimaging tests have not yet been considered as criteria on 
which to base a diagnosis. In fact, neurophysiological as well as other paraclinical 
tests are recommended only on suspicion of secondary causes of dementia as part of 
the differential diagnosis of AD. The AD diagnosis is confi rmed only with  post mor-
tem  histopathology. Nonetheless, the last few decades have seen the use of structural 
and functional techniques as potential biomarkers that might also identify factors 
that may predispose individuals to AD. The optical coherence tomography (OCT) 
technique for the measurement of the peripapillary RNFL, the macular thickness and 
volume, has been demonstrated as useful for the demonstration of signifi cant retinal 
changes in patients that roughly correlate with the severity of the disease (Fig.  7.2 ).

   Particularly intriguing results of recent experiments include:

•    In both animal models, expressing mutant forms of amyloid precursors, and his-
tological studies on  post mortem  AD eyes, researchers have observed various 
retinal pathological changes, such as accumulation of Aβ aggregates within the 
retina and its microvasculature, retina ganglion cell death and signs of 
neuroinfl ammation.  

•   In evaluations with the optic nerve analyser, a higher proportion of AD patients 
show signs of optic neuropathy manifesting as optic disc atrophy, pathologic 
optic disc cupping, and thinning of the neuroretinal rim and of the RNFL.  
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•   In agreement with  post mortem  studies, OCT data studies indicate a signifi cant 
decline in peripapillary RNFL and also changes in macular thickness and volume 
that is progressive from MCI to AD eyes.  

•   Electrophysiological and OCT studies in AD patients show RNFL thickness 
reduction that is related to neuronal degeneration in the retinal ganglion cell 
layer that is not a consequence of retrograde degeneration from the post- 
chiasmatic visual pathway.  

•   The correlations between morphological and clinical features tend to suggest a 
potential role for optic nerve head analysis in monitoring the progression of AD 
and as outcome measures in the assessment of any purported AD treatments.    

 Overall, these results suggest that degeneration of the retinal ganglion cells 
should be added to the constellation of neuropathologic changes found in patients 
with Alzheimer’s disease. 

c a

b

  Fig. 7.2    Schematic representation of an entire retina with superimposed anatomic zones ( upper 
panel   a ) and a schematic enlargement of a portion of the retina with the main cell classes ( lower 
panel   b ). On the  left panel  ( c ) are summarized the fi ndings from the OCT and electrophysiological 
studies in AD       
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 Other neurodegenerative disorders, like Parkinson’s disease and glaucoma, may 
enter in the differential diagnosis of RNFL thinning [ 101 ]. A particular mention 
merits the controversial association between primary open angle glaucoma (POAG) 
and AD. This is based on various indirect evidence of some shared genetic, histo-
pathological and functional features [ 102 ,  103 ]. However, even not considering the 
prevalent involvement of cognitive areas, especially of the hippocampus, that 
accompanies AD respect neurodegenerative processes confi ned to the visual path-
way of POAG, the mutual association of the two clinical entities is poorly supported 
by confl icting epidemiological studies [ 104 ,  105 ]. 

 Future research in this subject area will include a better assessment of the speci-
fi city of these OCT fi ndings in AD. We will see RNFL thickness measurements in 
patients with vascular dementia as an aide to diagnosis and we will see whether the 
RNFL can be used as a surrogate for magnetic resonance imaging measurements of 
the brain. These and similar studies will use OCT parameters of retinal changes as 
criteria against which to measure new molecules purported to help in the treatment 
of AD.     
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    Chapter 8   
 Friedreich’s Ataxia and More: Optical 
Coherence Tomography Findings in Rare 
Neurological Syndromes                     

       Chiara     La Morgia       and     Michele     Carbonelli    

    Abstract     Optic nerve and retinal involvement are a frequent fi nding in many neu-
rodegenerative disorders. Optic atrophy can be severe and diffuse or sectorial and 
can be associated with visual complaints and reduction of visual acuity. 

 We here report the main optical coherence tomography (OCT) fi ndings in rare 
neurological syndromes for which OCT data are available. 

 In Friedreich’s ataxia, which is an autosomal recessive disease, there is evidence 
of subclinical optic neuropathy. OCT studies describe a diffuse reduction of the reti-
nal nerve fi ber layer (RNFL) thickness without a specifi c and preferential involve-
ment of the papillo- macular bundle. 

 Jansky-Bielschowsky disease is a late infantile neuronal ceroid lipofuscinosis 
characterized by both retinal and optic nerve atrophy. Only one OCT study is avail-
able describing retinal abnormalities of various degrees. 

 DNA (cytosine-5)-methyltransferase 1 (DNMT1) disease is an autosomal domi-
nant multisystem disorder characterized by the association of narcolepsy, deafness, 
sensory neuropathy and optic atrophy. The only OCT study available from our 
group describes the presence of subclinical optic atrophy more evident in the tem-
poral quadrant. 

 Hereditary spastic paraplegia due to  SPG7  mutation is an autosomal recessive 
neurodegenerative disorder characterized by spastic paraparesis. RNFL thinning is 
a frequent and consistent fi nding in this disease. 

 Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) is an autosomal dominant disorder in which retinal vas-
cular changes and neurodegeneration of the neuroretina are frequent fi ndings. 
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 Wolfram’s disease is a disorder characterized by the occurrence of diabetes mel-
litus and optic atrophy. The only two OCT studies available report a diffuse optic 
atrophy which leads to a severe reduction of visual acuity. 

 Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is a 
hereditary spastic ataxia due to progressive degeneration of the cerebellum and spi-
nal cord, characterized by retinal nerve fi ber hypertrophy detected by OCT. 

 Spinocerebellar ataxias (SCAs) are heterogeneous genetically determined disor-
ders for which OCT studies available show variable fi ndings ranging from isolated 
thinning of the temporal RNFL to retinal photoreceptor abnormalities. 

   Keywords     Optical coherence tomography   •   Optic nerve   •   Retina   •   Macula   •   Fundus   
•   Friedreich’s ataxia   •   Jansky-Bielschowsky   •   Neuronal ceroid lipofuscinosis   
•   DNMT1   •   SPG7   •   Cadasil   •   Wolfram syndrome   •   Autosomal recessive spastic 
ataxia of Charlevoix- Saguenay     •   Spinocerebellar ataxias 

8.1          Friedreich’s Ataxia 

 Friedreich’s ataxia (FA) is an autosomal recessive slowly progressive neurodegen-
erative disorder starting usually in young adulthood or childhood [ 1 ]. FA is charac-
terized by spinocerebellar and sensory ataxia with absence of deep tendon refl exes, 
dysarthria, hypertrophic cardiomyopathy and scoliosis [ 2 ]. FA is due to a GAA 
triplet expansion in the fi rst intron of the frataxin gene (FXN) on chromosome 
9q13-q21.1. A minority of FA patients are compound heterozygotes for the GAA 
triplet expansion and a point mutation [ 3 ]. 

 Frataxin is a mitochondrial protein with a crucial role in the insertion of Fe-S 
cluster in different enzymes of the mitochondrial respiratory chain and in particular 
complex I, II and III and aconitase [ 4 ,  5 ]. The abnormal function of FXN leads to 
dysregulation of cellular iron metabolism with mitochondrial accumulation [ 6 ]. 
Evidence of mitochondrial defective respiration has been demonstrated in the heart 
and muscle of FA patients [ 7 ,  8 ]. Recent studies demonstrated that mitochondrial 
dysfunction induced by frataxin is also related to abnormal calcium handling in the 
mitochondria leading to increased autophagy [ 9 ]. Overall, frataxin defi ciency leads 
to abnormal iron homeostasis [ 10 ] and increased oxidative stress [ 11 ,  12 ]. 

 Visual system involvement is well characterized in FA [ 13 ]. In particular, abnor-
malities of the visual efferent system such as fi xation instability (square wave jerks), 
saccadic dysmetria, disrupted pursuit, and vestibular abnormalities have been 
reported [ 13 ]. Moreover, optic neuropathy, optic radiation abnormalities and retini-
tis pigmentosa have been described in FA patients [ 14 – 19 ]. 

 The optic neuropathy described in FA is usually asymptomatic and does not 
affect central vision [ 16 ]. The most severe visual phenotype has been associated 
with large GAA expansion of the FTX gene and with compound heterozygous 
mutations [ 16 ]. Visual evoked potentials demonstrated delayed latency and reduced 
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amplitude of the cortical responses [ 15 ,  16 ]. Visual fi eld defects may vary from 
small paracentral or arcuate to diffuse and generalized defects [ 16 ]. Only rarely FA 
patients present an acute loss of visual acuity, which resembles Leber’s hereditary 
optic neuropathy (LHON) [ 16 ]. 

 A few optical coherence tomography (OCT) studies are available for FA. These 
described a diffuse reduction of the retinal nerve fi ber layer (RNFL) thickness with-
out a preferential involvement of the temporal quadrant [ 16 – 19 ], unlike mitochon-
drial optic neuropathies [ 20 ]. The severity of optic atrophy can be variable and 
usually is not associated with a subjective visual complaint [ 15 ,  16 ]. Specifi cally, 
time-domain OCT studies reported a generalized RNFL thinning in FA patients 
[ 16 – 18 ]. Interestingly, in the largest OCT series (63 FA patients) available to now, 
the only sector with a signifi cant RNFL thinning was the superior [ 18 ] (Table  8.1 ).

   Retinal nerve fi ber layer thinning signifi cantly correlated with age at onset and 
International Cooperative Ataxia Rating Scale (ICARS) in the series (n = 26) by 
Fortuna and coauthors [ 16 ]; with ICARS score, disease duration, visual acuity (VA) 
and low-contrast letter VA in the series (n = 23) by Noval and coauthors [ 17 ] and 
with VA, GAA repeat length, Friedreich’s Ataxia Rating Scale (FARS) and age at 
onset in the series (n = 63) by Seyer and coauthors [ 18 ] (Table  8.1 ). 

      Table 8.1    Optical coherence tomography fi ndings in FA   

 OCT 
 N. of 
pts  Main fi ndings  Correlations 

 Fortuna et al. 
[ 16 ] 

 TD-Stratus  26  ↓avg RNFL 
 ↓RNFL in all 4 sectors 

 ICARS, age at onset 

 Noval et al. 
[ 17 ] 

 TD-Stratus  17  ↓avg RNFL in 75 % 
 Temporal RNFL thickness 
normal 
 Normal Macular morphology 
and thickness 

 ICARS, disease duration, 
VA, low-contrast VA 

 Seyer et al. 
[ 18 ] 

 TD-Stratus  63  ↓RNFL (52.7 % of eyes below 
5th percentile of controls) 
 Only superior thickness 
signifi cantly lower 

 VA, GAA expansion, age 
at onset, FARS 

 Seyer et al. 
[ 18 ] 

 SD-Cirrus  23  Macular thickness below the 
1st percentile of controls in 
20.7 % 

 Not signifi cant 

 Dağ et al. 
[ 19 ] 

 SD  10  ↓avg RNFL 
 ↓RNFL in all 4 quadrants 
 ↓Peripapillary and foveal 
retinal thickness 
 Choroidal thickness not 
signifi cant 
 ↓GC thickness in superior and 
inferior macula 

 VA, ICARS (RNFL 
thickness) 
 Disease duration (foveal 
thickness) 

   RNFL  retinal nerve fi ber layer,  avg  average,  ICARS  International Cooperative Ataxia Rating Scale, 
 FARS  Friedreich’s Ataxia Rating Scale,  VA  visual acuity  
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 The only spectral domain (SD) OCT study available to date documented a reduc-
tion of the average RNFL thickness and in all four optic disc sectors in 10 FA 
patients [ 19 ]. Moreover, ganglion cell thickness was signifi cantly reduced in supe-
rior and inferior macula [ 19 ] (Table  8.1 ). 

 Macular thickness has been reported as normal in one study [ 17 ], signifi cantly 
reduced [ 19 ] and below the 1st percentile of controls in 20.7 % of the FA patients 
examined in another series [ 18 ] (Table  8.1 ). 

 Correlation of OCT measurement with VA is not consistent across the studies 
and the degree of VA loss is reported as variable, but usually not clinically signifi -
cant [ 16 ,  17 ]. Differently, low contrast visual acuity is signifi cantly reduced in FA 
patients [ 17 ]. Fundus oculi abnormalities are detected only in a small percentage of 
the FA subjects with loss of retinal nerve fi bers documented by OCT [ 17 ]. 

 Overall, OCT measurements in FA are able to detect subclinical optic neuropa-
thy in the large majority of FA cases (about 70 %) being a more sensible measure of 
optic nerve degeneration than other metrics (visual acuity, visual fi elds and/or fun-
dus examination). It is not clear yet why the papillomacular bundle is not primarily 
affected in FA, even if a mitochondrial dysfunction is well known in FA. 

 In line with OCT data, visual evoked potentials (VEPs) documented an increased 
P100 latency and reduced amplitude of cortical responses [ 15 ,  16 ] in the large 
majority of patients. These electrophysiological and anatomical data suggest a 
slowly progressive degeneration of the anterior and posterior optic pathway, as 
proved also by the increased diffusion in optic radiations demonstrated in FA 
patients by magnetic resonance imaging studies [ 16 ]. 

 An example of time-domain OCT and Humphrey visual fi elds is provided for a 
15 year-old FA patient, who started presenting ataxia and dysarthria since she was 
11 years old (Fig.  8.1 ).

a b

  Fig. 8.1    OCT fi ndings in a FA patient. ( a ) Time-domain OCT shows RNFL thinning in the 
supero-nasal sectors in both eyes. ( b ) Visual fi elds (total deviation on right) show mild reduction 
of the sensitivity bilaterally       
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8.2        Jansky-Bielschowsky Disease (CLN2) 

 Jansky-Bielschowsky disease (JBD) is a late infantile neuronal ceroid lipofuscino-
sis (LINCL) disorder due to mutation of the  CLN2  gene (cr 11p15), which encodes 
for the tripetidylpeptidase 1 protein [ 21 ,  22 ]. Similarly to other Neuronal Ceroid 
Lipofuscinosis (NCL) JBD is a lysosomal storage disease characterized by the 
accumulation of autofl uorescent material in the cytoplasm of neurons [ 23 ]. JBD 
disease is characterized by mental and motor retardation, psychomotor regression, 
ataxia, seizures and visual dysfunction [ 23 ]. 

 Visual dysfunction is common in NCL and usually manifests early in juvenile 
forms and later in the LINCL [ 24 ]. The typical ocular manifestation of NCL is reti-
nal degeneration of variable severity (from mild pigmentary changes to Bull’s eye 
maculopathy to severe outer retina atrophy) [ 24 ]. Retinal changes in LINCL have 
been documented by fundus oculi examination, histopathology and electrophysio-
logical studies [ 24 – 27 ]. Furthermore, the presence of inner retina and optic nerve 
degeneration has been demonstrated in different animal models of NCL [ 28 – 31 ]. 
Besides outer retina degeneration, optic atrophy is a frequent fi nding in LINCL [ 25 , 
 32 ]. The only OCT study available to now in JBD applied a comprehensive ophthal-
mologic evaluation in 25 LINCL patients with mutations in the  CLN2  gene [ 33 ]. 
The protocol included fundus oculi, spectral domain macula OCT, fl uorangiography 
and indocyanine green angiography (IGA) and was carried out under anesthesia. 
The results obtained were used to generate a Weill Cornell LINCL Ophthalmologic 
Severity Scale score. According to the degree of pigmentary changes at fundus oculi 
examination, Fluorangiography and IGA and the severity of outer retina degenera-
tion documented by OCT the patients were graded as score 0-5 (from normal to 
severe changes). The average score in this case series was 2.6. This score correlated 
strongly with the neurological score suggesting that the retinal involvement is paral-
lel to the neurological deterioration. Interestingly, the authors failed to document 
any abnormality in the anterior segment, at difference with other lysosomal storage 
diseases. The posterior segment showed variable degrees of optic nerve and retinal 
atrophy. In particular, retinal degeneration typically starts from the fovea in which 
the fi rst pigmentary changes are visible expanding to the far periphery [ 33 ]. The 
OCT was able, in this case series, to detect subtle abnormalities not visible at fundus 
examination or with FA. The OCT changes documented by Orlin and coauthors for 
the 5 stages were:  Stage 1 : normal;  Stage 2 : Normal retinal layers immediately 
adjacent at fovea; immediately outside fovea, outer  retinal/photoreceptor atrophy; 
 Stage 3 : Outer retinal atrophy/photoreceptor loss extending to 1.0 disc diameter 
from fovea; retinal layers appear normal outside fovea;  Stage 4 : Early buildup of 
outer retinal hyper-refl ective material in macula; more extensive outer retinal abnor-
malities extending 1.0–2.0 disc diameters from fovea; beyond 2.0 disc diameters, 
outer retina appears normal;  Stage 5 : Severe retinal thinning with generalized loss 
of photoreceptors and outer retina, involving the entire macula; extensive clumps of 
outer retinal hyper-refl ective material; thickness map shows central thinning with 
paracentral thickening, with outer ring of further thinning (with bull’s eye 
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 appearance); outer retinal changes also found outside the macula [ 33 ]. The majority 
of patients in this case series presented normal or mildly abnormal ocular fi ndings 
(32 % stage 0, 24 % stage 1, 8 % stage 3, 24 % stage 4 and 12 % stage 5) [ 33 ].  

8.3     DNMT1 Disease 

 DNA (cytosine-5)-methyltransferase 1 (DNMT1) disease is a complex neurodegen-
erative disorder due to autosomal dominant mutations in the  DNMT1  gene (DNA- 
methyltransferase 1) [ 34 ]. 

 Two distinct phenotypes have been described in association with mutations in the 
 DNMT1  gene: the autosomal dominant cerebellar ataxia, deafness and narcolepsy 
(ADCA-DN) [ 35 ] associated with mutations in exon 21 of the  DNMT1  gene and the 
hereditary sensory autonomic neuropathy with dementia and hearing loss type IE 
(HSAN IE), described in association with mutations in exon 20 [ 34 ]. Recently, our 
group demonstrated that the boundaries between these two distinct entities are less 
pronounced [ 36 ]. In fact, both diseases share the presence of narcolepsy as a promi-
nent feature [ 36 ]. Moreover, we demonstrated that subclinical optic atrophy is a 
common fi nding to both phenotypes [ 36 ]. 

 Visual acuity was normal in all fi ve DNMT1 patients included in the study (two 
with the ADCA-DN and three with the HSAN IE phenotype). Fundus oculi dis-
closed temporal pallor in one ADCA-DN case, diffuse pallor in the other ADCA-DN 
and mild temporal pallor of the optic disc in all three HSAN IE subjects. Pattern 
VEPs were abnormal in both ADCA-DN probands, showing increased latency and 
decreased amplitude of cortical responses, whereas they were normal in HSAN IE 
patients [ 36 ]. OCT showed reduction of the RNFL thickness more evident in the 
temporal than in the superior and inferior quadrants with nasal sparing in one 
ADCA-DN patient, more diffuse in the other ADCA-DN patient with nasal sparing. 
In the HSAN IE cases OCT disclosed a diffuse reduction of retinal nerve fi ber layer 
thickness in one case, a diffuse reduction with nasal sparing in the second case, and 
temporal and less evident superior/inferior quadrants thinning in the third case. 

 Macular ganglion cell layer (GCL) analysis disclosed diffuse atrophy in both 
ADCA-DN probands and diffuse thinning in all three HSAN IE subjects [ 36 ]. 

 An example of spectral-domain OCT (RNFL and macular GCL) and fundus 
oculi image is reported for a DNMT1 patient carrying the p.Gly605Ala mutation 
[ 36 ] (Fig.  8.2 ).

   Interestingly, optic atrophy was previously reported in the ADCA-DN phenotype 
[ 37 ,  38 ] but never described in the HSAN IE phenotype. OCT investigation in our 
DNMT1 case series revealed a subclinical optic nerve involvement in all cases with 
a prevalent involvement of the temporal sector and relative nasal sparing that resem-
bles the pattern observed in mitochondrial optic neuropathies [ 20 ]. The mitochon-
drial pattern of optic nerve degeneration may be explained by the possible effect of 
defective methylation of nuclear DNA on nuclear encoded mitochondrial proteins 
[ 39 ] or a direct effect on DNA methylation of the mitochondrial-targeted isoform of 
DNMT1 [ 40 ,  41 ].  
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b

c

  Fig. 8.2    OCT fi ndings of a DNMT1 patient with the ADCA-DN phenotype. ( a ) Spectral-domain 
OCT shows diffuse thinning of the RNFL thickness in both eyes. ( b ) Macular ganglion cell layer 
( GCL ) analysis discloses diffuse atrophy. ( c ) Fundus oculi examination shows diffuse pallor 
bilaterally       
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8.4     Hereditary Spastic Paraplegia Due to SPG7 Mutations 

 Hereditary spastic paraplegias (HSP) are a heterogeneous group of neurodegenera-
tive disorders characterized by a variable phenotypic expression, which includes a 
pure spastic paraparesis or “uncomplicated” and a “complicated” form. The genetic 
basis of HSP is heterogeneous including autosomal dominant, autosomal recessive, 
X-linked, or maternally inherited (mitochondrial) inheritance [ 42 ]. 

 To date, more than 56 HSP loci and 41HSP-related genes have been identifi ed [ 42 ]. 
 Mutations in the  SPG7  gene are responsible for autosomal recessive SPG7- 

HSP. The fi rst  SPG7  mutation was identifi ed in 1998 [ 43 ,  44 ].  SPG7  gene encodes 
for paraplegin, which is a metalloprotease protein belonging to the AAA (ATPase 
associated with various cellular activities) proteins. Paraplegin is a mitochondrial 
protein localized to the inner mitochondrial membrane and it assembles with the 
paralogous AFG3L2 protein in the mAAA protease complex [ 45 – 47 ]. Mitochondrial 
dysfunction has been described in SPG7 pedigrees including OXPHOS defects in 
muscle biopsy [ 43 ,  48 ]. Interestingly, mAAA protease like paraplegin plays also a 
role in the processing of the OPA1 protein [ 49 ]. Given the mitochondrial pathogen-
esis of SPG7 HSP the presence of optic atrophy is expected, but not systematically 
investigated. Optic atrophy has been reported in the fi rst identifi ed pedigrees [ 43 , 
 44 ,  48 ]. Recently, Klebe and coauthors extensively described the phenotype of 23 
SPG7 families. In a subgroup (n = 10) investigated by OCT, RNFL thinning was 
detected in 100 % of cases even if it was symptomatic only in one case, associated 
with reduced visual acuity in 40 % and with optic disc pallor at fundus examination 
in 50 % of cases. These data suggest that the OCT investigation may detect subtle 
abnormalities in SPG7 patients and the presence of optic atrophy in the context of 
an autosomal recessive spastic paraplegia should point to the  SPG7  gene. In this 
case series one French pedigree positive for the SPG7 mutation presented with an 
isolated autosomal dominant early onset (1st decade of life) progressive optic atro-
phy. Electroneurography disclosed in this pedigree also the presence of mixed 
peripheral polyneuropathy [ 50 ]. 

 On the basis of the clinical fi ndings of this cohort the authors proposed that  SPG7  
gene should be screened in autosomal recessive or sporadic HSP patients with 
middle- age onset particularly if spastic paraplegia is associated with cerebellar atro-
phy/signs and/or optic neuropathy (also if detected only with OCT). 

 Van Gassen and coauthors, in another large SPG7 Dutch case-series (n = 49), 
demonstrated the presence of a severe optic atrophy with childhood onset in two 
siblings carrying a homozygous missense mutation (p.Arg470Gln, exon 10) 
 SPG7  mutation and in one case with compound heterozygous (p.Arg485_Glu487 
and p.Leu706fs)  SPG7  mutation. For one of the p. Arg470Gln mutation carriers, 
postmortem tissues including the optic nerve were available. In this case a severe 
optic atrophy was documented. Interestingly, the p. Arg470Gln mutation was 
located in the ATPase AAA core domain and the authors hypothesized that the 
severe optic nerve involvement can be explained by a possible deleterious inter-
action of SPG7 with OPA1. Unfortunately, for these patients OCT data were not 
available [ 51 ]. 

C. La Morgia and M. Carbonelli



151

 Moreover, Marcotulli and coauthors have recently described a 43-year-old male 
SPG7 case presenting with severe congenital optic atrophy. This patient developed 
spastic paraparesis at 30 years of age. OCT documented reduced RNFL and macu-
lar thickness [ 52 ]. 

 Overall, these data suggest that optic neuropathy is a common fi nding in SPG7- 
related HSP and the use of OCT screening in large cohort of HSP patients might be 
a useful tool to reveal subclinical optic atrophy and guide the diagnostic process. 

 Finally, Wiethoff and coauthors conducted an OCT study on 28 HSP patients 
including “pure” (n = 22) and “complicated” (n = 6) HSP demonstrating a signifi cant 
reduction of the RNFL only in the “complicated” group. The case series included 
also 3 SPG7 cases and two of them with a complicated phenotype disclosed global 
RNFL thickness reduction, especially in the temporal quadrant [ 53 ].  

8.5    CADASIL 

 Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) is an autosomal dominant disorder characterized by the 
occurrence of juvenile subcortical ischemic events, migraine, epilepsy, psychiatric 
disturbances and cognitive impairment in variable combinations [ 54 ]. Brain MRI 
typically shows T2 hyperintensity involving the white matter of the temporal pole 
and/or the external capsulae, but the severity of white matter involvement can be 
highly variable evolving in most cases to a diffuse bilateral subcortical leukoen-
cephalopathy [ 55 ]. 

 CADASIL is due to mutations of the  NOTCH3  ( Neurogenic locus notch homolog 
protein 3 ) gene, located on chromosome 19 [ 56 ]. Notch3 is a protein mainly 
expressed in vascular smooth cells with a crucial role in the control of vascular tone 
[ 57 ]. Cerebral vasculopathy is the main hallmark of the disease, due to the degen-
eration of the vascular smooth muscle cells with deposition of granular osmiophilic 
material, but also retinal vascular changes have been described in CADASIL [ 58 –
 61 ]. These changes include retinal arteriolar narrowing, ateriovenous nicking and 
arteriolar sheating [ 59 ,  61 ]. Moreover, electrophysiological [ 62 ], histological [ 63 ] 
and OCT studies [ 61 ,  64 ,  65 ] documented a specifi c neurodegeneration of the neu-
roretina in CADASIL. In particular, Parisi and coauthors demonstrated by time- 
domain OCT a diffuse reduction of the RNFL thickness involving all the quadrants 
in 6 CADASIL patients (three asymptomatic mutation carriers) [ 64 ]. The authors 
interpreted these fi ndings as secondary to the chronic vascular changes  characterizing 
the disease. Similarly, Rufa and coauthors demonstrated with time-domain OCT a 
diffuse RNFL thinning in all optic nerve quadrants except the nasal one in 17 
CADASIL patients. In particular, this thinning was more evident in the superior 
sector [ 65 ]. Similarly, fundus oculi examination revealed neuroretinal rim pallor in 
41 % and a crowded optic disc in 18 % of the 34 CADASIL patients described by 
Pretegiani and coauthors. The optic nerve involvement in CADASIL is also con-
fi rmed by histological fi ndings in a postmortem study, which demonstrated diffuse 
demyelination of the optic nerve and chiasm with loss of nerve fi bers [ 63 ]. The loss 
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of fi bers in the optic nerve is usually not associated with a reduction of the visual 
acuity and can be associated with variable visual fi eld defects [ 61 ].  

8.6     Wolfram Syndrome 

 Wolfram syndrome (WS) was fi rst described in 1938 [ 66 ]. It is a rare neurodegen-
erative disorder characterized by the occurrence of diabetes mellitus and optic atro-
phy starting in childhood and a variable association of diabetes insipidus, other 
endocrinopathies, deafness, cerebellar ataxia, neurogenic bladder, cardiomyopathy 
and psychiatric disturbances [ 67 ]. In fact, it is also known as DIDMOAD (Diabetes 
Insipidus, Diabetes Mellitus, Optic Atrophy) [ 68 ,  69 ]. Usually diabetes is the fi rst 
sign of the disease. Optic atrophy appears in the fi rst-second decade of life and it is 
severe in most cases [ 68 ,  70 ]. Wolfram’s disease is due to mutations in the wolfra-
min gene ( WFS1 ) [ 71 ] and in the large majority of cases is inherited in an autosomal 
recessive fashion, but autosomal dominant inheritance has also been reported [ 72 ]. 
In these latter cases optic atrophy can be milder [ 72 ] and can be associated with 
deafness without diabetes [ 73 ]. Autosomal dominant mutations in the  WFS1  gene 
have been associated also with non-syndromic deafness [ 74 ], diabetes [ 75 ] and 
cataract [ 76 ]. Neuropathological studies reported atrophy of the optic nerve, chi-
asm, lateral geniculate nucleus, optic tracts and occipital cortex in WS [ 77 – 81 ]. 

 The only OCT data available for WS are derived from two case reports. In one 
[ 82 ], spectral domain OCT documented a diffuse optic atrophy more evident in the 
superior and inferior quadrants in a 21 year-old male. Bucca and coauthors reported 
time- domain fi ndings in a 13 year-old female showing loss of retinal nerve fi bers in 
the temporal quadrant [ 83 ]. Interestingly, a recent postmortem study documented a 
specifi c pattern of optic atrophy predominantly involving the temporal and inferior 
quadrants, i.e. the papillomacular bundle of the optic nerve, in a WS case. This pat-
tern resembles that described in mitochondrial optic neuropathies [ 81 ]. 

 We here show the OCT fi ndings of three WS patients with a brief summary of 
their clinical history. 

  Case 1 
 The fi rst case is a 25 year-old male who presented diabetes mellitus since he was 3 
years old. Optic atrophy was documented at 10 years of age. He also presented hearing 
loss and psychiatric disturbances since 15 years of age. Genetic analysis showed the 
presence of compound heterozygous mutations in the  WFS1  gene T461P and A559T. 

 Visual acuity was 0.16 in OD and 0.1 in OS. Fundus oculi examination revealed 
diffuse optic atrophy. Brain MRI at 17 years of age was normal. OCT demonstrated 
diffuse bilateral optic atrophy (Fig.  8.3a , upper panel). Humphrey visual fi elds 
(VFs) showed a diffuse defect bilaterally (Fig.  8.3a , lower panel).

     Case 2 
 This 22 year-old female presented growth hormone defi ciency at 8 years of age and 
diabetes mellitus at 10 years. She suffered from migraine since she was 17 years old, 
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age at which optic atrophy was also discovered. Genetic analysis showed the presence 
of compound heterozygous mutations c.409_426dup16 and c.2104 G > A in the  WFS1  
gene. Brain MRI at 22 years of age was normal. Visual acuity was 0.4 in OD and 0.5 in 
OS. OCT demonstrated diffuse thinning of the retinal nerve fi bers (Fig.  8.3b , upper 
panel). VFs showed a mild diffuse reduction of sensitivity (Fig.  8.3b , lower panel).  

  Case 3 
 This 39-year-old male presented diabetes since he was 13 years old. Since the age 
of 10 years he complained of progressive visual loss with evidence of optic atrophy 
at 13 years of age. 

 Genetic investigation revealed the presence of compound heterozygous mutation 
in the  WFS1  gene (c.2002C > T;p. Gln668X e c.2126 T > G;p. Val709Gly). 

 Brain MRI at 39 years old showed cerebellar, pons and mesencephalon atrophy, 
optic nerve, chiasm and occipital cortex atrophy with gliosis of optic radiations. 

 Visual acuity was 0.02 in OD and 0.05 in OS. OCT showed bilateral diffuse optic 
atrophy (Fig.  8.3c , upper panel). VFs disclosed diffuse reduction of sensitivity bilat-
erally (Fig.  8.3c , lower panel).   

8.7     Autosomal Recessive Spastic Ataxia of Charlevoix- 
Saguenay (ARSACS) 

 Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is a com-
plex hereditary neurodegenerative disorder characterized by early childhood-onset 
cerebellar ataxia [ 84 ], peripheral neuropathy [ 85 ] and pyramidal tract signs [ 86 ,  87 ]. 

a b c

  Fig. 8.3    OCT fi ndings in Wolfram disease patients. ( a ) OCT demonstrates in this 25-year-old 
male a diffuse RNFL thinning in both eyes ( upper ) corresponding to a diffuse reduction of the 
sensitivity at visual fi elds (gray scale and total deviation). ( b ) OCT reveals in this 22-year-old 
female diffuse optic atrophy. Visual fi elds show a mild diffuse reduction of sensitivity (gray scale 
and total deviation). ( c ) OCT shows in this 39 year-old male diffuse optic atrophy. Visual fi elds 
reveal a diffuse reduction of the sensitivity bilaterally (gray scale and total deviation)       
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 The name of the disease derives from its high prevalence, as a result of a founder 
effect, in the French-Canadian population of the Charlevoix-Saguenay region in the 
northeast of Quebec. After these initial reports, ARSACS was also described in 
other countries and ethnic groups worldwide [ 88 ,  89 ]. 

 ARSACS is due to mutations in the  SACS  gene, which were fi rst identifi ed by 
Engert and coauthors in 2000. The  SACS  gene is located on chromosome 13q12.12 
and encodes the protein sacsin with a chaperone activity [ 90 – 92 ]. Furthermore, a 
recent study on a sacsin-knockout mouse model described a disruption of mitochon-
drial fi ssion/fusion dynamics [ 93 ]. 

 The majority of ARSACS patients show early ocular signs including: alteration 
of smooth ocular pursuit and prominent myelinated fi bers radiating from the optic 
disc and embedding the retinal vessels. These myelinated fi bers are visible at fun-
doscopy and were considered the main clinical manifestations of ARSACS. However, 
the presence of myelinated fi bers was rarely described in non-Quebec patients 
[ 94 – 101 ]. 

 In the original characterization of ARSACS the authors described yellow streaks 
of hypermyelinated fi bers that focally cover the retinal vessels, emanating radially 
from the edges of the optic disc [ 88 ]. In recent years, with the advent of new and 
more sophisticated quantitative retinal imaging technologies, the nature of the 
myelinated fi bers in ARSACS has been debated. 

 In 2011, different OCT studies demonstrated that the typical fundoscopic 
appearance in ARSACS patients is due to the increased hyper-refl ectivity and 
thickness of the peripapillar RNFL and not to the presence of myelinated fi bers 
[ 102 – 104 ]. 

 Monochromatic RNFL images (through a blue fi lter), showing enhanced visibil-
ity of the RNFL and OCT demonstrated an increase in RNFL thickness in ARSACS 
patients compared with healthy controls. 

 Vingolo and coauthors [ 102 ] showed that the absence of shadowing behind the 
fi bers in the OCT of ARSACS patients differentiates them from subjects with per-
sistent myelinated fi bers. In the latter, in fact, OCT clearly revealed a posterior 
shadowing, due to the hyper-refl ectivity of the myelinated areas, which does not 
allow the OCT infrared laser to cross the retina (Fig.  8.4 ).

  Fig. 8.4    OCT fi ndings in persistent myelinated fi bers. In the left panel fundus oculi of persistent 
myelinated fi bers. In the middle and right panels OCT of myelin fi bers: thickening of the retinal 
fi bers hiding the deep layers of retina ( green arrow ) (From Desserre et al. [ 104 ], with kind permis-
sion of Springer Science + Business Media)       
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   The thickening of the retinal fi bers in the peripapillar region in ARSACS also 
includes the macula. Thus, the average macular thickness (mainly in nasal quadrant) and 
the average foveolar thickness may be increased in ARSACS patients [ 104 ] (Fig.  8.5 ).

   Typically, in ARSACS patients visual acuity is normal or slightly reduced, and 
only mild and peripheral visual defects are reported. These fi ndings overall support 
the absence of myelin deposition in the retina of these patients, given that the pres-
ence of myelin, would have caused more evident visual fi eld defects [ 105 ]. 

 Thus, it is preferable to use the term “pseudomyelination” [ 102 ] or “retinal nerve 
fi ber hypertrophy” [ 103 ] to defi ne the retinal aspect of patients with ARSACS. In 

  Fig. 8.5    OCT fi ndings in ARSACS patient. ( a ) OCT: hypertrophia of the nerve fi ber layer ( black 
arrow ), absence of attenuation of the deep layers of retina ( green arrow ). ( b ) Filling of the foveolar 
depression ( blue arrow ). ( c ) Increased thickness of peripapillar RNFL predominant in upper and 
lower temporal (From Desserre et al. [ 104 ]; with kind permission of Springer Science + Business 
Media)       
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fact, the recent OCT fi ndings, at least among non-Quebec patients, suggest that reti-
nal hypermyelination has been used inappropriately to describe the striated appear-
ance of a thickened RNFL around the optic discs in ARSACS patients [ 106 ]. 
Yu-Wai- Man and coauthors in 2013 have proposed the speculative hypothesis that 
the RNFL thickening in ARSACS could be related to the axoplasmic stasis within 
the long axons of the retinal ganglion cells as they converge to form the optic nerve 
in the anatomically tight region of the lamina cribrosa [ 106 ].  

8.8     Spinocerebellar Ataxias (SCAs) 

 Spinocerebellar ataxias (SCAs) are a genetically heterogeneous group of autosomal 
dominant neurodegenerative disorders characterized by ataxia, ocular motor abnor-
malities, and variable other neurological features, such as pyramidal tract, basal 
ganglia or brainstem dysfunction [ 107 ,  108 ]. The SCAs are classifi ed on the basis 
of the genotype. SCA1, 2, 3, and 6, the most common ones, are caused by a trinu-
cleotide CAG repeat expansion encoding glutamine in four unrelated proteins. 
SCA1, 2, and 3 are characterized by cerebellar degeneration and variable degrees of 
involvement of other central nervous system regions, whereas SCA6 is associated 
with a nearly pure cerebellar atrophy [ 107 ]. 

 Abnormal afferent visual testing and optic atrophy have been described as a fea-
ture of SC1, SCA2 and SCA3 [ 109 ,  110 ]. Rarely, SCA2 is also associated with reti-
nitis pigmentosa, most notably in the infantile form with extremely expanded CAG 
repeats [ 111 ], and pigmentary retinopathy has been reported in a patient homozy-
gous for a pathological repeat expansion in the SCA6 gene [ 112 ]. 

 Unlike other SCAs, patients with SCA7 exhibit a spectrum of severity of retinal 
disease from mild to severe dysfunction. Early functional abnormalities occur in 
both cones and rods, but greater centrally than peripherally [ 113 ,  114 ]. 

8.8.1     Spinocerebellar Ataxia Type 2-3-6 (SCA2-3-6) 

 Pula et al. [ 115 ] in a spectral-domain OCT study reported in 29 SCA and cerebellar 
multisystem atrophy patients (SCA1-2-3-6 and MSA-C) a signifi cant reduction of 
the peripapillar RNFL thickness for SCA2 and SCA3 patients only. This RNFL 
thinning correlated with the severity of the disease (Scale for the Assessment and 
Rating of Ataxia, SARA score). 

 Another study by Alvarez and colleagues [ 116 ] demonstrated a signifi cant reduc-
tion of the average RNFL thickness in nine SCA3 patients compared to age- and sex-
matched controls. There was a reduction in the RNFL thickness in all quadrants except 
the temporal one, preserved in all eyes. Therefore, papillomacular bundle probably is 
not primarily involved in SCA-3 and consequently visual acuity is preserved in these 
patients (mean BCVA 20/25 and normal colour vision in all patients, except for the one 
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with congenital dyscromatopsia). RNFL thickness was inversely correlated to SARA 
score. The mean macular thickness was lower compared to the control group only in 
two eyes (11.11 %). In four patients, (eight eyes) OCT studies were performed with an 
average follow-up of 14.25 months, and in fi ve eyes (62.50 %) there was a trend 
towards a RNFL thickness reduction. Thus, the authors concluded that the pattern of 
the optic nerve involvement in SCA-3 is more similar to that observed in Alzheimer’s 
and Parkinson’s disease than to SCA-1 and toxic or mitochondrial optic nerve diseases 
where there is a preferential involvement of the papillo-macular bundle [ 116 ].  

8.8.2     Spinocerebellar Ataxia Type 1 (SCA1) 

 Spinocerebellar ataxia type 1 (SCA1) is an autosomal dominantly inherited, late- onset 
neurodegenerative disease primarily affecting the cerebellar cortex and brainstem. 
Affected patients suffer from disturbed motor coordination, slurred speech, dysphagia, 
spasticity, extrapyramidal movements such as dystonia or chorea, cerebellar oculomo-
tor disturbances, ophthalmoparesis, saccade slowing and cognitive impairment [ 117 ]. 

 SCA1 is due to a CAG-repeat expansion of variable length reaching between 39 
and 83 repeats encoding for a prolonged polyglutamine chain in the  ATXN1  gene on 
chromosome 6p23 encoding for the ataxin1 protein [ 117 ]. 

 In SCA1 patients, besides the well-described cerebellar oculomotor abnormali-
ties, there is also evidence of ocular pathology. There is evidence of visual acuity 
reduction, color vision impairment and central scotoma or contraction of visual 
fi elds [ 118 ,  119 ]. In some case series there is evidence of worsening of ocular symp-
toms with disease duration [ 120 ,  121 ]. The reduced visual acuity in SCA1 has been 
attributed to optic atrophy, which was fi rst described at fundus examination [ 121 ]. 
Optic nerve involvement was also suggested by abnormal VEP fi ndings in SCA1 
patients [ 122 ,  123 ]. However, VEPs were normal in 40–50 % of SCA1 patients and 
retinal or optic nerve pathology was not consistently reported in SCA1 [ 124 ]. 

 Stricker et al. [ 125 ], in a series of 9 SCA1 subjects compared to age- and sex- 
matched controls, demonstrated with OCT a pattern of temporal atrophy of the 
RNFL in most of the patients, suggesting a preferential involvement of the papillo- 
macular bundle. Segmentation analysis of the retina confi rmed temporal RNFL 
thickness reduction whereas there was no signifi cant difference in the average gan-
glion cell layer, inner and outer plexiform layer, photoreceptor layer and pigment 
epithelium. SCA1 patients showed a reduction in visual acuity and average RNFL 
thickness compared to healthy controls (84.0 μm vs. 97.2 μm) RNFL thinning was 
predominant and signifi cant in temporal sectors (p < 0.001,) and was not found in 
nasal sectors. OCT fi ndings were correlated with disease duration and disease sever-
ity measured by SARA score. The patient with the longest disease duration and 
highest SARA score showed additional severe macular atrophy, indicating that, at a 
later disease stage, nerve fi ber atrophy could lead to ganglion cell degeneration and 
consecutively to macular volume reduction. Differently, VEP P100 latencies were 
not signifi cantly different between SCA1 patients and controls [ 125 ]. 
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 The authors speculated that the selective temporal RNFL involvement could be 
explained by a differential vulnerability of the parvocellular axons to mutated 
ataxin1. In fact, the pattern of temporal RNFL thinning seen in these SCA1 patients 
could be due to localized oxidative dysfunction, which does not involve the magno-
cellular ganglion cell axons and the photoreceptors [ 125 ]. 

 In 2013, two different groups [ 118 ,  119 ] simultaneously described a case series 
of six SCA1 patients presenting with progressive maculopathy and retinal dysfunc-
tion. The patients exhibited bilateral, progressive painless visual loss with macular 
drusen and mild pigmentary alterations at fundus examination. 

 In particular, Vaclavik and coauthors [ 119 ] showed two genetically confi rmed 
SCA1 patients with bilateral areas of hypopigmented retinal pigment epithelium 
within the macula. Autofl uorescence imaging revealed a central macular hyperauto-
fl uorescence surrounded by a ring of hypoautofl uorescence. Spectral-domain OCT 
disclosed bilateral hyporefl ective “foveal cavitation” corresponding to loss of the 
highly refl ective inner segment/outer segment junction, as well as thinning of the 
outer nuclear layer. Outside the macula, the retina was within normal range. 
Fluorescein angiography showed small areas of patchy hyperfl uorescence in the 
macula, corresponding to areas of depigmented retinal pigment epithelium without 
any leakage at later stages. Goldmann kinetic manual perimetry revealed a relative 
central scotoma bilaterally. The retinal function was tested using full-fi eld ERG 
which was within normal limits under photopic and scotopic conditions. Multifocal 
electroretinography (mfERG) was not performed [ 119 ]. 

 Two other patients with bilateral foveal cavities had OCT features similar to those 
reported previously in achromatopsia [ 126 ], and cone dystrophy [ 127 ], whereas 
RNFL thickness was not evaluated. Similarly, Lebranchu and coauthors reported a 
SCA1 family with maculopathy [ 118 ]. Four SCA1 patients showed central scotoma 
in most of the eyes at visual fi eld examination and visual acuities ranged between 
20/20 and 20/200. Central retinal thinning with disorganized  photoreceptor layers or 
foveal cavitation were found at OCT. Two patients showed mild temporal optic disc 
pallor at fundoscopy and thinning of the temporal RNFL at OCT, confi rming the 
involvement of the papillomacular bundle [ 118 ]. In one patient, multifocal electro-

  Fig. 8.6    OCT fi ndings in SCA7 maculopathy. ( a ) Fluorescein angiography shows a small central 
window defect in the macula ( b ) Optical coherence tomography image shows foveal photoreceptor 
loss between the outer nuclear layer and retinal pigment epithelium in a patient with SCA7 macu-
lopathy (From Kumar and Pulido [ 131 ]; with kind permissions of Springer Science + Business 
Media)       
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retinography (mfERG) revealed central retinal dysfunction. In these patients, OCT 
demonstrated alterations of the external layers of the fovea, suggesting a loss of 
structural integrity of the photoreceptors. The authors suggested that foveolar cavita-
tion associated with the thinning of the whole macular area (including the surround-
ing perifoveolar retina) could be related to a cone dystrophy, as supported by the fact 
that a cluster of genes ( GUCA1A, PRPH2 ) involved in macular diseases is located in 
a chromosome region (6p21.1) near the  SCA1  gene [ 118 ].  

8.8.3     Spinocerebellar Ataxia Type 7 (SCA7) 

 Spinocerebellar ataxia type 7 (SCA7) is a progressive ataxia that is characterized by 
a high prevalence of retinal photoreceptor abnormalities. Recent studies suggest 
that the retinopathy of SCA7 is a cone-rod dystrophy [ 113 ,  114 ]. This degenerative 
retinopathy initially affects cones, and then progresses to cone–rod dystrophy [ 113 ]. 
Fundus examination demonstrates macular pigmentary changes, sometimes associ-
ated with mild temporal optic disc pallor [ 128 ]. The gene encodes for a protein 
(ataxin-7) widely expressed in the human retina [ 129 ]. This protein may interact 
with the function of CRX (cone–rod homeobox), a known transcription factor 
implicated in human cone–rod dystrophy [ 130 ]. 

 An example of high-resolution spectral domain optical coherence tomography 
(SD-OCT) is provided for one SCA7 patient showing loss of the normal foveal 
lamination pattern between the outer nuclear layer and the retinal pigment epithe-
lium, thus indicating focal photoreceptor loss [ 131 ] (Fig.  8.6 ).

   Manrique et al. [ 132 ] have described a case series of seven patients with SCA7 in 
which the subjects with mild disease showed retinal thinning only at the fovea and 
subjects with more advanced disease tended to present retinal thinning also in the outer 
zone of the macula. Mean peripapillary RNFL thickness was decreased in all patients 
with sparing of the temporal quadrant until the advanced phases of the disease. 

 Furthermore, another study by Ahn et al. [ 133 ], using OCT and mfERG, revealed 
that retinal thinning extended outside the visible atrophic lesions and that the areas 
of functional defi cits were greater than those of anatomic defi cits. 

 Additionally, at a later stage of disease the maculopathy can evolve into a “bull’s 
eye” pattern [ 132 ]. The sparing of the temporal sector has been discussed as a pos-
sible result of the relative sparing of the inner macula around the central fovea asso-
ciated with normal ganglion cell layer thickness at an earlier disease stage [ 134 ].   

8.9     Conclusions 

 In summary, OCT is a useful tool for investigating optic nerve and retinal involve-
ment in many rare neurological disorders. Up to now, only a limited number of 
diseases have been extensively studied, as reported in this chapter. Single case 
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reports with OCT fi ndings are available for other rare neurological disorders such as 
Charcot-Marie-Tooth type 2A [ 135 ], and the X-linked adrenoleukodystrophy [ 136 ]. 
Thus, the application of this technique to larger case series will allow a better char-
acterization of the ocular phenotype in these and other neurological diseases.     
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    Chapter 9   
 Other Neurological Disorders: Migraine, 
Neurosarcoidosis, Schizophrenia, Obstructive 
Sleep Apnea-Hypopnea Syndrome (OSAHS)                     

       Andrzej     Grzybowski     ,     Francisco     J.     Ascaso    ,     Javier     Mateo    , 
    Laura     Cabezón    , and     Paula     Casas   

    Abstract     Optical coherence tomography (OCT) is a relatively recent, reproduc-
ible, noninvasive, noncontact in vivo imaging technique similar to ultrasonography 
except that it uses infrared wavelengths and has a sensitivity of 8–10 μm. Numerous 
studies have demonstrated a thinning in retinal nerve fi ber layer (RNFL) measure-
ments in neurodegenerative disorders including multiple sclerosis, Alzheimer’s dis-
ease, and Parkinson’s disease. In this chapter we present an update on the use of 
OCT in other neurological disorders, such as migraine, neurosarcoidosis, schizo-
phrenia and obstructive sleep apnea-hypopnea syndrome (OSAHS).  

  Keywords     Optical coherence tomography   •   Retinal nerve fi ber layer   •   Migraine   • 
  Neurosarcoidosis   •   Schizophrenia   •   Obstructive sleep apnea-hypopnea syndrome  

9.1         Introduction 

 Optical coherence tomography (OCT) is a relatively recent, reproducible, noninva-
sive, noncontact in vivo imaging technique similar to ultrasonography except that it 
uses infrared wavelengths and has a sensitivity of 8–10 μm. It has been used as an 
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imaging technique for evaluating the retinal nerve fi ber layer (RNFL), ganglion cell 
layer (GCL), and choroid in various neuro-ophthalmological disorders [ 1 ,  2 ]. 
Moreover, the new-generation spectral domain OCT (SD-OCT) devices use special 
software techniques, such as enhanced depth imaging (EDI) program, to acquire 
high-resolution OCT images and effectively evaluate the choroidal thickness [ 3 ,  4 ]. 
Numerous studies have demonstrated different retinal and choroid changes detect-
able with OCT in neurodegenerative disorders such as multiple sclerosis, Alzheimer’s 
disease, and Parkinson’s disease [ 5 – 8 ]. In this chapter we present an update on the 
use of OCT in other neurological disorders, such as migraine, neurosarcoidosis, 
schizophrenia and obstructive sleep apnea-hypopnea syndrome (OSAHS).  

9.2     Optical Coherence Tomography in Migraine Patients 

 Migraine, one of the most common debilitating disorders in the world [ 9 ], is a 
chronic and episodic neurological disease presenting with recurrent attacks of typi-
cally unilateral, moderate-to severe headaches capable of causing signifi cant dys-
function [ 10 ,  11 ]. The prevalence of chronic migraine ranges between 1 and 3 % of 
the population [ 12 ]. The pain is generally aggravated by physical activity and is 
often in association with a number of autonomic nervous system symptoms, such as 
nausea and vomiting [ 13 ]. There are two types of migraine: migraine with aura, 
namely classic migraine, and migraine without aura or common migraine [ 14 ]. The 
migraine aura is a combination of focal neurological disturbances which are seen 
prior to an attack, during an attack, and rarely following an attack [ 15 ]. It usually 
lasts for less than one hour. In up to one-third of migraneurs the headache is pre-
ceded by transient neurological and sensory symptoms, most frequently visual [ 16 ]. 
Accompanying ocular symptoms may include periorbital pain, photophobia, or 
other visual complaints. Because of this, ophthalmologists are often the fi rst doctors 
to evaluate migraine patients. Moreover, migraine is a well-known risk factor for 
developing glaucoma [ 17 ]. 

 Although its pathophysiology is still unclear [ 18 ,  19 ], migraine is a multifactorial 
syndrome precipitated by intrinsic or extrinsic factors in individuals with a genetic 
predisposition [ 20 ]. Several mechanisms have been proposed, including the vasogenic, 
neurogenic, hormonal and genetic hypotheses [ 20 ,  21 ]. A prolonged vasospasm in the 
occipital hemisphere followed by vasodilation, detected by transcranial Doppler ultra-
sound in migraine patients, is the most accepted theory in the explanation of migraine 
attacks with visual aura [ 9 ,  16 ,  22 ]. In certain patients, the reduction in brain blood 
fl ow secondary to cerebral vasospasm has been shown to start from other parts of the 
brain or even in tissues located outside the brain, especially in the retina [ 23 – 25 ]. 
Ocular blood fl ow can be estimated by color duplex imaging, Doppler fl owmetry and 
laser speckle contrast imaging. Improvements in OCT software, like the “enhanced 
depth imaging OCT” (EDI-OCT), or the more recent “swept source OCT” (SS-OCT), 
have provided the method to explore the choroidal structure [ 13 ]. Besides an increased 
risk for ischemic stroke [ 26 ,  27 ], local infarctions caused by retinal artery occlusions 

A. Grzybowski et al.



169

have been reported in migraine patients with aura [ 23 ,  24 ]. Furthermore, in chronic 
migraine, the altered perfusion in retinal microcirculation would cause ganglion cell 
death, leading to permanent structural abnormalities of the retina [ 18 ]. 

 A few studies have investigated the RNFL thickness in patients who have 
migraine with and without aura by using scanning laser polarimetry [ 19 ] or optical 
coherence tomography [ 14 ,  15 ,  18 ,  28 – 31 ]. According to these authors, the RNFL 
thinning would be secondary to the neurodegenerative changes in the central ner-
vous system (CNS) after ischemia in the migraine patients with aura (Table  9.1 ).

   The choroid is the vascular compartment of the eye and is directly infl uenced by 
intraocular and perfusion pressures [ 13 ]. It supplies oxygen and nutrients to the outer 
retina [ 15 ]. In fact, the major blood supply to the retina is the choroid, especially in 
darkness, where 90 % of the oxygen comes from choroidal circulation [ 30 ]. In term 
of accuracy of measuring choroidal thickness, SD-OCT is even better than histology, 
as this cannot estimate the thickness of the living choroid [ 32 ]. Nevertheless, although 
it is not clear the relationship between choroidal thickness and choroidal blood fl ow, 
changes in choroidal thickness were recently described as a consequence of the vaso-
dilatory effect on choroidal circulation of certain drugs, including sildenafi l and ciga-
rette smoking [ 33 ,  34 ]. Likewise, choroidal thickness has been reported to be reduced 
in high myopia, retinal dystrophy and age-related choroidal atrophy, whereas 
increased choroidal thickness was reported in Vogt-Koyanagi- Harada disease and 
central serous chorioretinopathy [ 34 – 39 ]. According to the above-mentioned articles, 

   Table 9.1    RNFL thickness in patients with migraine   

 Author, year, 
(Ref.) 

 Imaging 
technique  Findings 

 Tan et al. 2005 
[ 19 ] 

 SLP  No differences in RNFL thickness between patients with 
migraine & healthy controls 

 Martínez et al. 
2008 [ 18 ] 

 TD-OCT  Mean RNFL thickness in migraineurs was similar to that of 
controls, but RNFL thickness in temporal quadrant was thinner 
in patients compared to normal people 

 Martínez et al. 
2009 [ 28 ] 

 TD-OCT  A signifi cant difference between the migraine patients with aura 
and those without aura 

 Gipponi et al. 
2013 [ 29 ] 

 SD-OCT  No signifi cant differences in foveal thickness and total macular 
volume in female migraine patients compared to healthy women, 
but demonstrated a signifi cant thinning in the RNFL thickness in 
the superior quadrant in the female migraine patients 

 Sorkhabi et al. 
2013 [ 14 ] 

 SD-OCT  Nasal quadrant RNFL thickness was signifi cantly thinner in 
migraine patients compared with that of age-matched healthy 
individuals 

 Ekincy et al. 
2014 [ 15 ] 

 SD-OCT  A thinning of the RNFL and GCL only in patients who had 
migraine with aura 

 Simsek et al. 
2015 [ 30 ] 

 SD-OCT  Migraine disease with or without aura does not have any effect on 
the thickness of the RNFL 

   Abbreviations :  SLP  scanning laser polarimetry,  TD-OCT  time-domain optical coherence tomogra-
phy,  SD-OCT  spectral-domain optical coherence tomography,  RNFL  retinal nerve fi ber layer,  GCL  
ganglion cell layer  
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migraine seems to be a neurovascular disorder in which there is a reduction in the 
central retinal artery and posterior ciliary artery blood fl ow; the choroidal thinning 
would be an expected clinical outcome in patients with migraine. Likewise, a thinning 
of the choroidal layer is observed in migraine patients both with aura and without aura 
[ 15 ]. Dadaci et al. were the fi rst authors to estimate the changes in the choroidal thick-
ness during the attack episode in migraine patients using EDI-OCT [ 11 ]. They 
observed a signifi cant increase in the choroidal thickness during the migraine attack. 
Ekinci et al. reported a signifi cant thinning of the RNLF, GCL and choroid in migraine 
patients with aura, but no signifi cant differences in RNFL and GCL measurements 
between migraine patients without aura and healthy individuals [ 15 ]. Zengin et al. 
[ 13 ] evaluated choroidal thickness by using SD-OCT in patients who had migraine 
and compared the results with healthy subjects. To avoid the possible effects of sys-
temic drugs, only recently diagnosed migraine patients who were not using any medi-
cation and were non-smokers were included. The difference in choroidal thickness 
between migraineurs (276.8 ± 37.8 μm) and controls (300.4 ± 24.9 μm) was signifi -
cant (p = 0.001). Although it is not easy to obtain OCT images during a painful epi-
sode, an acute decrease in choroidal thickness of approximately 45 μm was reported 
during the attack period when compared to basal levels in a small group of fi ve 
patients [ 13 ]. Nevertheless, there was no correlation between severity and type of 
migraine with choroidal thickness (p > 0.05). This decrease in mean choroidal thick-
ness may be related to the vasogenic etiology of migraine. Autonomic nervous system 
dysfunctions are often reported in migraine patients and related to trigeminovascular 
pain pathway activation. They are commonly ipsilateral to the headache and provide 
another explanation for the increased choroidal thickness during the migraine attack 
[ 40 – 42 ]. The reproducibility of this technique is high, although the relatively long 
duration of manual measuring of choroidal thickness (5 min per scan), may lead to 
observer fatigue and increase the possibility of false measurements [ 43 ]. 

 In conclusion, peripapillary RNFL thickness and choroidal thickness measure-
ment by using SD-OCT could be a new interesting method to evaluate the migraine 
patients, identifying localized neuronal loss.  

9.3     Optical Coherence Tomography in Neurosarcoidosis 

 Sarcoidosis is a granulomatous disease of unknown origin that can affect most of 
the organs of the body, although the lungs, skin, lymph nodes (mainly thoracic), 
liver and the eyes, are most commonly affected. The non-caseating granulomas are 
formed by macrophages, epithelioid cells and lymphocytes, and can be found in 
different organs after an abnormal immune response of the body [ 44 ,  45 ]. Its inci-
dence is low in people from countries such as Japan or Spain (0.2–2 out of 100,000), 
but is very high in Scandinavian and African origin patients (5–82 out of 100,000). 
It usually appears before 50 years of age; however, the incidence is higher between 
20 and 39 years [ 44 – 47 ]. 
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 Sarcoidosis is diagnosed after radiologic, clinical and histologic fi ndings. 
Differential diagnosis includes other granulomatous diseases, lymphoma, adverse 
reactions to certain drugs or infections such as tuberculosis or fungal infections [ 46 ]. 

 Although often asymptomatic, sarcoidosis can show various clinical signs, 
depending on the organs that are affected. Common symptoms including fatigue, 
weakness, asthenia, dry cough, dyspnea, weight loss, fever, erythema nodosum, 
joint pain, presence of lymph nodes and night sweating [ 45 ,  46 ]. 

 Sarcoidosis can affect the CNS in 5 % of cases, thus being called neurosarcoid-
osis [ 44 ,  48 ,  49 ]. Basal leptomeninges are usually affected, causing cranial polyneu-
ropathies, aseptic meningitis, hydrocephalus and polyradiculopathy. Cranial 
neuropathies are also frequently present, mainly showing facial palsy, but also alter-
ation of the cranial nerve VIII and, less commonly, nerves V, VI, IX and X. Other 
possible neurologic symptoms are seizures, fever, headaches or dysfunction of the 
hypothalamic-pituitary axis [ 48 – 50 ]. 

 The most frequent ophthalmologic fi nding in sarcoidosis is anterior granuloma-
tous uveitis with mutton-fat endothelial precipitates. Less common ocular manifes-
tations include conjunctival nodules, dry eye, iris nodules, vitritis, intermediate 
uveitis with aggregates of infl ammatory cells in the vitreous (snowballs), posterior 
segment uveitis with associated macular edema, choroiditis and perivascular sheath-
ing [ 44 ,  46 ,  51 ]. 

 Nevertheless, in neurosarcoidosis, even though anterior uveitis is still the most 
common alteration, other important signs that can be found include optic neuropa-
thy, followed by cranial nerve involvement (mainly diplopia caused by common 
ocular motor nerve palsy) [ 52 – 55 ]. 

 Some studies have analysed choroidal and retinal granulomas in sarcoidosis 
[ 56 – 58 ]. They were described as hyporefl ective choroidal thickening with thinning 
of the overlying choriocapillaris [ 56 ]. The study was made with SD-OCT in the 
case of retinal granulomas and with EDI-OCT in choroidal granulomas [ 56 ]. After 
treatment with corticosteroids, the granulomas decreased their size or even disap-
peared [ 56 ]. 

 A few case reports of cystoids macular edema (CME) in patients with posterior 
uveitis or panuveitis and sarcoidosis can also be found. In these cases OCT helped 
to make the diagnosis of sarcoidosis and to make a detailed study of the macular 
edema and its favorable evolution following treatment [ 59 – 61 ]. On the other hand, 
a thinning of the choroid has been described when the posterior uveitis is not active 
in patients with sarcoidosis [ 62 ]. 

 As in other neurologic diseases, OCT can show alteration of the optic nerve in 
sarcoidosis [ 61 ]. Peripapillary RNFL abnormalities could be detected and, even 
when the patients showed no ophthalmologic clinical signs, the RNFL was thin-
ner when compared with healthy controls, likely being a consequence of previ-
ous optic neuropathy [ 61 ]. Macular thickness had decreased in numerous patients, 
probably as a result of neuropathy and/or repeated CME in uveitis [ 61 ]. Increased 
RNFL thickness was found in some patients, probably as a manifestation of optic 
neuritis [ 62 ].  
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9.4     Optical Coherence Tomography in Schizophrenic 
Patients 

 Schizophrenia is a devastating mental condition which involves one of the most 
important psychiatric disorders from the viewpoint of public health [ 63 ]. The course 
of the disease is often chronic and highly variable, causing a great loss of quality of 
life of patients and their families, as well as a high social cost. Only in the USA over 
2 million people are affected by this disorder [ 64 ]. 

 Schizophrenia is a clinical syndrome with a variable psychopathology that affects 
cognition, emotion, perception, and other behavioural aspects. The expression of 
these manifestations is different in each patient and varies with time [ 65 ,  66 ]. However, 
schizophrenia lacks a clearly defi ned or diagnostic neuropathological signature and 
its etiology remains poorly understood. The diagnosis of schizophrenia is still based 
on clinical history and symptoms observed and reported by the patient [ 67 ,  68 ]. 

 The best validated neuropathological abnormalities include possible reductions 
of neuronal density in the thalamus, reductions in the number of some interneurons 
and in the number and function of oligodendrocytes [ 69 ]. Neuroimaging techniques, 
such as structural magnetic resonance imaging (sMRI) and functional magnetic 
resonance imaging (fMRI), have been extensively studied in recent years aiming at 
developing new diagnostic biomarkers for schizophrenia. These studies have been 
very important to try to understand the biological substrate of the disease. The most 
striking abnormal fi ndings include white and gray matter abnormalities [ 70 – 72 ]. 
Nevertheless, it is diffi cult to establish solid conclusions regarding the precise neu-
ropathological changes that underlie these neuroimaging fi ndings [ 73 ,  74 ]. 

 One of the diffi culties in measuring brain volumes in schizophrenic patients with 
MRI is that the volumetric loss is less than 4 % per year, which may be near the limit 
of detection by MRI, known the precision of the volumetric methods [ 75 ]. In the 
search for new biomarkers in schizophrenia, which may be obtained quickly, non- 
invasively and with less cost than MRI, lie the observable changes in the retina, as 
this through the optic nerve is not more than a projection of CNS. Jindahra et al. 
[ 76 ] reviewed the utility of OCT in clinical practice of neurological diseases such as 
multiple sclerosis, neuromyelitis, Alzheimer's disease and Parkinson's disease. The 
decrease of RGCs observed in these disorders can refl ect degenerative changes in 
the brain. Therefore, they proposed RNFL thickness as a biological marker in these 
disorders. Similarly, it was thought that measurement of macular thickness and vol-
ume by OCT could refl ect neuronal cell bodies and allow to quantify the neuronal 
loss [ 77 ]. 

 In 2010, a preliminary study relating the schizophrenic disease with RNFL thick-
ness changes measured by OCT was published [ 78 ]. This study showed that patients 
with schizophrenia have a decreased peripapillary RNFL thickness. This reduction 
was statistically signifi cant, both in terms of value average (in all four quadrants) 
RNFL thickness as in relation to nasal quadrant (Fig.  9.1 ).

   A similar research has been carried out by Chu et al. in patients with schizophre-
nia [ 79 ]. In this study, which included 38 patients with schizophrenia and 11 patients 
with schizo-affective disorder, no statistically signifi cant differences were found in 

A. Grzybowski et al.



173

the RNFL thickness globally and individually in each of its quadrants between 
healthy controls and patients. However, it was observed that patients with schizo- 
affective disorder had RNFL nasal quadrant thickness of the right eye statistically 
decreased than those patients with schizophrenia. This difference from the previous 
study may be due to these authors recruited patients with fi rst episode of psychosis 
and included in their sample not only patients with schizophrenia, but also patients 
with schizo-affective disorder. Moreover, an inverse and signifi cant association was 
found between the values of macular volume in patients with schizophrenia and 
schizo-affective disorder and the severity of positive symptomatology. Also, if the 
analysis took into account only the patients with schizophrenia this association 
between macular volume and severity of positive symptoms was stronger [ 79 ]. 

 Recently, Lee et al. reported that schizophrenic patients showed a statistically 
signifi cant reduction in overall peripapillary RNFL thickness, macular thickness, as 
well as macular volume. Furthermore, the degree of thinning and reduction was 
more signifi cant in the chronic phase of the disease and correlated with the duration 
of illness [ 80 ]. 

 There is still the controversy in schizophrenia in relation to neurodegenerative 
model, that begins at about the time of symptom onset and manifests as progressive 
volumetric loss thereafter, and neurodevelopmental model that results in abnormal brain 
volume beginning at an early age [ 81 ], so that only longitudinal studies using OCT may 
help to clarify the underlying neurobiological processes in both models [ 82 ,  83 ].  

9.5     Optical Coherence Tomography in Obstructive Sleep 
Apnea: Hypopnea Patients 

 Obstructive sleep apnea–hypopnea syndrome (OSAHS) is part of a broad group of 
disorders known as  “sleep-related breathing disorders” . OSAHS is characterized 
by brief episodes of complete or partial upper airway collapse during sleep, 
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  Fig. 9.1    OCT showing decreased peripapillary RNFL thickness specifi cally in nasal quadrant in a 
patient with schizophrenia       

 

9 Other Neurological Disorders: Migraine, Neurosarcoidosis, Schizophrenia



174

causing an increased thoraco-abdominal effort and decreased arterial oxygen satu-
ration, leading to an arousal response which takes the form of apneas and periodic 
hypopneas during sleep [ 84 ]. This fact produces an excessive daytime sleepiness. 
Local and systemic infl ammation play an important role in the pathogenesis of 
OSAHS, contributing to anatomic narrowing of the upper airway, increased col-
lapsibility of the airway tissues, and abnormalities in refl exes that affect upper 
respiratory tract caliber and pharyngeal inspiratory muscle function [ 85 ]. In 
OSAHS, balance between vasodilators, such as nitric oxide, and vasoconstrictors 
such as endothelin, is disturbed [ 86 ]. As well as hypoxia-reoxygenation pattern 
contributes to the activation of sympathetic system [ 87 ]. Moreover, there is some 
evidence that OSAHS is a risk factor for neurovascular and cardiovascular dis-
eases. Arterial hypertension, cardiac arrhythmia and/or ischemia, congestive heart 
failure, and cerebrovascular disease are events more likely in the presence of the 
obstructive sleep disturbance [ 88 ,  89 ]. 

 Clinical features of OSAHS have inspired studies about brain structural abnor-
malities in this disease. MRI studies have reported a loss of gray and white matter 
in certain brain areas, suggesting a premature CNS degeneration in patients suffer-
ing from OSAHS [ 90 ,  91 ]. 

 In the last few years, multiple investigators have studied the relationship between 
the apneic syndrome and some ophthalmological disorders such as fl oppy eyelid 
syndrome [ 92 – 95 ], retinal vein occlusion [ 96 ], central serous chorioretinopathy [ 97 , 
 98 ], and certain optic nerve dysfunctions. Thus, papilledema and increased intracra-
nial pressure have been reported in OSAHS patients [ 99 ,  100 ], improving after con-
tinuous positive airway pressure (CPAP) treatment [ 101 ,  102 ]. It was postulated that 
non-arteritic anterior ischemic optic neuropathy has a higher incidence in patients 
with the apneic dysfunction [ 103 ]. Likewise, an increased frequency of normal and 
high tension glaucoma in patients with OSAHS was shown [ 104 – 109 ]. 

9.5.1    Peripapillar Rnfl  Findings in Apneic Disorder 

 However, the latest research reveals a diffuse loss of ganglion cells in the optic 
nerve of patients with apnea, without the characteristics of glaucomatous neuropa-
thy, including generalized/focal enlargement of the cup, usually at superior and 
inferior poles, accompanied of visual fi eld defects as nasal step, paracentral or arcu-
ate scotomas, or arcuate blind spot enlargement [ 110 ]. Kargi et al. [ 111 ] published 
a diffuse loss of RNFL thickness measured with GDx polarimetry in patients with 
OSAHS. Sagiv et al. [ 112 ] and Lin et al. [ 113 ] in the same group of patients detected 
a decresased RNFL thickness in the superior, inferior and temporal quadrants com-
pared with a control group. Reduction in the peripapillary RNFL thickness was also 
confi rmed by Moghimi et al. [ 114 ] (with laser polarimetry GDX®), Lin [ 115 ], Xin 
[ 116 ] and Gutiérrez-Díaz [ 117 ]. Nevertheless, they did not exclude patients with 
glaucoma, what could have infl uenced their results. All these studies suggest a dif-
fuse loss in the RNFL without any preferential location. On the other hand, Casas 
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et al. [ 118 ] found a localized RNFL reduction in nasal sector of optic nerve in 
OSAHS patients (Fig.  9.2 ).

   Zengin et al. [ 119 ] described in OSAHS patients a progressive thinning of RNFL 
thickness, over 1 year-follow up, in spite using CPAP device. In addition, severe 
OSAHS patients showed a greater decrease of RNFL thickness compared with 
mild-moderate OSAHS and controls [ 113 ,  120 ]. Furthermore, certain studies have 
found a signifi cant negative correlation between the RNFL thickness and apnea- 
hypopnea index (AHI) [ 111 ,  119 – 121 ]. 

 Despite these promising impressions, opposing results have also been pub-
lished. Nowak et al. [ 122 ] and Adam et al. [ 123 ] found no signifi cant differences 
between OSAHS and controls regarding the average RNFL thickness. Salzgeber 
et al. [ 124 ] found no differences in RNFL and optic nerve morphological param-
eters in their study with laser polarimetry GDX® and confocal laser scanning HRT 
II ®. Thus, there is no consensus whether the severity of OSAHS refl ects the 
RNFL thickness. 

 Although several theories have been proposed, the pathogenesis of optic nerve 
damage in OSAHS is complex and remains still unknown. Thus, recurrent episodes 
of nocturnal hypoxia during apnea may result in direct anoxic damage, or in an 

  Fig. 9.2    Reduction of the peripapillary RNFL thickness in the nasal quadrant of the left eye in an 
OSAHS patient ( arrow )       
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indirect effect on optic nerve head blood fl ow, vascular dysregulation of the optic 
nerve by OSAHS could result from hypoxia-induced imbalance between nitric 
oxide and endothelin [ 125 ]. Another presumption is the recurrent papilledema, 
which would be secondary to a hypoxemic cerebral vasodilation phenomenon. The 
perpetuation of RNFL swelling could lead to a cellular loss, with the consequent 
thinning of RNFL as the disease progresses [ 118 ]. Based on this idea, Huseyinoglu 
et al. [ 120 ] do not approve OCT to demonstrate neurodegeneration in OSAHS 
patients, considering that different confusing data such as normal or increased 
RNFL thickness as a result of optic nerve subtle edema, could mask possible peri-
papillary axonal loss.  

9.5.2    Macular and Choroidal Findings in Apneic Disorder 

 On the other hand, Casas et al. [ 118 ] reported that temporal inner macular thickness 
was signifi cantly higher in mild–moderate OSAHS compared to severe patients and 
controls. Xin et al. [ 126 ] found that macular and foveal thickness in nasal area of 
healthy individuals were signifi cantly thinner than those in OSAHS patients with 
severe disorder, whereas subfoveal and nasal choroid were thinner in severe OSAHS 
comparing to controls. They suggested that a sympathetic nervous regulation disor-
der exists in OSAHS patients because of chronic intermittent hypoxia, which is 
followed by changes in the structure of the normal retina and choroid. However, the 
authors did not exclude the subjects having systemic diseases, such as arterial 
hypertension, what could be a possible error source. Nevertheless, Bahyan et al. 
[ 127 ] confi rm the difference in choroidal thickness between severe OSAHS versus 
moderate-controls in a group of patients without systemic pathologies. 

 The proposed hypothesis for these fi ndings is in relation with the double retinal 
blood supply from the central retinal artery and the choroid. The inner retina is pro-
vided by retinal blood vessels and is sensitive to tissue oxygen partial pressure 
changes. Thus, anoxia may result in an increased blood fl ow to the retina [ 128 ]. On 
the other hand, outer retina and choroid is supplied by choroidal system. The adap-
tation of choroidal resistance is achieved through the sympathetic nervous system 
[ 129 ]. The hypoxia-reoxygenation pattern and sleep fragmentation associated with 
OSHAS contribute to the activation of sympathetic system. Thus, expecting choroi-
dal structural changes is reasonable. 

 There are also studies presenting no macular and choroidal disturbances in 
apneic patients [ 113 ,  130 – 132 ], Zengin et al. [ 130 ] and Karaca et al. [ 131 ] com-
pared choroidal thickness in patients recently diagnosed with OSAHS and 
healthy controls and found that the difference in mean choroidal thickness was 
not statistically signifi cant. Furthermore, choroidal thickness did not signifi -
cantly differ among mild, moderate, and severe OSAHS groups and no correla-
tion between AHI and choroidal thickness was found [ 130 ,  131 ]. Khayi et al. 
[ 132 ] did not found any differences in choroidal vascular responses to posture 
and exercise between healthy control subjects and healthy OSAHS patients. 
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Similar results were reported by Lin et al. [ 113 ] regarding to macular thickness 
in OSAHS patients and controls. 

 Tonini et al. [ 133 ] studied vascular choroidal reactivity during hyperoxia and 
hypercapnia with choroidal laser Doppler fl owmetry. Patients with OSAHS, with-
out comorbidities, and control subjects exhibited similar choroidal reactivity during 
hyperoxia and hypercapnia. The author suggested that other microvascular comor-
bidities as atherosclerosis or arterial hypertension had an important role in the cho-
roidal vascular regulation and healthy individuals with OSAHS have long-term 
adaptive mechanisms active in ocular microcirculation.   

9.6     Conclusions 

 The presented analysis shows that different retinal and choroidal changes were 
detected by OCT in diseases such as migraine, neurosarcoidosis, schizophrenia and 
OSAHS. Nevertheless, they were based on different OCT generations (what could 
have infl uenced the precision and repeatability of the results), different patients 
populations (with or without concomitant disorders, different stage of the diseases, 
etc.), and different methodology. They also provided different, and sometimes 
opposite, results. Most of them, however, confi rm the usefulness of OCT studies in 
different neurodegenerative conditions. Moreover, it is clear that non-invasive char-
acter and increasing precision, reliability, as well as the increasing number of ocular 
structures to be studied make OCT a promising technique for future studies.     
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    Chapter 10   
 Hereditary Optic Neuropathies                     

       Piero     Barboni     ,     Giacomo     Savini      , and     Alfredo     A.     Sadun    

    Abstract     Optical coherence tomography (OCT) has improved our understanding 
of hereditary optic neuropathies like Leber’s hereditary optic neuropathy (LHON) 
and dominant optic atrophy (DOA). These diseases differentially involve different 
zones of retinal nerve fi bers that progress around the ONH as a wave. 

 LHON carriers show a thickening of the peripapillary retinal nerve fi ber layer 
(RNFL) in the temporal quadrant, due to a preferential involvement of the papillo-
macular bundle. Once visual loss occurs, the RNFL reveals an early swelling of the 
temporal fi bers, whose thickness start decreasing soon because of atrophy. A simulta-
neous thickening takes place in the inferior RNFL sectors for the fi rst 3 months, after 
which the fi bers begin to thin. The superior and nasal sector are involved later. Once 
the optic nerve is atrophic, all RNFL quadrants are thinner. Analysis of the optic nerve 
head (ONH) reveals that larger optic discs are associated with a better prognosis. 

 In DOA, the RNFL reveals diffuse atrophy in all quadrants. The RNFL thinning 
is more pronounced in the temporal and inferior quadrants and less evident in the 
superior and nasal ones. Analysis of the macular ganglion cells suggests an earlier 
involvement of the macular area.  

  Keywords     LHON   •   DOA   •   Mitochondria   •   OCT   •   mtDNA   •   RNFL   •   Retinal 
Ganglion Cell   •   RGC   •   Macular Microcyst   •   Optic Disk  

     Hereditary optic neuropathies are diseases affecting the optic nerve. They may pre-
sented as isolated optic neuropathies or in association with systemic diseases. The 
minimum point prevalence of hereditary optic neuropathies is 1 per 10,000 subjects 
[ 1 ]. The most common isolated optic neuropathies are: Leber’s Hereditary Optic 
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Neuropathy (LHON) and Dominant Optic Atrophy (DOA). They both share a mito-
chondrial pathogenesis that leads to the selective loss of retinal ganglion cells and 
axons, in particular of the papillo-macular bundle. Over the last decade optical 
coherence tomography (OCT) has been extensively used to investigate the changes 
occurring in and optic nerve and macular areas in these diseases. 

10.1     Leber’s Hereditary Optic Neuropathy 

 Leber’s hereditary optic neuropathy is a maternally inherited genetic disorder usually 
leading to large bilateral centrocecal scotomas in otherwise healthy young adults [ 2 , 
 3 ]. It predominantly affects men and is related to retinal ganglion cell (RGC) degen-
eration and axonal loss in the optic nerve [ 4 ,  5 ]. The smaller-caliber fi bers of the 
papillomacular bundle are selectively lost at a very early stage of the pathologic pro-
cess, which eventually extends to the rest of the nerve, leading to optic atrophy [ 6 ,  7 ]. 

 Leber’s hereditary optic neuropathy has been associated with mitochondrial 
DNA (mtDNA) mutations. The three most frequent worldwide and well-established 
pathogenic mutations affect nucleotide positions 11778, 3460, and 14484, respec-
tively, in ND4, ND1, and ND6 subunit genes of complex I [ 2 ,  3 ]. The mtDNA muta-
tion is necessary but not suffi cient to induce the disease. Other, still poorly defi ned, 
genetic or environmental factors may be implicated [ 8 ]. Thus, penetrance in LHON 
is not complete and may vary even in different sub-branches of the same family 
harboring a homoplasmic mtDNA mutation [ 9 ]. 

 Clinically, most patients with LHON go through pre-symptomatic ophthalmo-
scopic changes before the acute phase, characterized by visual loss, developes. 
Ophthalmoscopic features, already present at the presymptomatic stage, include peri-
papillary microangiopathy, small vessel tortuosity, swelling of the retinal nerve fi ber 
layer (RNFL) and lack of vessel leakage at fl uorescein angiography [ 10 ,  11 ]. These 
characteristics may wax and wane throughout life in many carrier subjects. Once the 
disease becomes symptomatic and the patient experiences loss of central vision, the 
vascular changes increase with swelling of the superior and inferior fi ber arcades and 
rapid loss of the papillomacular bundle [ 11 ,  12 ]. As the pathologic process pro-
gresses, temporal pallor may become evident. Then nerve fi ber swelling decreases 
concomitantly with the extension of optic disc pallor toward complete atrophy; vas-
cular changes follow a similar pattern. By 6 months after onset, optic atrophy is usu-
ally evident, and visual loss stabilizes, having reached the nadir [ 13 ,  14 ]. The chronic 
phase is universally reached by 1 year after onset. Rare reports described a stepwise 
worsening of visual acuity, whereas some individuals may recover different degrees 
of visual acuity, more frequently those harboring the 14484 mutation [ 2 ,  3 ,  14 ]. 

10.1.1     Retinal Nerve Fiber Layer Analysis 

 Optical coherence tomography has been used to investigate the RNFL of LHON 
unaffected carriers [ 15 ], as well as LHON affected patients in the early and atrophic 
stage of the diseases [ 16 ]. 
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 As regards LHON unaffected carriers, a signifi cant thickness increase has been 
observed in the temporal RNFL quadrant and, in males, it also in the inferior quadrant 
(Fig.  10.1 ) [ 15 ]. This fi nding confi rms that in subclinical LHON the papillomacular 
bundle is selectively affected. The preferential involvement of the papillomacular 
bundle has been linked to the disadvantageous energetic conditions of small axons 
from macular parvocellular retinal ganglion cells. These small fi bers have a high fi ring 
rate, and are thought to be very energy dependent [ 6 ]. A mathematical model of these 
fi bers and their susceptibility to mitochondrial dysfunction, predicts the pattern of 
fi ber involvement in LHON as shown by histology and morphology [ 7 ,  17 ,  18 ]. Retinal 
nerve fi ber layer thickening seems mostly related to axonal swelling, which has been 
proposed to be a sign of impaired axonal transport, with redistribution of mitochondria 
within the dysfunctional retinal ganglion cells, particularly affecting the prelaminar, 
unmyelinated portion of the axons at the optic nerve head [ 6 ,  18 ]. Moreover, the peri-
papillary RNFL in LHON carriers showed higher thickness variability compared to 
controls, when measured at different time points [ 19 ]. The explanation of the RNFL 
variability could be either a compensatory mechanism (due to increased mitochon-
drial biogenesis) or an axonal stasis preceding the RGCs loss [ 6 ]. Another subclinical 
factor which may cause RNFL variability, is LHON microangiopathy [ 19 ].

   In the acute phase, and more precisely within 6 months after onset of the visual 
defect, RNFL analysis of LHON patients shows thickening in the superior and infe-
rior quadrants, whereas the temporal quadrant shows no signifi cant differences com-
pared to the controls (Fig.  10.2a, b ) [ 16 ]. Finally, once the optic nerve is atrophic, all 
quadrants of the peripapillary RNFL show a thinning of the fi bers. The lack of any 
thickening of the papillomacular bundle in the acute phase has been interpreted as 
early atrophy of the fi bers in this sector following the pseudo-edematous stage.

a b

  Fig. 10.1    ( a ) Peripapillary RNFL thickening more evident in the inferior quadrant of an unaf-
fected LHON-carrier. ( b ) The left eye optic disc of the same patient       

 

10 Hereditary Optic Neuropathies



188

   In the atrophic stage of the disease, patients with visual recovery maintain a 
thicker RNFL than the subgroup without visual recovery in all quadrants but the 
temporal one [ 16 ]. 

 Optical coherence tomography has also been used to investigate the temporal 
sequence of RNFL changes during the acute phase of LHON [ 20 ,  21 ]. The papillo- 
macular fi bers show marked swelling at the time of visual loss, but their thickness 
starts decreasing soon due to early atrophy. A simultaneous thickening takes place 
in the inferior RNFL sectors for the fi rst 3 months, after which the fi bers begin to 
thin [ 20 ]. These fi ndings are in good agreement with the larger temporal and inferior 
thickening observed in LHON carriers [ 15 ]. The superior and nasal sector are 
involved in a subsequent stage and show thickening after 3 months, when the other 
sectors are already in the atrophic phase [ 20 ]. The acute phase of LHON has proven 
to be a more dynamic and progressive phase than was previously envisaged, being 
characterized by a series of events lasting at least 3 months (Fig.  10.3a, b ) [ 20 ].

   A recent study on RNFL pattern of swelling and subsequent atrophy, hypothe-
sized a different natural course between patients carrying 11778 vs 14484 mutations 

  Fig. 10.2    ( a ) Acute phase of LHON with ( A ) peripapillary RNFL thickening, ( B ) early ganglion 
cell atrophy, ( C ) temporal pallor of the optic disc and ( D ), central scotoma in the visual fi eld. ( a ) 
RNFL thickness and deviation maps ( top ) RNFL progression analysis ( bottom ), ( b ) Progressive 
RNFL thinning in LHON from the acute ( top ) to the atrophic ( bottom ) stage, ( c ) RNFL thickness 
profi le         
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[ 22 ]. The RNFL thickening in early stage (<6 month from onset) and thinning in the 
late stage of the disease (>6 months) was signifi cant greater in 11778 patients than 
in 14484 [ 22 ]. These results could explained the different visual prognosis between 
mutations and establishes a correlation between the initial swelling of RNFL and 
the visual prognosis [ 22 ]. 

 OCT analysis of the RNFL in childhood LHON shows that in acute forms there 
is diffuse fi ber atrophy affecting all quadrants (Fig.  10.4a, b ) [ 23 ]. This fi nding 
holds for all acutely affected eyes, in both bilateral and unilateral forms. In this 
sense, the childhood forms do not differ from adult-onset ones. Slowly progressive 
forms show a signifi cant fi ber reduction in the temporal quadrant, which extends, 
albeit mildly, to the inferior quadrant, with relative preservation of fi bers in the other 
sector [ 23 ]. Finally, in eyes with a subclinical course of disease, the situation in 
terms of fi ber loss is comparable to that of slowly progressive forms, with preferen-
tial involvement of the temporal quadrant and, to a lesser extent, of the inferior one. 

Fig. 10.2 (continued)
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In these two atypical forms, slowly progressive and subclinical, the  ophthalmoscopic 
picture and pattern of fi ber loss, though clinically reminiscent of DOA, are more 
typical of LHON, since the damage remains limited to the papillomacular bundle 
without extending to other fi bers, as occurs in DOA [ 23 ].

   The three primary mtDNA mutations have different visual prognosis: worst for 
3460/ND1, intermediate for 11778/ND4, and better for 14484/ND6 [ 13 ]. OCT stud-
ies did not show any difference in RNFL thickness between chronic patients without 
visual recovery carrying 11778 and 3460 mutations [ 16 ]. Patients experiencing 
recovery of vision showed a thicker RNFL in all quadrants but the temporal com-
pared with patients without visual recovery [ 16 ]. 

 A recent study in a large cohort of Korean LHON patients demonstrated a similar 
pattern of RNFL thinning in patients carrying primary and secondary mtDNA muta-
tions, despite the better visual prognosis in patients with secondary mutation [ 24 ]. 

 There is evidence, also involving rare LHON mtDNA mutations of a variable 
pattern of RNFL thinning. For example, the 3890/ND1 mutation is associated with 
a bad visual prognosis and a severe thinning of the peripapillary RNFL [ 25 ].  
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  Fig. 10.3    ( a ) Progressive RNFL changes from the onset to the atrophic stage of LHON. The tem-
poral quadrant reveals early thickening, whereas the remaining quadrants undergo later thickening 
up to 3 months.  AVER  average,  INF  inferior,  NAS  nasal,  SUP  superior,  TEMP  temporal (Reproduced 
with permission from: Barboni et al. [ 20 ]). ( b ) Example of progressive RNFL thinning in a patient 
with atrophic LHON         
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10.1.2     Optic Nerve Head Analysis 

 Optical coherence tomography also enables to investigate the size of the optic 
nerve head (ONH). LHON carriers show a larger ONH than symptomatic patients 
and even healthy controls (Fig.  10.5 ) [ 26 ]. Therefore, it has been suggested that a 
larger ONH size, probably associated with less crowding of RGC axons, may rep-
resents a favorable prognostic factor and be a protective factor preserving LHON 
carriers from developing the acute phase of the disease. Moreover, since the 
LHON-affected subgroup of patients with visual recovery also had a signifi cantly 
larger ONH, this anatomic feature may also improve the visual prognosis and infl u-
ence the fi nal visual outcome in those individuals who develop the optic neuropa-
thy. After stratifying LHON affected and carrier patients by mtDNA mutations, 
11778, 3460 and 3733 carriers had larger optic nerve discs than affected [ 26 ]. 
14484 affected and carrier patients had the same disc size that was larger than the 
other mutations [ 26 ].

b

Fig. 10.3 (continued)
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   Moreover, ONH analysis in acute childhood LHON patients showed smaller 
optic disc areas compared with patients with slowly progressive and subclinical 
courses of the disease and controls (Fig.  10.4a ) [ 23 ]. 

 The role of the ONH size is likely to be related to the mechanical compression of 
the papillo-macular bundle fi bers, which are the fi rst and most severely affected in 
the subclinical and early stages. The subsequent swelling of the RNFL along the 
superior and inferior arcades, typical of the acute stage, may induce a mechanical 
compression of the temporal fi bers and thus trigger dysfunction and axonal death in 
the papillo-macular bundle. The greater space for nerve fi bers may reduce the risk 
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  Fig. 10.4    ( a ) Color fundus pictures of the right and left eyes. Acute bilateral LHON: Diffuse 
atrophy of the optic discs is evident without microangiopathy ( A ,  B ). Acute unilateral LHON: The 
affected eye ( C ) shows optic disc atrophy, more evident in the temporal quadrant, whereas the fel-
low eye ( D ), classifi ed as subclinical, reveals temporal atrophy of the optic disc, a mild degree of 
microangiopathy, and nerve fi ber layer swelling as the most prominent signs. LHON with a slowly 
progressive course: Temporal optic atrophy with mild nerve fi ber layer swelling of the other quad-
rant is detected in both eyes ( E ,  F ) (Reproduced with permission from: Barboni et al. [ 23 ]) .  ( b ) 
RNFL thickness in each quadrant of slowly progressive, acute, and subclinical Leber’s hereditary 
optic neuropathy ( LHON ), compared to that in the control group. Compared with the control 
group, the eyes with acute LHON showed a signifi cantly thinner RNFL in all quadrants. Patients 
with slowly progressive LHON presented a signifi cant reduction of the temporal quadrant and a 
not statistically signifi cant reduction of the inferior quadrant. Eyes with a subclinical course 
showed a reduction (although not statistically signifi cant) of the temporal quadrant and, to a lesser 
extent, of the inferior quadrant (Reproduced with permission from: Barboni et al. [ 23 ])         
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of focal compression of swelling axons and, in cases where the damage occurs, 
improve the chance of visual recovery.  

10.1.3     Retinal Ganglion Cell Analysis 

 The macular RGC layer is diffusely thinner in LHON affected patients [ 27 ,  28 ]. The 
early and preferential involvement of RGCs has been demonstrated in the acute 
stage of the disease [ 27 ,  28 ]. Ganglion cell analysis can detect early damage of the 
macular RGCs, which precedes axonal loss and RNFL thinning. Topographical 
analysis of the macular region demonstrated an early involvement of the inner ring, 
occurring at a higher extent than in the outer ring (Fig.  10.6 ) [ 29 ]. Moreover, analyz-
ing total macular thickness, the temporal quadrant of the outer ring became thinner 
earlier (within 3–6 months) than the superior and inferior quadrants (within 
6–9 months) [ 30 ]. These results confi rm the ability of OCT to study macular struc-
ture and the early involvement of nasal sectors corresponding to the papillo-macular 
bundle in LHON.

   Retinal segmentation of the macular region shows, in addition, that a minority 
(about 6 %) of LHON and DOA patients have microcystic changes in the inner 
nuclear layer (Fig.  10.7 ) [ 31 ]. Microcystic macular degeneration is present in the 
absence of any leakage at the fl uorescein angiography and has been related to focal 

  Fig. 10.5    Representative optic nerve head color pictures and OCT analysis ( DA  optic disc area, 
 VDD  vertical disc diameter) of a control subject ( A ,  E ,  I ), an LHON-affected patient with visual 
recovery ( B ,  F ,  J ), an LHON-affected patient without visual recovery ( C ,  G ,  K ), and an LHON carrier 
( D ,  H ,  L ) (OD) right eye, (OS) left eye. (Reproduced with permission from: Ramos Cdo et al. [ 26 ])       
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  Fig. 10.6    Progressive 
retinal ganglion cells 
atrophy in a patient with 
acute LHON. GC-IPL 
sectors and deviation map 
in pre-sypmtomatic 
stage ( a ), at 1 month ( b ), 
2 month ( c ) and 5 month 
( d ) from disease onset       
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retinal schisis induced by vitreous traction in association with RNFL atrophy [ 31 ]. 
Macular microcysts has been originally described in infl ammatory optic neuritis in 
MS and NMO, possibly correlating with the severity of the infl ammatory process 
[ 32 – 35 ]. However, macular microcysts have also been described in compressive 
optic neuropathy [ 36 ], in optic neuritis not due to MS [ 37 ,  38 ], and in glaucoma 
[ 39 ].

10.2         Dominant Optic Atrophy (DOA) 

 DOA is a similar hereditary degenerative optic neuropathy to LHON. However, 
DOA is due to a mutation in the nuclear genome. Most cases of DOA have been 
associated with mutations in the OPA1 gene on the long arm of chromosome 3q28–
q29, which encodes a dynamin-related GTPase targeted to mitochondria [ 40 ]. 
Seventy-fi ve percent of DOA patients have a mutation in OPA1 gene; two loci, 
OPA4 and OPA5, are associated to pure DOA, one X-linked, OPA2, and two reces-
sive, OPA6 and OPA7, and two syndromic recessive or dominant, OPA3 and OPA8 
[ 41 – 43 ]. DOA patients can be also defi ned by the mutation type: OPA1 mutation 
causing haploinsuffi ciency and OPA1 missense mutation [ 44 ]. 

a b

c

  Fig. 10.7    Microcystic macular degeneration in a patient with LHON. (a) red free fundus picture, 
(b) fl uorescein angiography and (c) corresponding HD-OCT line of the macula       
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 DOA has a clinical picture more insidious than that of LHON, as it is character-
ized by very slowly progressive bilateral visual loss starting in childhood and ulti-
mately leading to moderate or severe optic atrophy [ 45 – 48 ]. The disease has 
incomplete penetrance and variable expression between and within families; it 
ranges from subclinical manifestations to legal blindness. Twenty percent of DOA 
patients with OPA1 mutations have a more severe disease with neuromuscular fea-
tures (DOA plus) [ 49 ,  50 ]. 

10.2.1     Retinal Nerve Fiber Layer Analysis 

 OCT analysis of the RNFL in DOA reveals fi ber atrophy affecting all quadrants 
[ 51 – 53 ]. The retinal thinning involves the RNFL and RGC layers, whereas the pho-
toreceptor layers are morphologically unaffected (Fig.  10.8 ).

   The RNFL thinning is more pronounced in the temporal and inferior quadrants 
and less evident in the superior and nasal ones [ 51 – 53 ]. This pattern of RNFL atro-
phy is generally comparable to the pattern observed in LHON, confi rming the vul-
nerability of the small fi bers of the papillomacular bundle as a pathognomonic sign 

  Fig. 10.8    Peripapillary RNFL and macular ganglion cell analysis in a patient with DOA       
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of mitochondrial optic neuropathies. Patients with DOA plus disease show a more 
severe thinning of RNFL in all quadrants compared with simple DOA patients [ 53 ]. 

 The progressive fi ber loss in affected patients (0.19–0.20 μm/year for the 360° 
average measurement) is similar to that occurring with age in healthy subjects, 
where the loss ranges between 0.16 and 0.25 μm/year [ 54 – 56 ]. This observation, in 
combination to the smaller ONH of DOA patients (see the next paragraph), suggests 
that visual loss in DOA patients is related to progressive fi ber loss in eyes with 
already lower congenital or neonatal fi ber counts. 

 The pattern of fi ber loss, studied by OCT, in OPA8 patients did not differ from 
that found in OPA1 patients [ 57 ].  

10.2.2     Retinal Ganglion Cell Analysis 

 Spectral domain OCT of patients with DOA shows an earlier involvement of the 
macular RGCs, whose thickness is more reduced compared to that of the RNFL in 
patients with highest visual acuity [ 58 ,  29 ]. All macular sectors are involved and the 
thinner sectors were the nasal and inferior zones [ 29 ,  59 ]. As the disease progresses 
and visual acuity worsens, the macular RGCs measurements correlated with visual 
acuity losses better than measures of RNFL thinning (Fig.  10.8 ) [ 29 ,  59 ]. A geno-
type/phenotype correlation, stratifying OCT measurement by OPA1 mutation type, 
shows that missense mutations had the most severe reductions in both RNFL and 
macular RGCs thickness [ 29 ]. 

 Microcystic changes of the macular inner nuclear layer have been identifi ed in 
about 6 % of patients affected with DOA [ 31 ].  

10.2.3     Optic Nerve Head Analysis 

 Patients affected with DOA and carrying OPA1 gene mutations reveal a smaller 
ONH than controls (Fig.  10.9 ) [ 61 ]. Both the optic disc area and ONH diameters are 
signifi cantly smaller [ 61 ]. By stratifying these results according to OPA1 mutation, 
it is possible to identify different degrees of optic disc size, where the mutations 
range from those associated with a normal optic disc size to those associated with 
much smaller sizes and more severe clinical features of DOA. The proposed hypoth-
esis is that OPA1 expression regulates apoptosis, thereby playing an important role 
in the embryonic development of the eye and contributing to the determination of 
optic disc size and conformation. As stated in the previous paragraph, a constitutive 
low content of fi bers in the optic nerve and the age-related RNFL loss may explain 
the progressive visual loss in DOA. DOA patients with the lowest visual acuity have 
a smaller disc area, measured by OCT, compared to controls [ 60 ].
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   OCT analysis showed that DOA patients who do not recover vision on 
Idebenone therapy, have thinner RNFL and smaller ONH than patients with visual 
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  Fig. 10.9    Representative optic nerve head color pictures and OCT analysis of a DOA patient with 
a small optic disc ( A ,  C ,  E ), and a DOA patient with normal optic disc size ( B ,  D ,  F ).  DA  optic disc 
area,  VDD  vertical disc diameter (Reproduced with permission from: Barboni et al. [ 60 ])       
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recovery [ 61 ]. This result add further evidence for the prognostic value of OCT in 
therapeutic protocols.   

10.3     Conclusions 

 Over the last decade, OCT enabled us to better understand the diagnosis and follow-
 up of optic neuropathies. Moreover, the additional information achieved by OCT 
about the pathophysiology of this disease has improved our knowledge on the dis-
ease conversion and progression. In the next step, OCT will be able to indicate the 
timing and the prognosis of future therapeutic approaches.     
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    Chapter 11   
 Trans Neuronal Retrograde Degeneration 
to OCT in Central Nervous System Diseases                     
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    Abstract     The anterior visual pathway is composed of the axons from retinal gan-
glion cells, which form the optic nerve, optic chiasm, and optic tract, and synapse 
in the lateral geniculate nucleus (LGN). The posterior visual pathway is composed 
of axons from the LGN that form the optic radiations (OR) and project into the 
visual cortex. Anterior visual pathway can be affected by transneuronal retrograde 
degeneration secondary to posterior visual pathway lesins.  
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11.1         Introduction 

 The anterior visual pathway is composed of the axons from retinal ganglion cells, 
which form the optic nerve, optic chiasm, and optic tract, and synapse in the lateral 
geniculate nucleus (LGN). The posterior visual pathway is composed of axons 
from the LGN that form the optic radiations (OR) and project into the visual 
cortex. 

 About 90 % of the retinal axons synapse in the LGN, and travel with the optic 
radiations to the occipital cortex. The remain 10 % project into the pretectal region 
of the midbrain. 

 Damage from the posterior to anterior visual pathway requires its transmission 
through the synapses in the LGN by a process called retrograde trans-synaptic 
degeneration or trans-neuronal degeneration (Fig.  11.1 ).

   Retrograde trans-synaptic degeneration in humans is well known and has been 
demonstrated from the early twentieth century [ 1 ], but clinical evidence of trans- 
synaptic retrograde degeneration was controversial for many years. The reasons for 
this controversy were mainly three:

    (a)    The presence of retinal degeneration no related with the brain injury   
   (b)    The possibility of direct damage to the optic tracts in patients with occipitotem-

poral lesions and   
   (c)    The lack of good retinal neurohistology in humans.    

  The indirect analysis with different techniques like pattern electroretinogram 
[ 2 – 5 ], fundus photography and ophthalmic examination [ 6 ] were used but the 
results were contradictory. 

LGN LGN

LGN

Retinal damage

Visual
cortex

Visual
cortex
injury

Visual
cortex
injury

  Fig. 11.1    The visual pathway as a model to study trans-synaptic neuronal degeneration. 
 LGN  Lateral Geniculate Body       
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 In this condition, the advent of the Optical Coherence Tomography (OCT) and 
their subsequent use in neuro-ophthalmology allowed the fi rst reliable and repro-
ducible analysis of the retinal anatomy in humans. Since that moment it was possi-
ble to understand the trans-synaptic retrograde degeneration following damage of 
the central nervous system (CNS) pathways. 

 Levin suggested in 2005 that retrograde trans-synaptic degeneration of neurons 
of retinal ganglion cells and their axons in the optic nerve and the optic tract occurred 
only following prenatal (not post-natal) acquired damage to the posterior visual 
pathway [ 7 ]. 

 More recent studies demonstrated thinning of the retinal nerve fi ber layer (RNFL) 
using OCT [ 8 ] or thinning of the optic tract using MRI [ 9 ] in acquired damage. 

 The use of OCT to evaluate trans-synaptic retrograde degeneration has been 
described on different clinical settings such as congenital/long standing homony-
mous hemianopia, acquired homonymous hemianopia and neurodegenerative dis-
eases like multiple sclerosis or Alzheimer’s disease.  

11.2     Trans-Synaptic Retrograde Degeneration in Congenital/
Long-Standing Homonymous Hemianopia 

 The fi rst description of using OCT for trans-synaptic retrograde degenerating retinal 
nerve fi ber layer thinning was reported by Cowey [ 10 ]. One year later another 
group, published a report with two female patients with no visual symptoms and 
homonymous hemianopia secondary to an old occipital infarction showing a RNFL 
thinning in nasal and temporal regions compatible with the visual fi eld defi cit [ 11 ]. 

 These results were subsequently confi rmed by the same group with a higher 
number of patients (seven cases) [ 8 ]. In both studies there was a strong correlation 
between the size of brain lesion, visual fi elds and thinning of the retinal nerve fi ber 
layer, but it was not possible to determine an appropriate temporal sequence between 
the occipital damage and thinning of the RNFL due to the lack of the exact timing 
of occipital damage and no follow-up of patients in this series.  

11.3     Trans-Synaptic Retrograde Degeneration by OCT 
in Acquired Homonymous Hemianopia 

 Jindahra et al. described by fi rst time retinal nerve fi ber layer thinning in a series of 
19 cases with acquired homonymous hemianopia in 2009 [ 8 ]. The observed thin-
ning had the same characteristics and magnitude as previously described in patients 
with congenital defects. 

 In 2012, 15 patients with homonymous hemianopia or smaller homonymous 
visual fi eld defects with occipital cerebral infarction were studied by OCT after the 
onset of stroke and follow-up in the next years. All patients with homonymous 
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hemianopia showed a retinal nerve fi ber layer thinning with a decreasing trend dur-
ing the period of measurement [ 12 ], maximal in the fi rst years after the occipital 
injury, followed by a much slower rate the following years. 

 Similar results were observed in another study comparing 46 patients with occip-
ital infarction and 46 healthy controls [ 13 ]. The RNFL thickness was reduced sig-
nifi cantly as early as 3.6 months in the superior, inferior, and nasal quadrants in the 
contralateral eyes and in the superior, inferior, and temporal quadrants in the ipsilat-
eral eyes. 

 The change from the time-domain optical coherence tomography (TD-OCT) to 
the spectral-domain OCT (SD-OCT) and the development of better segmentation 
software allowed the measurement of all the retinal lays. Evaluating ganglion cell 
layer appeared more effective and reliable than the nerve fi ber layer of the retina in 
the quantifi cation of trans-synaptic degeneration. We can quantify only each of the 
inner layer (RNFL, ganglion cells or inner plexiform), although there is a tendency 
to group them into two forms, GCcomplex (GCC) including the three layers 
described, or including only the ganglion cell (GCL) and inner plexiform (IPL) lay-
ers, forming the GCIP. 

 Yamashita et al. used this technology in three patients with unilateral posterior 
cerebral artery (PCA) infarction, all of these patients showed a GCC thinning in the 
hemiretinae corresponding to the affected hemifi elds without fundoscopic evidence 
of optic atrophy [ 14 ]. 

 A study of Keller et al. [ 15 ] showed macular GCL atrophy in patients that have 
suffered a retrogeniculate lesion with at least 1-year evolution. Therefore, the 
fi nding of sector macular GCL atrophy proves retrograde trans-synaptic degen-
eration of neurons in the visual pathway in cases without other ophthalmic or 
neurological disease. The functional correlation between sector thinning of the 
GCL and the sensitivity loss of the visual fi eld in the corresponding fi eld indicates 
that this may occur in lesions regardless their size as shown by Jindahra el al. in 
quadrantanopic cases [ 12 ]. However, we found a signifi cantly stronger correlation 
between the VF defect and the thickness of GCL rather than that of the peripapil-
lar RNFL. This is probably due to the fact that at the macula, the bodies of the 
neurons are more numerous and topographically organised to correspond to the 
VF. In contrast, the anatomical distribution of fi bres in the peripapillar RNFL is 
more complex, making a correlation with the visual fi eld more diffi cult to estab-
lish (Fig.  11.2 ).

   Another important element is the absence of blood vessels or other structures 
that may interfere with the OCT image acquisition. The higher resolution of 
spectral- domain OCT also allows studying the segmentation of the retina in layers 
in more detail [ 16 ]. It is noteworthy that cases with macular sparing hemi- and qua-
drantanopia also showed macular GCL atrophy away from the fovea, perhaps 
explained due to the representation of 15–20° of visual fi eld in the area scanned by 
the OCT instrument used and the absence of ganglion cells on the fovea. 

 Similar fi ndings can be observed in patients with homonymous visual fi eld 
defects after epilepsy surgery (Fig.  11.3 ).
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11.4        Trans-Synaptic Axonal Degeneration by OCT 
in Multiple Sclerosis 

 There is evidence of postmortem atrophy of retinal layers after long-standing dis-
ease [ 16 ], but due the multiple CNS lesions that may be developed in patients with 
multiple sclerosis establish the presence of trans-synaptic degeneration is diffi cult. 

 Because patients with multiple sclerosis lesions can have both the anterior 
visual pathway and the posterior visual pathway can exist anterograde trans-syn-
aptic degeneration in patients with a history of optic neuritis, and moreover, trans- 
synaptic retrograde degeneration in patients with lesions of the posterior visual 
pathway [ 17 ]. 

 This is important, because to specifi cally assess retrograde trans-synaptic degen-
eration patients who have had previous optic neuritis should be differentiated and 
excluded from the analysis because trans-synaptic RGC degeneration could be 
masked by the pronounced loss caused by damage to the anterior visual pathways in 
multiple sclerosis optic neuritis (MSON). Previous optic neuritis may generate 
residual impairment of RNFL and CGL distorting the quantifi cation of trans- 
synaptic degeneration on the anterior visual pathway [ 17 ,  18 ]. 

  Fig. 11.2    Sectorial RNFL and CGL thinning in patient with occipital arteriovenous malformation       
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 The measurement of damage to the anterior visual pathway by OCT [ 19 ] and his 
association with other variables have improved the understanding of neurodegen-
erative processes in MS. 

 Gabilondo et al. [ 20 ], using a cohort of 100 patients with multiple sclerosis, eval-
uated the infl uence of the damage to the posterior visual pathway on retinal atrophy 
by linear regression analysis. Retinal atrophy was used as the dependent variable, 
and measures of posterior visual pathway damage and other relevant clinical mea-
sures (sex, age at study inclusion, and EDSS score) were used as independent 
 variables. Their regression model indicated that a decrease of 1 cm 3  in visual cortex 
volume predicts a reduction of 0.6 um in retinal nerve fi ber layer thickness indepen-
dent of other variables. 

 Balk et al. [ 17 ] analyzed OCT from 230 patients with MS with and without Optic 
Neuritis (ON) and its relation with occipital volume. They showed that there was a 

a

b

  Fig. 11.3    Sectorial ganglion cells layer thinning secondary to an epilepsy surgery, 6 months after 
surgery ( a ) Visual fi eld shows a complete left homonymous hemianopia ( b )       
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signifi cant amount of atrophy of the inner, but not the outer layers of retina, specifi -
cally in the macular RNFL and GCC. The inner nuclear layer and the outer retinal 
layers of the macular area showed the largest relative thickness in MS with ON, 
compared with MS without ON or healthy eyes. 

 Based on these results the authors suggested that in the inner nuclear layer (INL) 
existed a neural plasticity due to the interaction between bipolar, amacrinal and 
horizontal cells that blocked the posterior trans-synaptic degeneration, allowing the 
affectation of ganglion cells only. 

 Klistorner et al. [ 21 ] reported the effects of posterior visual pathway pathol-
ogy on the retina in MS patients, fi nding an association between MRI measures of 
optic radiation integrity and retinal integrity measured by temporal quadrant RNFL 
thickness using OCT. This fi nding also supports the occurrence of trans-synaptic 
degeneration in MS, in this case in a retrograde direction. The authors evaluated 
the posterior pathways with two methods—lesion analysis and diffusion tensor 
 imaging—with each yielding similar results, increasing confi dence in the results 
and exposing both lesional and non lesional pathology. 

 In this cohort, with optic neuritis–affected eyes specifi cally excluded, posterior 
visual pathway pathology accounted for as much as 35–40 % of the atrophy of the 
RNFL. There was also an association between posterior visual pathway integrity 
and low-contrast letter acuity [ 21 ]. 

 Future treatment trials need to anticipate that predefi ned analyses for patients 
without multiple sclerosis optic neuritis (MSON) are likely to be of stronger statisti-
cal power than for patients with previous neuritis, and that alternative measures of 
disability that better refl ect generalized neurological function, including cognition, 
might need to be used for indirect assessment of diffuse axonal loss in the CNS [ 22 ].  

11.5     Trans-Synaptic Axonal Degeneration by OCT 
in Alzheimer’s Disease 

 Visual impairment is often one of the earliest complaints in patients with Alzheimer’s 
Disease (AD) [ 23 ]. Several researchers attribute this impairment to damage in pri-
mary the visual cortex with degeneration of cortical areas and secondarily, retro-
grade loss of nerve fi bers in the retina and optic nerve. However, it has been reported 
the presence of beta-amyloid and tau deposits in the retina [ 24 ], its presence in the 
retinal ganglion cells and internal plexiform layer induce neuroinfl ammation that 
could cause retinal degeneration [ 25 ]. Accordingly the visual damage is determined 
by direct toxicity of beta-amyloid and its derivatives in the retina and the retrograde 
degeneration of retinal nerve fi bers. 

 Thinning of the retinal nerve fi ber layer and ganglion cells layer has been 
described in patients with AD and mild cognitive impairment [ 26 – 29 ] and has good 
correlation with the Mini Mental State Examination (MMSE) and the disease stage. 

 It has been postulated that the retinal nerve fi ber layer thinning may be the earliest 
sign of AD even before the hippocampal region damage that affects memory [ 30 ]. 
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 Larrosa et al. [ 31 ] proposed a linear discriminant function (LDF) based on OCT 
and designed for AD diagnosis. According to their results the most reliable tool for 
diagnosing Alzheimer’s disease was the Spectralis® LDF with an area under the 
ROC curves of 0.967, sensitivity of 94.3 and specifi city of 88.3 %. 

 Despite these promising preliminary studies, it remains to be determined whether 
the Alzheimer disease affects the retina directly, secondarily by trans-synaptic 
degeneration, or both.  

11.6     Summary 

 The visual pathway is made up of 4-neuron chain that transfer visual information 
from the retina to the primary visual cortex. Acute or chronic damage on the poste-
rior visual pathway induce a trans-neuronal retrograde degeneration. 

 Measuring the degeneration of the anterior visual pathway was diffi cult before 
the OCT imaging technology. With this technology the trans-neuronal retrograde 
degeneration has been well described in several CNS diseases like multiple sclero-
sis, stroke, homonimous hemianopia and Alzheimer’s disease. 

 The OCT allows to measure reliably and noninvasively the macular RNFL and 
GCC, and these measurements have a high correlation with the CNS lesions and the 
function of the visual system [ 32 ]. 

 OCT helps in evaluation of the magnitude and timing of damage, supporting our 
understanding the pathophysiology of the diseases and can be used as a reliable 
biomarker of axonal loss in neurological diseases.     
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    Chapter 12   
 OCT in Toxic and Nutritional Optic 
Neuropathies                     

       Carl     Arndt     ,     Sourabh     Sharma    ,     Dan     Milea     ,     Tony     Garcia    , 
and     Andrzej     Grzybowski   

    Abstract     Despite the recent developments of OCT in neuro-ophthalmology, its use 
for diagnosing and monitoring nutritional and toxic optic neuropathies is still lim-
ited, due to the lack of powered, longitudinal studies. Small series have suggested 
that OCT may be useful in various toxic optic neuropathies in the acute stage, dis-
closing subtle retinal nerve fi bre layer thickening, ophthalmoscopically undetect-
able. At later stages, retinal nerve fi bre layer thinning affects the papillomacular 
bundle, and then, all quadrants, but only rarely before visual loss. Macular volume 
OCT studies have suggested that in toxic optic neuropathies, the primary site of 
injury may involve the retinal ganglion cells layers. Retinal nerve fi bre layer thin-
ning in the nasal quadrant in patients treated with vigabatrin appears to be predictive 
of visual fi eld constriction.  
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12.1         OCT and Toxic Optic Neuropathies 

 The anterior visual pathways are susceptible to damage from numerous toxic agents 
[ 1 ]. Toxic optic neuropathies can classically be caused by ingestion of numerous 
substances, including alcohol (methanol, ethylene glycol), antitubercular drugs 
(ethambutol, isoniazid), antibiotics (linezolid, sulphonamides, chloramphenicol), 
antimalarials (chloroquine, quinine), anti-cancer drugs (vincristine, methotrex-
ate), antiarrhythmic (digitalis, amiodarone). Although this list of potentially toxic 
agents for the optic nerves is constantly increasing, due to the current exponential 
development of new therapies, only few drugs exhibit a fi rm evidence of causal 
relationship. 

 Toxic optic neuropathies, which are clinically often undistinguishable from nutri-
tional optic neuropathies, typically present as painless, progressive, symmetric and 
bilateral visual impairment due to central or centrocecal scotoma,  dyschromatopsia 
often being the initial symptom. The site of the primary injury can be very vari-
able, including the retina, retinal ganglion cells, intraocular nerve fi bre axons, or 
chiasm. The majority of clinical fi ndings are caused by selective damage to the 
papillomacular bundle, which fi bres are most susceptible due to their long unmy-
elinated part in the retina and their relatively small calibre. Preferential involvement 
of the papillomacular bundle is a common feature to many acquired and genetic 
optic neuropathies. On the cellular level they also share the similar pathophysiology 
mechanism based on disruption of oxidative phosphorylation in mitochondria, esp. 
in retinal ganglion cells, and this is the reason to name them mitochondrial optic 
neuropathies. Drugs shown to cause mitochondrial optic neuropathy by blocking 
oxidative phosphorylation include ethambutol, chloramphenicol, linezolid, erythro-
mycin, streptomycin, and antiretroviral drugs [ 2 ]. 

 Other drugs provoking optic neuropathy, less strongly related to mitochondrial 
dysfunction include amiodarone, infl iximab, quinine, dapsone, pheniprazine, sura-
min, and isoniazid [ 2 ]. 

 It was suggested that since axonal transport is highly energy dependent and mito-
chondria need to be transported from the neuron body to the distal synaptic termi-
nals, retinal ganglion cells (RGC) with their long axons are particularly vulnerable 
[ 2 ]. In early drug toxicity mitochondria accumulate within RGC axons, and this 
is detectable as axonal swelling by OCT [ 3 ]. In subacute and chronic stages of 
mitochondrial optic neuropathies OCT demonstrates RNFL thinning of the papil-
lomacular bundle, esp. in the inferotemporal sector. In the later stages, OCT reveals 
thinning of RNFL in all layers [ 2 ]. Early diagnosis is crucial for intervention, i.e. 
discontinuation of the drug, which may allow clinical recovery. However, early 
clinical diagnosis may be diffi cult, due to the normal ophthalmoscopic appearance 
of the optic disc pallor. Only at later stages is optic disc palor or atrophy is clini-
cally visible. For this reason, optical coherence tomography (OCT), has been ini-
tially considered as a potential method for early diagnosis and possibly monitoring 
drug toxicity affecting the retina, the retinal ganglion cells complex or the retinal 
nerve fi ber layer (RNFL). Indeed, beyond its extensive use in glaucoma [ 4 ], OCT 
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is now commonly used for the evaluation of various optic neuropathies including 
optic neuritis, ischemic optic neuropathies, papilledema, traumatic optic neuropa-
thy [ 5 – 7 ]. However, interestingly, the number of OCT studies dedicated to toxic 
optic neuropathies remains relatively small and no OCT guidelines exist to monitor 
optic nerve drug toxicities. 

12.1.1     Ethambutol 

 Ethambutol hydrochloride is a bacteriostatic antitubercular agent and probably the 
most common therapy implicated in toxic optic neuropathy. Ethambutol and its 
metabolite ethylenediaminodibutyric acid chelates several metal-containing enzyme 
systems like copper and zinc in the nucleic acid structures of mycobacteria leading 
to decreased levels of metalloproteins [ 8 ,  9 ]. Similar disruption is seen within the 
cytochromes of the human mitochondria, leading to apoptosis of retinal ganglion 
cells [ 8 ,  9 ] and subsequent optic neuropathy [ 10 ]. Early animal experiments have 
also demonstrated ethambutol toxicity affecting the retinal ganglion cells, the optic 
nerve, chiasm and optic tracts [ 11 ,  12 ]. 

 Ethambutol induced optic neuropathy, which may become clinically patent at 
any time from 2 to 12 months after the initial treatment, is often reversible, if the 
condition is early recognized, However, permanent damage may occur at toxic or 
even standard doses (15–25 mg/kg/day), especially in debilitated patients, i.e. with 
associated renal failure. The ethambutol induced optic neuropathy has a predilec-
tion for the papillo-macular bundle of the retinal nerve fi bre layer. Therefore, oph-
thalmoscopic changes of the optic nerve head are often subtle at the early stages, 
making OCT a good candidate for early ethambutol optic nerve toxicity detection. 

 The most common OCT fi nding in advanced optic nerve ethambutol toxicity is 
thinning of the retinal nerve fi bre layer, especially in the infero-temporal quadrant, 
corresponding to the papillo-macular bundle [ 9 ,  12 ,  13 ]. Patients with thinner tem-
poral quadrants display lower visual acuity and signifi cantly reduced colour vision. 
These OCT fi ndings may also correspond well with the visual fi eld defects on 
Humphrey visual fi eld analysis. Limited case series have suggested that at early 
stages, the ethambutol induced optic neuropathy might be associated with increased 
RNFL thickness [ 14 ]. In addition, after cessation of ethambutol, reversible RNFL 
changes, detectable by OCT may occur [ 14 ]. Apart from RNFL, signifi cant 
decreases in retinal thickness have been observed at various levels including gan-
glion cell layer and inner plexiform layer [ 15 ,  16 ]. 

 In summary, OCT is a potentially interesting tool to assess the degree of optic 
nerve damage in the ethambutol induced optic neuropathy, especially in the early 
stages of the condition, when the optic disc has a normal ophthalmoscopic appear-
ance. However, large studies are missing to confi rm these preliminary fi ndings, 
especially regarding early localized temporal RNFL thickening, as an early sign of 
the disease. Therefore, OCT is not recommended as the sole method for monitoring 
potential ethambutol optic nerve toxicity.  
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12.1.2     Methanol 

 Methanol is a common cause of toxic optic neuropathy especially in the developing 
world. It is also the most dreaded cause, due to its systemic consequences, poten-
tially leading to metabolic acidosis, visual loss, coma and death. These adverse 
effects are due to indirect toxicity related to formic acid, catabolised from methyl 
alcohol via formaldehyde by the enzyme alcohol dehydrogenase in the liver and red 
blood cells. 

 The changes in the optic nerves are mostly due to cytotoxic oedema within the 
retina and the optic nerve, occurring during the fi rst 48 h after methanol ingestion. 
The retinal ganglion cells and the retrolaminar myelin sheath are also affected due 
to degeneration of optic nerve axons. Several animal studies also supported these 
fi ndings by identifying demyelination of optic nerve sheath [ 17 ]. The treatment of 
methanol intoxication is based on ethanol, B-group vitamins, and systemic steroids; 
however, the prognosis is usually poor and the fi nal visual acuity is counting fi ngers 
or worse [ 18 ]. It was shown that fomepizole is safe and effective in the treatment of 
methanol poisoning [ 19 ], but high costs limits its availability. The visual improve-
ment after treatment of 2 patients with a combination of intravenous erythropoietin, 
systemic corticosteroids, vitamins, and folic acid was reported [ 20 ]. OCT has been 
used for exploring macula and peripapillary retina in methanol-induced retinal tox-
icity, showing peripapillary nerve fi bre swelling and accumulation of intraretinal 
fl uid in the acute phase, with subsequent thinning in the chronic phase (Fig.  12.1 ). 
Therefore, OCT could be a useful tool in this setting, for evaluation of the severity 
of retinal edema and the temporal changes in the retinal profi le [ 21 ].

12.1.3        Tobacco 

 The toxic optic neuropathy caused by tobacco seems to be mysterious entity since 
all confi rmed cases were reported many years ago, in the era before OCT and 
genetic studies. It was shown that at least part of this disorder in fact was Leber’s 
Hereditary Optic Neuropathy (LHON) [ 22 – 24 ]. It was proposed that smoking, 
especially in genetically susceptible individuals might affect sulphur metabolism, 
leading to chronic cyanide intoxication [ 25 ,  26 ]. The disorder was characterized by 
slowly progressive papillomacular bundle damage, centrocecal scotoma and visual 
loss. The appearance of the optic nerve is usually normal at the initial stages, with 
occasional peripapillary dilated vessels and haemorrhages, while pallor ensues only 
in the later stages [ 26 ]. Since the clinical picture of TON is similar to other optic 
neuropathies, the diagnosis of TON is by exclusion only of other toxic, nutritional 
and hereditary optic neuropathies. A few new articles [ 27 – 29 ] claimed that they 
presented patients with tobacco optic neuropathy, but they were undermined as they 
did not convincingly proofed the diagnosis [ 30 – 34 ].  
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  Fig. 12.1    Case report of Methanol Optic Neuropathy. A 40 year old patient with no light percep-
tion in both eyes and dilated non-responsive pupils transferred from Toxicology Department after 
accidental methanol intoxication. After one-month follow up patient presented improvement of VA 
in both eyes (counting fi ngers in right eye and 0.16 in left eye) and kept stable. After 3 months optic 
nerve atrophy was clearly recognized with pale optic discs in fundoscopy ( a ,  b ), centrocecal sco-
toma in both eyes ( c ,  d ), decrease in RNFL thickness in both eyes ( e ), and decreased volume of 
ganglion cells in both eyes ( f ,  g )               

a b

c
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d

Fig. 12.1 (continued)
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e

Fig. 12.1 (continued)
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f

Fig. 12.1 (continued)
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g

Fig. 12.1 (continued)
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12.1.4     Amiodarone 

 Amiodarone is a very effi cient antiarrhythmic agent primarily used to treat atrial 
or ventricular tachyarrhythmias and fi brillation. The clinical presentation of amio-
darone induced optic neuropathy may be sometimes indistinguishable from that 
of non-arteritic anterior ischaemic optic neuropathy (NAION) [ 35 ]. Amiodarone 
induced optic neuropathy has typically an insidious onset with a milder degree of 
visual loss, a longer duration of disc edema, and is more commonly bilateral than 
typical NAION, though there can be a considerable overlapping between these two 
conditions. Furthermore, disc edema and optic neuropathy may continue to prog-
ress even after cessation of the drug [ 35 ]. The mechanism of amiodarone-induced 
optic neuropathy is possibly due to the accumulation of cytoplasmic lamellar inclu-
sions in the lysosomes due to binding of amiodarone with phospholipids. These 
complexes are not degraded by phospholipase enzymes leading to deposition of 
amiodarone deposits in the optic nerve as well as in other ocular tissues, including 
cornea and lens. 

 OCT has shown that in amiodarone-related optic neuropathy, there is transient 
RNFL thickening, during the initial months of therapy, followed by subsequent axo-
nal loss and optic nerve atrophy [ 36 ]. OCT has been proposed as follow-up method 
for documenting edema or RNFL thinning in this setting.   

12.2     OCT and Nutritional Optic Neuropathies 

 Nutritional optic neuropathy is more common among alcohol abusers and those 
who are undernourished [ 37 ]. Isolated nutritional optic neuropathies are rare, they 
are more frequent in regions of famine, where they may be epidemic. Nutritional 
optic neuropathies may be associated with various causes, including unbalanced 
diet, bariatric surgery, hunger strike, anorexia nervosa, absorption defi ciency of 
vitamin B [ 38 ]. 

 As in toxic neuropathies, the anterior visual pathways are susceptible to nutri-
tional defi ciency associating papillomacular bundle damage, central or cecocentral 
scotoma and reduction of color vision. The primary lesion is not necessarily local-
ized into the optic nerve itself; it may be located at various levels, such as the retinal 
ganglion cells, nerve fi ber layers, chiasm, or the optic tracts [ 39 ]. 

 The exact mechanism by which nutritional defi cits damage the optic nerve 
remains largely unknown. Specifi c defi ciencies of vitamin B-12 (cyanocobalamin), 
thiamine (vitamin B-1) [ 40 ], other vitamins (ribofl avin, niacin, and pyridoxine), folic 
acid, copper [ 41 ,  42 ] and other proteins with sulfur-containing amino acids have 
been associated with optic neuropathies [ 43 ]. It has been postulated that these defi -
ciencies affect mitochondrial oxidative phosphorylation, and therefore nutritional 
optic neuropathies may be part of the acquired mitochondrial optic neuropathies 
spectrum [ 44 ]. The visual prognosis depends on multiple factors, including the cause 
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and the duration of symptoms. At advanced stages of the condition, associated with 
optic atrophy, recovery is less likely to occur than at early stages [ 41 ]. Nutritional 
optic neuropathies are very rare in children. 

 Nutritional and toxic optic neuropathies have similar clinical presentations, i.e. 
bilateral, painless visual loss associated with colour vision disturbances and central 
scotoma. When an optic neuropathy is suspected, a thorough history should cover 
diet, drug/toxin exposure, social history (including alcohol consumption) and the 
professional environment. Treatment of any chronic disease such as pernicious ane-
mia should be elucidated. Sensory symptoms and gait disturbance may be associ-
ated, due to either peripheral neuropathy or cerebellar dysfunction. 
A family history should be taken, to identify environmental factors or predisposition 
for hereditary optic neuropathies. 

 Clinically, patients with nutritional optic neuropathies complain of gradual blur-
ring of vision, at far and near. Often, the slow progression of the symptoms delays 
diagnosis and treatment. Rarely, the visual symptoms may be asymmetric, but 
almost never strictly unilateral. Dyschromatopsia can be the initial symptom in 
nutritional optic neuropathies. In case of orbital pain, pain on ocular movement, 
unilateral vision loss, other diagnoses should be considered. 

 In nutritional optic neuropathies, visual acuity may vary from minimal reduction 
of vision to no light perception (NLP). However, most patients have 20/200 vision 
or better. Both pupils are sluggish to light, and there is no relative afferent pupillary 
defect due to the bilateral involvement. The optic disc may be normal or slightly 
hyperemic (Fig.  12.2 ) in the early stages, with small peripapillary hemorrhages. 
After several weeks to months, a papillomacular bundle dropout and temporal disc 
pallor may occur, followed by optic atrophy (Fig.  12.2 ). Isolated, purely nutritional 
optic neuropathies have been rarely explored with OCT, which might be able to 
closely monitor subtle RNFL changes, i.e. thickening at initial stages, followed at 
later stages by RNFL thinning, predominantly encountered in the temporal sector 
[ 42 ] (Figs  12.3  and  12.4 ).

12.3          OCT and Antiepileptic Drug Toxic Maculopathy 

 Vigabatrin (Sabril) is a second-line anti-epileptic drug prescribed in partial epilepsy, 
with or without secondary generalization (mainly after failure of other drugs). As a 
fi rst-line/monotherapy, Vigabatrin is licensed only for the treatment of infantile 
spasms (West’s syndrome). Vigabatrin acts as a selective irreversible inhibitor of 
GABA-transaminase. Treatment therefore causes an increase in the concentration 
of GABA (gamma aminobutyric acid), the major inhibitory neurotransmitter in the 
brain but also in the retina. Maximal effi cacy in adults is usually seen in the 2–3 g/
day range. The recommended maintenance dose in children is 50–100 mg/kg/day. 

 During its clinical development, vigabatrin has rarely been associated with 
symptomatic visual fi eld constriction and retinal disorders. In 1997, 3 cases of 
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severe, symptomatic, persistent visual fi eld constriction attributed to vigabatrin 
(VAVFC) were described by Eke [ 45 ]. 

 Vigabatrin toxicity is typically associated with bilateral, concentric, predomi-
nantly nasal constriction of visual fi elds. However, patients with perimetric loss due 
to vigabatrin exhibit normal visual acuity and are unaware of the visual fi eld 
 constriction unless it extends into the central fi eld [ 46 ]. The prevalence of VAVFC 
varies widely between studies, but is generally estimated to be 30–40 % [ 47 ,  48 ]. 
The precise site of toxicity is controversial, but retina is involved in this condition. 

  Fig. 12.2    Nutritional optic neuropathy, associated with reduced serum thiamine (Vitamin B1), in 
a 30-year-old female patient presenting with blurred vision, painful dysesthesia in both legs and 
gait instability. Visual acuity was 20/200 in both eyes. Bilateral temporal pallor of the optic discs 
( a ,  b ) and moderate reduction of the temporal retinal nerve fi bre layer, visible on OCT ( c ,  d ). 
Vision recovered after intramuscular vitamin B1 administration         

a b

c
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d

Fig. 12.2 (continued)

Previous studies have shown correlations between the severity of the ERG changes 
and duration of therapy, as well as with severity of VAVFC. The amplitude of the 
cone fl icker response has the best predictive value for VAVFC, with a  sensitivity of 
100 % and a specifi city of 75 % [ 48 ]. Therefore, ERG screening is currently used 
for toxicity detection in patients unable to perform perimetry. 

 Although visual fi eld (VF) loss may occur in this setting despite any clinically 
detectable retinal changes, patients on Vigabatrin may exhibit optic nerve head 
 pallor and RNFL thinning (Fig.  12.5 ) [ 49 ]. RNFL loss displayed on time domain 
OCT has previously shown a signifi cant correlation between VAVFC and cumula-
tive vigabatrin doses [ 50 ]. Patients with VAVFC displayed a reduced mean RNFL 
thickness compared with those under Vigabatrin but without fi eld loss. Since none 
of the patients with VAVFC had normal RNFL thickness, the OCT sensitivity for 
detecting VF changes was 100 % and specifi city 70 % [ 49 ].

   Thickness of the nasal quadrant of RNFL appears to be particularly interesting in 
predicting vigabatrin associated visual fi led constriction, with comparable results in 
terms of sensitivity (67–100 %) and specifi city (66–73 %) [ 50 ,  51 ]. On the opposite, 
the temporal RNFL sector was not signifi cantly different from control patients with 
epilepsy (not treated with gabaergic medications) and healthy volunteers [ 50 ,  51 ]. 

 Thus, time domain and spectral domain optical coherence tomography seem to 
be reliable, in terms of sensitivity, for detecting RNFL thinning associated with 
vigabatrin-related visual fi eld loss. It appears that both time domain and spectral 
domain OCT (Table  12.1 ) screening for vigabatrin treated patients may accurately 
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  Fig. 12.3    A 60-year-old patient presented with bilateral visual loss ongoing for 6 months, (visual 
acuity was 20/200 in the right eye and 20/400 in the left eye), temporal disc pallor ( a ,  b ) and severe 
weight loss. There was no history of smoking or alcohol abuse. Decreased RNFL thickness was 
selectively located in the temporal area ( c ,  d ). Bilateral centrocaecal scotomas were encountered on 
Goldmann perimetry in both eyes ( e ,  f ). A megaloblastic anemia and folate defi ciency was found 
on the blood test. Eventually a glucagonoma was discovered on abdominal MRI. Malabsorption 
responsible for malnutrition and particularly for folate defi ciency was the suspected mechanism. 
After successful surgery and folate supplementation, visual acuity improved to 20/30 in the right 
eye and 20/80 in the left eye         

a

c

b
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monitor those at risk for VAVFC, especially when they are unable to perform 
perimetry.

   In conclusion, OCT may be useful for quantifying the RNFL and retinal ganglion 
cells complex parameters in toxic and nutritional optic neuropathies. Several studies 
have suggested that at early stages, localized, subtle RNFL thickening may be 
detected with OCT, prior to ophthalmoscopically visible changes. In the long term, 
localized, followed by diffuse RNFL thinning may occur, witnessing global axonal 
death.     

d

e f

Fig. 12.3 (continued)

12 OCT in Toxic and Nutritional Optic Neuropathies



230

  Fig. 12.4    A 40-year-old female patient presented with isolated severe visual loss and a history of 
mental anorexia in her teens. She stated being well aware of her irregular and unbalanced food 
intake. Visual acuity was 20/200 in both eyes. The optic disc are slightly hyperaemic with telangi-
ectasia in the peripapillar retina ( a ,  b ). RNFL thickness was at higher normal limit in both eyes ( c , 
 d ). The ganglion cell layer was normal in both eyes ( e ,  f ). Leber’s hereditary optic neuropathy was 
ruled out, and the work-up disclosed low vitamin pp and carnitine levels. Six months after supple-
mentation, visual acuity dramatically improved to 20/30 in the right eye and 20/40 in the left eye, 
although bilateral optic disc pallor had developed and temporal RNFL loss ( g ,  h ) and central gan-
glion cell loss in both eyes had occurred ( i ,  j )               

a b
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Fig. 12.4 (continued)
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Fig. 12.4 (continued)
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  Fig. 12.5    Reduced nasal thickness on time domain OCT ( a ) in a patient treated with vigabatrin 
and presenting with vigabatrin associated visual fi eld constriction in the nasal hemifi eld of the left 
eye ( b )       

a

b
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    Chapter 13   
 Animal Models in Neuro Ophthalmology                     

       Eduardo     M.     Normando      ,     James     T.     Brodie      , and     M.     Francesca     Cordeiro     

    Abstract     Neuro-ophthalmology is the branch of ophthalmology dedicated to the 
study of neurological conditions which affect the visual system. An adequate under-
standing of the aetiology and pathophysiology of neuro-ophthalmic conditions is fun-
damental for establishing successful therapeutic strategies. Animal models are 
therefore considered crucial for understanding and investigating pathological events. 
Several animal models have been developed for studying neuro-ophthalmic disorders. 
However, their validity is closely related to the level of similarity with the human 
pathology. Rodent models are extensively used due to their accessibility and cost effi -
ciency. In particular, mouse models are recognised as among the best genetic models 
due to the ability to easily alter their genome. Rats are easy to breed and mostly used 
for toxic/pharmacological and surgical models. Nevertheless, rodent models are still 
suboptimal for human neuro-ophthalmic conditions because of anatomical differences 
between species. Primate models have the obvious advantage of sharing vast anatomi-
cal and genomic similarities with humans. However, monkeys are expensive, diffi cult 
to breed and can only be handled by qualifi ed personnel, all of which limits their suit-
ability. Hence, there is no perfect species for studying neuro-ophthalmic conditions. 

 This chapter will focus on the most common animal models of neuro-ophthalmic 
conditions.  
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13.1         Animal Models of Demyelinating Conditions 

 Demyelinating conditions such as multiple sclerosis (MS) are a major cause of dis-
ability and appropriate neuroprotective strategies have not been successfully devel-
oped yet [ 1 ]. MS can affect the visual system and therefore the eye can be used as a 
surrogate in assessing both the natural history of the disease and possible neuropro-
tective treatments. Although MS is a human specifi c condition, animal models of 
similar diseases have been developed such as Experimental autoimmune encepha-
lomyelitis (EAE), viral induced models (mainly mediated by Theiler’s Murine 
Encephalomyelitis Virus), and toxicity-induced models such as the cuprizone model 
and lysolecithin-induced focal demyelination [ 2 ] (Table  13.1 ).

13.1.1       Experimental Autoimmune Encephalomyelitis (EAE) 

 EAE is an animal model of neuro-infl ammation and is the most commonly used 
model of MS [ 22 ]. It is based on both antigen-antibody and cell-mediated response. 
It can be induced in several animal species (rat, mouse, rabbit, guinea pig and mon-
key) by spinal cord homogenate inoculation or by injection of different emulsifi ed 
proteins or peptides in the animal CNS [ 3 ]. The proteins/peptides commonly used 
to induce EAE are myelin constituent peptides such as myelin basic protein (MBP), 
myelin proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein (MOG) 
[ 23 ]. EAE is primarily mediated by specifi c T cells (CD4+), which migrate to the 
CNS and cause the autoimmune infl ammatory response. The natural history of EAE 
can be variable, in a similar fashion as in human MS, and it is both species and agent 
dependent [ 24 ]. Hallmark signs include weight loss, ataxia, spastic/fl accid paraly-
sis, and incontinence. The lesions in the EAE model are characterized mainly by 
spinal infl ammation and demyelination, while in human MS, lesions are more com-
monly seen in the brain [ 25 ]. Literature reviews have shown that in recent decades 
several possible MS therapeutic strategies were successfully tested in animal mod-
els of EAE and that it was possible to control the disease in these immune-induced 
models [ 4 ,  5 ]. However, these successes in animal studies did not translate into a 
success when it came to human clinical trials [ 26 ]. 

 The infection of the central nervous system with the Theiler’s virus induces an 
immune-mediated demyelinating disease and provides an important model for the 
study of MS [ 27 ]. The demyelinating disease induced by Theiler’s Murine 
Encephalomyelitis Virus (TMEV) is similar to chronic-progressive MS and is char-
acterized by demyelination of the CNS mediated by a Th1 response with manifesta-
tion of spastic paralysis of the lower limbs. In particular, in the mouse model of 
TMEV, the damage to myelin is closely dependent on the CD8 mediated antiviral 
action, demonstrating how brain infl ammation could result in demyelination and 
axonal damage [ 28 – 30 ].  
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    Table 13.1    Animal models in neuro ophthalmology   

 Disease 
 Animal 
model  Method  Benefi ts  Limitations  References 

 MS  EAE (rat, 
mouse, 
monkey) 

 Induced  Similar variation in 
natural history 

 Limited brain 
involvement 

 [ 2 – 9 ] 

 Cuprizone, 
lysolecithin 
(mouse) 

 Simplicity; rapid  Reversible 

 AD  PS-1 and/
or PS-2 
APP 
transgenic 
Mutation 
mouse 

 Genetic  Progressive 
development of 
senile plaques 

 Diffi cult 
connection 
between 
injuries and 
increased 
deposition of 
Aß oligomers 

 [ 10 – 15 ] 

 P301L tau 
mutation 
mouse 

 Robust model of 
NFT pathology 

 1st generation 
model 

 5xFAD 
mouse 

 Rapid deposition of 
large amounts of Aß 

 No NFT 
formation 

 3xTg-AD 
mouse 

 Follows natural 
history of AD 

 ION  Rat, 
primate 

 Rose Bengal 
injection 

 Resembles human 
AION pathology 

 Does not 
refl ect 
pathogenesis 
of-ION 

 [ 16 ] 

 LHON  CBA/J 
mice 

 Rotenone- 
induced  

 Quick and simple, 
reproduce the 
pathophysiologic 
phenotype–reduced 
RGC layer 
thickness, 
increased 
apoptosis, decrease 
dretinal metabolic 
capacity, increased 
superoxide. 

 The causal role 
of toxins in 
human LHON 
has not been 
demonstrated 

 [ 17 – 19 ] 

 Mice, Rats  Mitochondrial 
ND4 mutation 

 Reproduction of 
LHON phenotype 

 The mutation 
can be fatal 

 Mice  Mitochondrial 
ND6 mutation 

 Clinical, 
biochemical and 
anatomical 
hallmarks of human 
LHON when 
induced in animal at 
14 and 24 months 

 (ND4 
mutation), 
technically 
demanding 

(continued)
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13.1.2     Toxic Models of Demyelinating Conditions 

 Toxic models of demyelination have also been developed. Cuprizone, a copper che-
lating agent is able to induce rapid oligodendrocyte apoptosis with subsequent 
demyelination. The most important advantage of the cuprizone model is its simplic-
ity. Mice, orally exposed to cuprizone express a rapid onset of MS like symptoms 
including ataxia and spastic paralysis. Histological features of this model are oligo-
dendrocyte apoptosis, microglial infi ltration, disruption of myelin sheets and mac-
rophage activation which are in keeping with Human MS. However this is a 
reversible model; when cuprizone is eliminated from the mouse diet, remyeliniza-
tion occurs followed by complete restitutio-ad-integrum [ 6 ,  7 ]. 

 Lysolecithin, an activator of phospholipase A2, is also able to induce demyelin-
ation when injected into the spinal cord of experimental animals. It generates rapid 
demyelination due to activation of lymphocytes B and T followed by macrophage 
infi ltration with subsequent disruption of myelin sheets. Like the cuprizone model, 
after Lysolecithin injection, remyelinization occurs in 6–8 weeks. Hence, this model 
is also not entirely representative of human MS [ 8 ,  9 ]. 

 In conclusion, none of the currently available animal models of MS can replicate 
in-toto the human disease and further research is needed in the fi eld.  

13.1.3     Animal Models of Neuromyelitis Optica 

 Neuromyelitis Optica (NMO) is a neuroinfl ammatory disorder that preferentially 
targets the optic nerves and spinal cord, causing recurrent and simultaneous infl am-
mation and demyelination of these structures, leading to blindness and paralysis. 
Once thought to be a subtype of MS, the discovery that NMO is associated with the 

Table 13.1 (continued)

 Disease 
 Animal 
model  Method  Benefi ts  Limitations  References 

  NOM   EAE 
‘passive 
transfer’ 
mouse 

 Passive transfer 
of IgG 

 Very similar 
pathology to human 
NMO 

 No injury to 
myelin 

 [ 20 ] 

 Mice  Injection of IgG  Similar pathology 
with myelin 
involvement also 

 Dependent on 
co-injection 
of human 
complement 

 “2D2” 
EAE 
mouse 

 Genetic  Similar clinical 
picture to human 
NMO 

 No histological 
changes in 
keeping with 
NMO 

 [ 21 ] 
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NMO-IgG biomarker, an antibody which targets the aquaporin-4 (AQP4) water 
channel on the endfeet of astrocytes, has seen it recognised as a spectrum of disor-
ders distinct from MS [ 31 ]. Classical presentation is with an episode of optic neuri-
tis causing a loss of vision, or visual fi eld defects and dyschomatopsia occurring in 
isolation; accompanied by acute spinal cord dysfunction such as paraparesis or 
quadriparesis with sensory signs, or loss of bladder control. 

 There is circumstantial evidence from studies which suggests that NMO-IgG is 
pathogenic in humans, with the presence of the antibodies in patients with trans-
verse myelitis or optic neuritis conferring a strong likelihood that these patients 
with develop NMO in the future compared to patients who test negative for the 
antibodies [ 20 ]. One animal model of NMO involves passive transfer of NMO-IgG 
via intraperitoneal injection into the EAE rat model. The IgG appears to exacerbate 
infl ammation and modulate the immune response in the context of this model 
resulting in complement activation, immunoglobulin deposition, and granulocyte 
infl ux in perivascular areas of the spinal cord [ 32 ]. These changes represent very 
similar pathology to that seen in human NMO lesions, however the major limitation 
in this model is the lack of injury to the myelin. Another model of NMO involves 
direct injection of NMO-IgG into the brain of mice. Lesion development was 
dependent on the co-injection of human complement, resulting in similar pathologi-
cal changes to those seen in human NMO lesions, and in contrast to the rat NMO 
models also demonstrated damage to the myelin [ 33 ]. A genetic animal model of 
NMO which does not involve IgG has also been developed. The “2D2” EAE model 
was developed in which mice born with T cells directed against myelin oligoden-
drocyte glycoprotein (MOG35–55) were crossed with mice that have a transgenic B 
cell receptor to MOG. The resultant progeny spontaneously developed a clinical 
picture involving optic neuritis and severe infl ammatory spinal cord lesions, with 
sparing of the brain, as seen in human NMO patients [ 21 ]. In this model the draw-
back was that histological changes such as complement deposition and granulocyte 
recruitment were not seen. As yet no single animal model has recreated all of the 
clinical and pathological features of NMO, but a combination of active immuniza-
tion, passive transfer, and genetic models is helping to elucidate individual patho-
logical events in NMO.   

13.2     Animal Models of Ischemic Optic Neuropathy 

 Ischemic optic neuropathy (ION) is caused by an ischaemia of the optic nerve 
head and is the most frequent cause of sudden visual loss in patients older than 
50 years. ION is characterized by a severe reduction in visual acuity associated 
with visual fi eld defect, oedema of the optic nerve head and disc haemorrhages. 
Ischemic optic neuropathy is differentiated into two different clinical forms: non-
arteritic (NAION), which is caused by an infarct of the short posterior ciliary arter-
ies associated with anatomical risk factors such as small optic disc; and the arteritic 
form (AION), which is part of a generalized disease (e.g. giant cells arteritis), 
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caused by an infl ammatory reaction. The ischaemic outcome of either event will 
result in nerve fi bre atrophy and often gives rise to a pale optic disc on clinical 
examination [ 34 ,  35 ]. 

 The major problem regarding animal models of ION lies in the anatomical 
differences between the optic nerve head (ONH) in human and small animals. 
The ONH in rodents lacks a lamina cribrosa, and the connective tissue surround-
ing the axon bundles has different collagen components and hysteresis compared 
to what is found in humans [ 36 ]. The vascular structure of the rodent ONH is also 
different. While rats have a vascular ring around the ONH which is somewhat 
similar to primates, mice often lack this anatomical feature [ 37 ]. Therefore, this 
intrinsic inter- species variability translates into completely different manifesta-
tions of an ischaemic event. Furthermore, the number of axons which constitute 
the optic nerve is different between species. Human and non-human primates 
have 1–1.2 million axons, rats 100,000 and mice 50,000 [ 38 – 40 ]. Again, this 
crucial anatomical difference results in contrasting manifestations of ONH 
ischaemia. 

 The most diffuse model of ION is found in an induced model where a dye 
(Rose Bengal – RB) is injected intravenously and then locally activated by a focal 
laser beam (532 nμ) projected onto the ONH of the animal [ 16 ]. The activation of 
the RB provokes reactive oxygen species formation which subsequently triggers 
platelet activation and capillary endothelial disruption [ 41 ]. Repeatability, which 
was the major problem of this model, has been overcome recently by the intro-
duction of custom made rodent contact lenses which enables constant and repro-
ducible insults [ 42 ]. The generated damage has similar features to human ION, 
however the ischaemia resolves rapidly and the disc oedema disappears after a 
maximum of 5 days post insult. However, Retinal Ganglion Cell (RGCs) apopto-
sis occurs and reduction in retinal fi bres is clearly visible 1 month after laser 
exposure using both direct visualization and computerised techniques. The hall-
mark of the disease, RGC apoptosis is also clearly assessable histologically, 
alongside structural changes to vessels, ONH oligodendrocytes apoptosis and 
ONH fi brosis [ 43 ]. 

 The same method generates similar results when applied to mice and non-human 
primates, making this technique a very easy model of ION [ 44 ,  45 ] (Table  13.1 ).  

13.3     Animal Models of Leber Hereditary Optic Neuropathy 

 Leber’s hereditary optic neuropathy (LHON) is a rare disorder caused by mitochon-
drial DNA point mutations in genes coding for specifi c protein subunits of the respi-
ratory chain complex I (G3460A, T14484C, G11778A) [ 46 ]; it is characterized by 
severe, painless acute unilateral visual loss which becomes bilateral within days or 
weeks. LHON predominantly affects young men (20 years) and, less frequently, 
women. However, a small number of paediatric and elderly cases have been reported 
[ 47 ]. The classic manifestation of LHON consists of rapid, painless loss of central 
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vision in one eye, accompanied by dyschromatopsia, followed by the involvement 
of the fellow eye within days or weeks. The evolution of the visual fi eld defect is 
generally represented by progressive enlargement of the blind spot with rapid prog-
ress towards the central vision. Diagnosis of LHON should be always considered in 
young male patients with bilateral optic neuritis, regardless of their age [ 47 ]. 

 Genetic studies of LHON began over two decades ago, however the patho-
genic mechanisms that produce the specifi c RGCs degeneration are still not 
fully understood and aetiological therapeutic strategies are still under develop-
ment. This is due largely to the lack of a good animal models of LHON. The fi rst 
animal model was generated by intravitreal administration of rotenone, a mito-
chondrial complex I inhibitor, directly into the mouse eye where histological 
analysis showed a signifi cant decrease of RGC layer thickness 1 day after injec-
tion of rotenone [ 48 ]. Another experimental mouse model consists of an intra-
vitreal injection of a genetically- engineered ribozyme. This procedure is 
responsible for a specifi c degradation of nuclear mRNA which results in the 
onset of an optic neuropathy with reduced superoxide dismutase activity and 
similar histological features observed in patients with LHON [ 17 ]. Another 
model of rodent LHON can be generated by injecting rotenone microspheres 
directly into the rat’s superior colliculus [ 18 ]. These animal models showed 
most common signs of LHON: visual loss within 2 weeks of  injection, absence 
of early RGCs loss with subsequent apoptosis. Intravitreal injections of yeast 
NADH dehydrogenase (Ndi1) in these models produces restoration of normal 
vision, which has opened a window of opportunity for novel therapeutic strate-
gies [ 18 ]. Genetic models of LHON are also available. A mouse with a G14600A 
mutation has been developed which results in mouse optic atrophy with synap-
tosomes and increased ROS production [ 19 ].  

13.4     Animal Models of Alzheimer’s Disease 

 Alzheimer’s disease (AD), the most common cause of dementia, is characterized by 
the insidious onset of a progressive decline in cognitive function due to the loss of 
neurons in the brain [ 49 ]. The pathology underlying the degeneration of neurons in 
AD brain is the formation of extracellular senile plaques via amyloid-beta (Aß) 
deposition and intracellular neurofi brillary tangles (NFTs) via hyperphosphoryla-
tion of tau protein [ 50 ]. Although much progress has been made in our understand-
ing of AD, early and more accurate diagnosis is currently unavailable, and a 
defi nitive diagnosis of AD can still only be made by neuropathology after the patient 
has died [ 51 ]. This prevents effective treatment in the early stages of the disease. 
Perhaps the main problem in the early diagnosis of AD is the inability to directly 
visualize changes in the brain. 

 However, increasing evidence has shown that the retina is also affected in AD, 
along with the changes in the brain [ 52 ]. More signifi cantly, the hallmarks of 
Alzheimer’s in the brain have also been identifi ed in the retina in both animal 
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models and human subjects. Histological studies in transgenic AD mouse models 
have demonstrated the present of Aß in the retina. Using a single transgenic 
Tg2576 mouse model which contains the APP double Swedish mutation, Liu et al. 
have shown increased Aß immunoreaction occurring predominantly in the retinal 
ganglion cell layer and the outer retina [ 53 ]. Retinal Aß deposition along with 
increased APP has also been found in double transgenic mouse models expressing 
APP and presenilin (PS) mutations; a fi nding which increased with age [ 54 – 56 ]. 
Using a triple transgenic AD mouse model that harbours three mutations of APP, 
tau and PS, a recent study has also demonstrated increased Aß deposition and tau 
hyperphosphorylation in the RGC layer compared to age-matched controls. A par-
ticularly exciting fi nding is that retinal Aß plaques in AD mice can be stained with 
curcumin and imaged  in - vivo ; and more signifi cantly, that the retinal plaques 
occurred prior to the development of plaques in the brain [ 57 ]. This is hugely rel-
evant as it suggests that retinal changes could potentially be used to make an early 
diagnosis of AD. Similar to the fi ndings in mice, APP immunoreaction has also 
been demonstrated in human retina, being prominent in RGCs and the RNFL, and 
again found in increased abundance with age [ 58 ]. In AD patients, Aß specifi c 
plaques have been identifi ed in the retina and increased with the severity of the 
disease by histological analysis of post-mortem eyes [ 57 ]. 

 The clinical endpoint for AD pathology is neuronal loss and tissue atrophy in the 
brain, in which both apoptosis and necrosis play a crucial role [ 59 ]. 

13.4.1     PS-1 and/or PS-2 APP Transgenic Mutation 

 Copies of human APP and PS1-2, which are implicated in familial AD have been 
used to create models of transgenic AD mice [ 10 ]. Transgenic models generated 
APP mutation with deposition of amyloid peptide, which is similar but not identi-
cal to the one found in human senile plaques, and commonly associated with 
amyloid angiopathy. Deposit of amyloid peptide are observed with associated 
dystrophic alterations in axons and dendrites. These models have often been used 
to understand the natural history of senile plaques [ 60 ], to study the plaque 
removing action of microglia [ 61 ], and to study protein interactions [ 62 ]. The 
double APP+ PS1 mutant transgenic models, show a progressive and rapid devel-
opment of senile plaques at 3 months of age with maximum expression at 
12 months [ 63 ]. 

 Since the development of this model, several questions have been raised 
regarding the mechanism of neuronal loss, the accumulation of Aß in the cell 
body, infl ammation, and gliosis. This model has also been used to determine the 
involvement of oxidative stress in AD [ 64 ,  65 ]. The biggest drawback of this 
model is the diffi culty to draw a connection between symptoms, injuries and 
increased deposition of Aß oligomers [ 66 ]. Another problem of this mouse model 
is that neurofi brillary tangles (NFTs) are present only in mouse lines that 
 overexpress mutated tau protein [ 66 ,  67 ].  
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13.4.2     Transgenic Tauopathies 

 Tauopathies are a group of degenerative diseases characterized histologically by the 
presence of fi lamentous inclusions in neurons (neurofi brillary pathology) and occa-
sionally in the glial cells. These fi laments are composed of hyperphosphorylated 
forms of tau protein which together generates NFT. The discovery of the tau gene 
mutation on chromosome 17 in frontotemporal dementia has facilitated the devel-
opment of tau-transgenic mice [ 11 – 13 ]. 

 There has been signifi cant progress in the development of models of this group 
of diseases. In particular mice expressing P301L tau mutation demonstrated that it 
is possible to generate robust animal models of neurofi brillary pathology [ 68 ] which 
can be assessed in vivo. However, this transgenic model only represents a fi rst gen-
eration of mice which are affected by human tauopathies [ 69 ].   

13.5     Mutations Model 

 This model, developed by Oakley et al. is based on fi ve mutations that occur in APP 
and presenilins (PS-1 and PS-2) which lead to an increased production of Aß-42. 
This model is known as 5xFAD, which represent the fi ve mutations that occur in 
familial AD. In this model there is a rapid production of Aß-42 that leads to the 
formation of senile plaques similar to those found in patients with AD [ 14 ]. Aß 
deposits begin at 2 months of age in the neuronal soma and dendrites especially in 
deep cortical layers, well before the formation of senile plaques. 

 In this model synaptic dysfunction occurs with aging, showing a marked decrease 
in synaptophysin, syntaxin and PDS95 and loss of pyramidal cortical neurons [ 14 ] 
with marked memory loss [ 14 ,  70 ]. Moreover it has been reported that this trans-
genic mouse has behavioural and motor defi ciencies [ 71 ]. 

 This may be a useful model for studying the processes related to the formation of 
senile plaques, synaptic loss and cognitive decline. This model has the advantage 
that it produces a large amount of Aß deposition in a short period of time. However, 
this model does not produce the same NFTs that are characteristic of AD in humans. 

13.5.1     Triple – Transgenic Model 

 In 2003 a triple-transgenic model was described for the fi rst time in which both 
senile plaques and NFT called 3xTg-AD were present [ 15 ]. 

 This mouse expresses extracellular Aß deposits prior to the formation of 
NFT. This phenotype is in keeping with the natural history of the AD in humans 
where there is progressive loss of synaptic plasticity followed by extracellular 
deposits of Aß and the deposition of NFTs, associated with Aß immunoreactivity 
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[ 72 ,  73 ]. Therefore, it is considered that this particular type of transgenic mouse is 
useful for studying the impact of Aß and tau protein accumulation on synaptic plas-
ticity. Moreover, this model presents with behavioural and cognitive defi cits that 
increase with aging. These characteristics are similar to what happens in humans 
with AD [ 74 ]. Since the creation of the 3xTg-AD mouse, a variety of research proj-
ects have been initiated which seek to elucidate our understanding of AD. 

 It has been demonstrated that the accumulation of Aß which triggers tau deposition 
occurs before it is undergoes hyperphosphorylation [ 75 ,  76 ]. In 2005, a study showing 
that chronic nicotine administration exacerbates tauopathy in this model was published 
[ 77 ,  78 ]. The relationship between Aß, tau and synaptic dysfunction was also assessed 
[ 15 ]. Likewise the ratio of Aß deposition and cognitive defi cits was also demonstrated 
[ 79 ]. The 3xTg-AD model has been correlated with glial activation and Aß deposition 
[ 80 ], and has also been used to study the infl ammation in specifi c areas of the CNS in 
order to evaluate potential infl ammatory markers of AD [ 80 ]. In a paper published in 
2005, primary cultures of 3xTgAD were used to study calcium release induced by caf-
feine [ 81 ]. The triple-transgenic mouse has proven to be a useful model for studying the 
development of AD, its neurobiochemical, neuropathological and neuropharmacologi-
cal characteristics. Studies with this model outnumber those made with other types of 
models. However, there will always be controversy about the extent to which animal 
models are  representative of the disease in humans. 

 Although an age-dependent increase of the level of RGC apoptosis has been docu-
mented histologically in the double AD (APP/PS1) mouse [ 56 ,  82 ], this has not yet been 
confi rmed in real time. Using the triple transgenic mouse model of AD (3xTgAD), it 
has been attempted to assess both apoptosis and necrosis simultaneously  in - vivo . Both 
RGC apoptosis and necrosis are present in the retina of AD mice, and quantitative 
analysis revealed that the majority of apoptotic RGCs are in their early phase of apop-
tosis rather than in the late phase or necrosis, compared with age matched controls. This 
would suggest that early phase apoptosis of RGCs may be characteristic in 3xTgAD 
mice, and they could be reversed or rescued in this early stage of degeneration. 

 Increased evidence shows that oxidative stress is heavily implicated in AD 
pathology, along with increased Aß accumulation and deposition in the brain [ 83 ]. 
As Aß accumulation in the retina has been demonstrated in this AD model [ 84 ,  85 ]. 

 Thus, the novel approach of  in - vivo  retinal imaging not only provides a means to 
detect RGC death which could refl ect the changes in the brain, but also enables dif-
ferentiation of apoptosing and necrosing processes simultaneously in the same liv-
ing eye over time.   

13.6     Animal Models of Parkinson’s Disease 

 Although the use of L-DOPA has revolutionized the treatment of PD, this is only a 
symptomatic treatment, which cannot arrest or delay the degeneration of dopami-
nergic neurons. The most signifi cant obstacle to the development of new neuropro-
tective drugs is the lack of knowledge of the specifi c molecular events that lead to 
neurodegeneration in PD [ 86 ]. 
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 The development of animal models represents a valuable tool for testing thera-
peutic strategies. To date, the agents used to induce degeneration of cells producing 
dopamine include MPTP (1-Methyl-4–phenyl-1,2,3,6-tetrahydropyridine) [ 87 ], and 
pesticides such as rotenone [ 88 ]. 

 The treatment of animals with neurotoxins such as rotenone, paraquat, 6-OHDA, 
MPTP and -synuclein, provide important models for the study of the causes and the 
molecular mechanisms involved in the death of dopaminergic neurons in 
PD. Although these toxins induce CNS neurodegeneration, each one produces dif-
ferent clinical and neuropathological effects. Each neurotoxic model of PD has its 
own advantages and disadvantages and currently no one model is capable of repre-
senting all aspects of PD. For this reason, the choice of toxins used to induce a PD 
model is related to the type of study to be undertaken [ 89 ]. A summary of models is 
presented in the table below (Table  13.2 ).

13.6.1       Paraquat (1,1'-Dimethyl-4,4'-Bipyridinium Dichloride) 

 When administered systemically in rodents, paraquat can induce reduced motor 
activity, a dose dependant loss of dopaminergic neurons in the SN, and a reduction 
of dopaminergic fi bres in the striatum [ 90 ]. Rats treated with paraquat are reported 
to also express pathological levels of α-syn in the SN [ 91 ]. However, a limitation of 
this model is that paraquat also induces severe lung, liver, and kidney toxicity caus-
ing a high mortality rate in treated animals [ 92 ].  

13.6.2     6-OHDA (6-Hydroxyl Dopamine or 2, 4, 5-Trihydroxy 
Phenethylamine) 

 6-OHDA does not easily cross the Blood Brain Barrier (BBB) and therefore cannot 
reach toxic concentrations in the CNS following a systemic administration. 
However, systemic administration of 6-OHDA causes damage to the peripheral ner-
vous system [ 114 ]. Due to its inability to cross the BBB, direct administration of 
6-OHDA in different brain area has been achieved using stereotactic methods to 
better model PD [ 89 ]. Used fi rstly on rats, the direct administration of 6-OHDA has 
subsequently been characterised in mice and monkeys [ 93 – 97 ]. The most common 
method to induce a lesion in the nigrostriatal pathway is the unilateral administra-
tion of 6-OHDA in the forebrain bundle (which includes the nigrostriatal tract) or in 
the striatum [ 115 ], however, a bilateral lesion with 6-OHDA is fatal. After direct 
administration of 6-OHDA, apoptosis of dopaminergic neurons is reported to occur 
within 24 h [ 116 ]. The maximum reduction in the levels of striatal DA occurs 
between 3 and 4 days after lesion onset, when the residual striatal DA neuron popu-
lation is reduced to less than 20 % of age matched controls [ 117 ]. Therefore, this is 
a rapid model but very invasive. The presence of Lewy’s Bodies (LB) has not yet 
been documented in this model.  
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13.6.3     MPTP (1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine) 

 Neuropathological data, derived mainly from experiments on non-human primates, 
has demonstrated that administration of MPTP causes damage to the nigrostriatal 
dopaminergic pathway similar to that found in PD [ 98 ]. The most reliable and 
reproducible disease model is induced through systemic administration of MPTP 
via intranasal [ 118 ], subcutaneous [ 119 ], intravenous [ 120 ], intra-peritoneal [ 121 ] 
or intramuscular [ 122 ] injection. As in human PD, a large loss of dopaminergic 
neurons in the CNS and ventral tegmental area is reported in this model [ 99 ,  100 ]. 
However, MPTP induced models of PD do not present with LBs [ 101 ].  

13.6.4     α-Synuclein 

 Chronologically, the most recent model of PD, this model is based on the genetic 
link between Parkinson’s disease and neuropathological effect of α-synuclein 
(α-syn) [ 102 ]. There are two types of α-syn animal models, either transgenic or non- 
transgenic. Transgenic model organisms in Drosophila and mice have been devel-
oped which over-express both the human wild-type α-syn and the mutated (A3OP 
and A53T) forms [ 123 ]. In models of Drosophila a signifi cant loss of DA neurons is 
reported, while murine models do not demonstrate signifi cant anomalies in dopami-
nergic neurons [ 103 ]. Non-transgenic models are based instead on the insertion of 
α-syn encoding genes into the SNPC using viral vectors [ 104 ,  105 ]. The mutation of 
α-syn in this way is reported to cause the selective degeneration of dopaminergic 
neurons in the rat SNPC, with the formation of cytoplasmic structures containing 
a-syn which are very similar to LBs [ 124 ].  

13.6.5     Rotenone ((2R, 6aS, 12aS) -1, 2, 6, 6a, 12, 12a- 
Hexahydro- 2-Isopropenyl- 8, 9- Dimethoxy Chromeno 
[3, 4- b] Furo (2, 3- h) Chromen- 6- One) 

 Among the various models of PD, the rotenone model has recently drawn particular 
attention because it reproduces most of the motor defect symptoms and the histo-
pathological features of PD [ 125 ,  126 ]. 

 This insecticide found in the roots of leguminous plants, interacts specifi cally 
with the mitochondrial respiratory chain complex [ 127 ]. Rotenone acts by blocking 
the mitochondrial electron transport form complex I to CoenzymeQ10 leading to 
energy starvation and cellular death. 

 Rotenone may have initially been used by Indians as a poison when hunting for 
fi sh [ 128 ]. Today it is commonly used as a pesticide due to its high biodegradability, 
degrading within days. It is highly lipophilic so it quickly passes through the cell 
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membrane, the blood brain barrier and accumulates in subcellular organelles such 
as mitochondria.[ 129 ] Both pulsatile [ 130 ] and chronic [ 106 ] administration of 
rotenone  in - vivo  and  in - vitro  models induces degeneration of nigrostriatal neurons, 
with formation of cytoplasmic inclusions similar to Lewy bodies, oxidative damage 
and parkinsonian bradykinesia and rigidity. 

 The mechanism by which complex I dysfunction induces neurotoxicity is still 
not known. The most common pathway seems to involve increased levels of oxida-
tive stress [ 131 ], resulting in reduced levels of glutathione and oxidative modifi ca-
tion of DNA, lipids, proteins and antioxidants such as α-tocopherol [ 132 ,  133 ]. 
Inhibition of Complex I was also demonstrated to increase levels of H 2 O 2  and inhi-
bition of Reactive Oxygen Species (ROS) [ 134 ]. It is believed that increased levels 
of ROS are mediated by microglia, which are also activated by the rotenone [ 135 ]. 
This massive oxidative stress produces alterations in mitochondrial function and 
activation of the apoptosing cascade [ 134 ]. The resulting decrease in intracellular 
levels of ATP causes the opening of Na + K + -ATP channels [ 136 ]. It has been shown 
that the hyperpolarization induced by the application of rotenone on dopamine cells 
of the CNS is mediated by the opening of these channels. In addition, the dopami-
nergic cells that contain the SUR-1 subunit of the Na +  K + -ATP channels are more 
sensitive to metabolic changes induced by the toxin [ 137 ]. 

 The selectivity of rotenone on the dopaminergic system has been explained on 
the basis of the cytotoxic effect mediated by the same endogenous mechanism 
[ 138 ]. It has been shown that rotenone induced blockade of mitochondrial complex 
I occurs in all cells indiscriminately [ 139 ], but this inhibition does not induce cell 
death in non-dopaminergic cells. The association between ROS – dopamine in 
dopaminergic cells could be the basis of the initial apoptotic process [ 140 ]. 

 Biehlmaier et al. have demonstrated that rotenone-treated rats show a depletion of 
DA in the striatum and substantia nigra (SN), in association to a signifi cant reduction 
in retinal dopaminergic amacrine cells, similar to that found in PD patients [ 90 ,  141 ]. 

 In 2000, it was fi rst reported that chronic systemic rotenone exposure in rats 
produced phenotypical features of PD [ 142 ]. Rotenone is reported to exert 
highly selective toxicity on DA neurons both  in - vitro  [ 143 ,  144 ] and  in - vivo  
[ 106 ,  145 ,  146 ]. 

 The mechanisms of action of rotenone are various [ 147 ]; rotenone is reported to 
inhibit mitochondrial complex 1, impeding the oxidation of NADH to NAD +  so 
causing a reduction in cellular respiration [ 147 ]. The consequence of complex 1 
inhibition is a cascade of events which leads to elevated oxidative stress [ 148 ] and 
ultimately apoptosis [ 149 ]. 

  In - vivo  models have been obtained through different routes of rotenone adminis-
tration; Oral administration (via food), is reported to cause only mild neurotoxicity 
[ 107 ]. Stereotactic administration of rotenone in the medial forebrain bundle is 
reported to cause depletion of striatal DA neurons [ 150 ]. Systemic administration, 
including intravenous (i.v.), subcutaneous (s.c.), or intraperitoneal (I.P.), has been 
found to induce the formation of α-syn cytoplasmatic particles, in the substantia 
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nigra of treated rats in a similar manner to the typical LBs found in PD [ 106 ,  151 ]. 
Systemic administration of rotenone is also reported to promote the production of 
pro infl ammatory factors and microglial activation triggering further oxidative 
insult to DA neurons [ 152 ,  153 ]. 

 Rotenone administration also causes symptomatic changes in rodents including 
motor rigidity, behavioural alterations, catalepsy, sleep and gastrointestinal altera-
tions. L-DOPA therapy is able to reverse temporarily the motor defi cits reported in 
these models [ 154 ,  155 ]. Furthermore, systemic rotenone administration, frequently 
causes neurotoxicity and mortality in a dose-dependent manner. 

 Systemic rotenone administration has been reported ,through its ability to pene-
trate all cells, to act also on non-dopaminergic neurons such as Retinal Ganglion 
Cells (RGCs) [ 156 ]. Additional supporting evidence for the use of rotenone as a PD 
model can be found in epidemiological studies which demonstrated a correlation 
between PD and rotenone exposure in humans [ 157 ,  158 ].  

13.6.6     LRRK2 Model (Table  13.3 ) 

    Leucine Rich Repeat Kinase (LRRK2) is a gene responsible for coding an enzyme 
called dardarin which has kinase activities and is responsible for signal transmis-
sion, protein-protein interaction, and amino acid phosphorylation [ 159 ]. Mutation 
of the  lrrk2  gene has been implicated in the pathogenesis of familial PD [ 111 ].  lrrk2  
was associated with the locus Park8 (Parkinson family of type 8) for the fi rst time in 
2002, in a large Japanese family that presented parkinsonian symptoms with auto-
somal dominant inheritance, but without the appearance of Lewy bodies [ 112 ]. 
Since 2004, mutations in  lrrk2 -linked to PD have been found in many families, 
which also included cases with the presence of LBs [ 111 ]. The relationship between 

   Table 13.3    Mutation involved in genetic PD   

 Locus  Gene  Transmission 
 Number 
of family  Reference 

 PARK 1  4q21-23  α-synuclein  AD  18  [ 167 ] 
 PARK 2  6q25-27  Parkin  AR  Many  [ 168 ] 
 PARK 3  2p13  –  AD  6  [ 169 ] 
 PARK 4  4q21-23  α-synuclein  AD  Many  [ 170 ] 
 PARK 5  4p14  Ubiquitin  AD  1  [ 171 ] 
 PARK 6  1p35-36  Pink-1  AR  Sporadic cases  [ 172 ] 
 PARK 7  1p36  DJ-1  AR  2  [ 173 ] 
 PARK 8  12p11- q13   Dardarin 

(LRKK2) 
 AD  Many + sporadic 

cases 
 [ 174 ] 
 [ 175 ] 

 PARK 9  1p36  –  AR  Kulford-Rakeb 
Syndrome 

 [ 176 ] 
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PD and  lrrk2  was later confi rmed by gene sequencing which has revealed numerous 
pathogenic amino acid substitutions [ 160 ]. The  lrrk2  mutation Gly2019Ser is the 
most frequent replacement in the Caucasian population, which is statistically pres-
ent in 0.5–2 % of cases of sporadic and 5 % of MP in familial Parkinsonism [ 161 ]. 
The probability that a heterozygote manifests symptoms below the age of 50 is less 
than 20 %, but this increases with age to more than 80 % after 75 years [ 113 ]. 
Biopsies of the substantia nigra of patients with PD caused by expression of mutated 
LRRK2 show the presence of Lewy bodies [ 162 ,  163 ]. La Morgia and colleagues 
have shown also retinal modifi cations in patients affected by the mutation of  lrrk2  
[ 164 ] and reported the same RNFL thinning that occurs in patients with sporadic PD 
[ 165 ]. Retinal modifi cations have also been shown in a LRRK2 transgenic dro-
sophila melanogaster model [ 166 ]. Using this model, Hindle et al. demonstrated a 
loss of visual response and concomitant photoreceptor degeneration.   

13.7     Conclusion 

 Accessibility and cost effi ciency combined with the great accessibility of the eye 
make animal models a precious tool for studying the natural history of neuro- 
ophthalmological diseases suggesting these models could provide a source of novel 
biomarkers for the early diagnosis and follow up of neurodegenerative diseases. 
Nevertheless, due to anatomical and physiological differences, the validity of ani-
mal models is closely related to the level of similarity with the human pathology. 
Therefore prudence should be always applied in choosing the appropriate model for 
each individual neuro-ophthalmolgocial condition (Fig.  13.1 ).

Rat

RNFL

IPL
INL
OPL

ONL

PRL

RPE

Human

  Fig. 13.1    OCT differences between Rat retina and Human Retina.  RNFL  retinal nerve fi bre layer. 
 IPL  inner plexiform layer,  INL  inner nuclear layer,  OPL  outer plexiform layer,  ONL  outer nuclear 
layer,  PRL  photoreceptor layer,  RPE  retinal pigmented epithelium       
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    Chapter 14   
 Optical Coherence Tomography (OCT) 
in Glaucoma                     

       Kaweh     Mansouri       and     Robert     N.     Weinreb    

    Abstract     Imaging with optical coherence tomography (OCT) has become a main-
stay of glaucoma diagnosis and management. In recent years, evidence has accumu-
lated to show that OCT-derived rates of change are associated with progression of 
glaucoma and reduction of quality of life. OCT technology improves rapidly. Recent 
innovations such as swept source OCTs enable visualization of the lamina cribrosa. 
While noninvasive OCT angiography may shed some light into perfusion of the 
optic nerve head in glaucoma.  

  Keywords     Glaucoma   •   Optical coherence tomography   •   Swept-source   •   Lamina 
cribrosa    

14.1      Introduction 

 Glaucoma is the leading cause of irreversible blindness worldwide [ 1 ]. It is an optic 
neuropathy characterized by progressive structural loss of retinal ganglion cells and 
optic nerve damage that results in characteristic visual fi eld loss. Early identifi cation 
of the disease is of utmost importance because appropriate treatment can prevent or 
slow disease progression and preserve vision. Detection of visual fi eld loss by 
means of standard functional testing has been one of the mainstays in the diagnosis 
of glaucoma. However, the subjective nature of perimetry creates large variation in 
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results, which make it diffi cult to reliably assess disease state and progression. 
Structural changes in the optic nerve head (ONH) and retinal nerve fi bre layer 
(RNFL) often are visible before the appearance of detectable loss by perimetry [ 2 , 
 3 ]. The ability to detect structural loss at the level of the ONH and peripapillary 
RNFL is, therefore, fundamental in the diagnosis and management of glaucoma. 
While this can be done subjectively by clinical examination and fundus photogra-
phy, the introduction of ocular imaging modalities into clinical management has 
allowed for quantifi able and reproducible assessment of glaucomatous structural 
changes. Imaging technologies such as confocal scanning laser ophthalmoscopy 
(CSLO) and scanning laser polarimetry (SLP) were introduced in the late 1980s and 
were initially used for this purpose. 

 Optical coherence tomography (OCT) was introduced in 1991 and is a non- invasive 
optical technique that allows for in vivo cross-sectional imaging of the ONH and ret-
ina. Briefl y, OCT technology measures echo time delay and the magnitude of refl ected 
light using low-coherence interferometry [ 4 ]. Cross-sectional images are obtained by 
measuring the backscattered light. The fi rst generation of OCTs were time-domain 
(TD)-based instruments and were limited by a low scan speed (100–400 A scans/s) 
and an axial resolution of ca. 8–10 μm. Yet, the technology rapidly evolved and become 
widely adopted for the detection of glaucomatous damage and progression. The cur-
rent second generation OCT instruments, spectral- domain OCT (SD-OCT), have an 
approximately 50 times faster scan speed (between 26,000 and 53,000 A-scans/s) than 
TD-OCTs and an axial resolution of approximately of 5 μm. These improvements lead 
to lower susceptibility to motion artifacts due to eye movement and improved repro-
ducibility, both essential factors for the detection of glaucomatous changes. As a con-
sequence, SD-OCT has been shown to have improved ability to monitor for glaucoma 
progression [ 5 ]. SD-OCT devices can also provide 3D datasets, which enable enhanced 
image registration in consecutive testing and further improve glaucoma diagnosis and 
detection of progression. There are currently several commercially available SD-OCT 
instruments with varying parameters and unique features. 

 OCT technology is rapidly evolving with faster scanning speeds, deeper signal 
penetration, and improved segmentation algorithms. This chapter will focus on 
SD-OCT and discuss the recent introduction of the next iteration of OCT instru-
ments, swept-source OCT.  

14.2     Diagnosis of Glaucoma 

 The basic requirement to diagnose glaucoma using imaging instruments is the abil-
ity to defi ne what constitutes normality. This is achieved by normative databases 
that include corresponding age- and ethnicity-matched measures to the patient under 
investigation. The ability of these instruments to discriminate healthy from glau-
coma, and to detect glaucomatous progression over time is, therefore, signifi cantly 
limited by the quality of reference databases associated with the available commer-
cial devices [ 6 ]. For instance, the normative database for the Stratus TD-OCT (Carl 
Zeiss Meditec, Dublin, CA, USA) includes 350 subjects (63 % Caucasian, 24 % 
Hispanic, 8 % African-American, and 3 % Asian) with a mean age of 47 years [ 7 ]. 
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Even though they are not common, a limitation of all normative databases is the 
absence of individuals with refractive errors beyond −12.00 D and +8.00 D. 

 The performances of the commercially available SDOCT instruments in detecting 
eyes with glaucoma, specifi cally measures of diagnostic accuracy such as sensitivity, 
specifi city, and receiver operating characteristic (ROC) curves have been extensively 
evaluated [ 8 ,  9 ]. Leung et al. [ 8 ] compared SD-OCT (Cirrus HD-OCT; Carl Zeiss 
Meditec, Inc., Dublin, CA) to TD-OCT (Stratus OCT; Carl Zeiss Meditec, Inc.). They 
reported an intra-visit repeatability of SD-OCT ranging between 5.12 and 15.02 μm, 
and an inter-visit reproducibility between 4.31 and 22.01 μm. The inter-visit variabili-
ties of sectoral and average RNFL thicknesses were lower in Cirrus HD-OCT com-
pared with Stratus OCT. There were proportional biases of RNFL measurements 
between the two OCT devices, which are related to the different inherent characteris-
tics of the two OCT systems. The diagnostic sensitivity and specifi city was examined 
with the area under the receiver operating characteristic curve (AUC). The average 
RNFL thickness (AUC, 0.962 for SD-OCT and 0.956 TD-OCT) were similar in both 
instruments. Although the diagnostic accuracies were comparable between the two 
instruments, SD-OCT demonstrated lower measurement variability. These results fur-
ther suggest that measurements between different devices are not interchangeable. 
Several other investigators have studied the diagnostic accuracy of SD-OCT [ 10 – 13 ]. 

 The clinical utility of OCT in glaucoma has primarily focused on the assessment 
of the peripapillary RNFL because it enables a comprehensive evaluation of all the 
RGC axons as they approach the ONH (Figs.  14.1  and  14.2 ). It has been shown that 
diagnostic accuracy of OCT-derived parameters is superior to CSLO and SLP [ 5 ]. 
Some investigators have suggested that macular RNFL measurements are equal to 
and potentially superior to peripapillary RNFL measurements for the diagnosis of 
early glaucoma. (Figs.  14.3  and  14.4 ) Jeoung et al. [ 14 ], found one measurement 
parameter (minimum macular ganglion cell-inner plexiform layer, GCIPL) to be 
superior to RNFL and ONH measurements. They concluded that GICPL showed bet-
ter glaucoma diagnostic performance than the other parameters at comparable speci-
fi cities. However, other GCIPL parameters showed performances comparable to 
those of the RNFL parameters. However, there is a paucity of data in favor of macular 
measurements for detection of glaucoma. Mwanza et al. [ 13 ] compared the diagnos-
tic performances of macular ganglion cell-inner plexiform layer (GCIPL) to RNFL 
and ONH measurements to discriminate normal eyes and eyes with early glaucoma. 
They found high (AUC >0.9) and similar diagnostic accuracies for all parameters. 
Their results were confi rmed by other investigators [ 12 ,  15 ]. A large study, however, 
could not confi rm these fi ndings and found that macular measurements using 
SD-OCT had a lower accuracy for detecting preperimetric glaucoma [ 16 ].

      However, the accuracy measures reported by these studies have not taken into 
account the possible effects of important covariates on test results, such as disease 
severity. Diagnostic tests tend to be more sensitive in advanced stages of the disease, 
and measures of diagnostic accuracy obtained in studies that include only patients 
with moderate or severe disease may not be applicable to patients with early disease 
or those with suspected disease. For example, it is possible that a particular param-
eter is more sensitive at early stages of the disease, whereas another may be more 
sensitive at moderate or advanced stages. A study comparing the diagnostic accu-
racy of the Cirrus SD-OCT in different stages of glaucoma, as defi ned by the visual 
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fi eld index (VFI), found that the disease severity had a signifi cant infl uence on the 
detection of glaucoma [ 17 ]. For the average RNFL thickness parameter, AUCs were 
0.962, 0.932, 0.886, and 0.822 for VFIs of 70 %, 80 %, 90 %, and 100 %, respec-
tively. Therefore, it is important to characterize the relationship between the perfor-
mance of the diagnostic test and the severity of disease and to evaluate how this 
relationship affects the comparison between different tests. 

 Recently, a new generation of OCT instruments has been introduced. Swept- source 
OCT (SS-OCT) uses a short cavity swept laser with a tunable wavelength of operation 
instead of the superluminescent diode laser used in SD-OCT [ 18 ]. SS-OCT pro-
vides reduced sensitivity roll-off versus depth compared to SD-OCT. Currently, two 

  Fig. 14.1    Characteristic early to moderate glaucomatous damage of the retinal nerve fi ber layer 
(RNFL)       
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 instruments from two different manufacturers are commercially available. The Casia 
SS-1000 SS-OCT (Tomey Corp., Tokyo, Japan) is an anterior segment OCT instrument 
and will be discussed later (see: Sect.  14.5 ). The DRI-Atlantis SS-OCT (Topcon Inc., 
Tokyo, Japan) has a center wavelength of 1050 nm and a sweeping range of approxi-
mately 100 nm, compared to the fi xed 850 nm wavelength typical of SD-OCT [ 18 ]. Its 
scan rate is 100,000 Hz (compared to 40,000 Hz commonly used in  spectral-domain 
OCT) achieved by the use of two parallel photodetectors, yielding approximately 8 mm 
axial resolution in tissue. Beside the reduction of eye motion artifacts, high speed scan-
ning enables averaging over several B-scans without the use of an eye tracker. These 
features allow deep penetration of deep ocular structures and higher image quality. (see: 
Sect.  14.4 ) The longer wavelength also provides an improved image quality in patients 

  Fig. 14.2    Characteristic advanced glaucomatous damage of the RNFL. Visual fi eld MD is 
−15.60 dB       
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with cataract but has some drawbacks compared with the 840 nm one. These include 
lower axial resolution, since the spectral bandwidth that can be used at this wavelength 
region is limited by the “absorption window” of water, as well as lower transverse reso-
lution, which is directly proportional to the wavelength. Good repeatability of retinal 
and choroidal measurements with SS-OCT has been shown [ 19 ]. Yang et al. [ 20 ] com-
pared the diagnostic accuracies of SS-OCT wide-angle and RNFL measurement and 
compared these to standard SD-OCT measurements. In all, 144 glaucomatous and 

  Fig. 14.3    Glaucomatous damage using macular analysis (same patient as in Fig.  14.1 )       
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66 healthy control eyes from the longitudinal Diagnostic Innovations in Glaucoma 
Study were enrolled. They reported AUCs of 0.88 and 0.89 for of  swept- source OCT 
wide-angle and peripapillary RNFL thickness, respectively. Swept- source OCT per-
formed similar to average peripapillary RNFL thickness obtained by spectral-domain 
OCT (area under the ROC curve of 0.90).  

14.3     Detection of Glaucoma Progression 

 Glaucoma is characterized by progressive structural changes that may lead to loss of 
visual function and decreased vision-related quality of life. The fundamental goal of 
glaucoma management is to prevent patients during their lifetime from developing 

  Fig. 14.4    Glaucomatous damage using macular analysis (same patient as in Fig.  14.2 )       
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visual impairment that is suffi cient to produce disability in their daily activities and 
reduce their quality of life. The clinician is confronted with the diffi culty in discriminat-
ing glaucomatous structural changes, which are typically slowly progressive, from natu-
ral age-related structural loss. Leung et al. [ 21 ], reported an age- related loss in average 
RNFL thickness of −0.52 μm per year. Different studies have shown inter-visit 95 % 
tolerance limits for average RNFL thicknesses of approximately 4 μm, when image 
acquisition was performed by well-trained personnel. Despite excellent repeatability of 
RNFL thickness measurements with SDOCT, device-related measurement variability 
remains another factor to consider when assessing structural changes over time. 

 The initial reports of the ability of TD-OCT to detect glaucoma were published a 
decade ago. Wollstein et al. [ 22 ] showed the potential use of OCT in detecting glau-
comatous progression with an event-based approach. They concluded that the OCT 
has a greater likelihood to detect glaucoma progression than standard visual fi elds. In 
their study, 22 % of eyes had a signifi cant change measured by the OCT without cor-
responding deterioration of the visual fi elds. Medeiros et al. [ 23 ], evaluated the ability 
of different parameters such as RNFL thickness, optic nerve head and macular thick-
ness measurements to detect glaucomatous progression. They reported the RNFL 
thickness parameters as having better ability than optic nerve head and macular thick-
ness parameters to detect progression. For average RNFL thickness, a rate of change 
of −0.72 μm (approximately 1 %) per year for the progressors compared to 0.14 μm 
per year in nonprogressors was reported, with a wide variation of rates of change. 
Similar results were found by Leung et al. [ 24 ] who evaluated the guided progression 
analysis (GPA) software of Stratus OCT. Variation of rates of change are based on 
individual characteristics, such as stage of disease and response to treatment. However, 
the quality of image acquisition (e.g., signal strength, image centering etc.) and the 
presence of image artifacts can affect the ability to detect change [ 25 ,  26 ]. 

 Several studies have evaluated the ability of SD-OCT to detect glaucoma pro-
gression (Figs.  14.4 ,  14.5 , and  14.6 ). Leung et al. [ 27 ] have demonstrated that 
SD-OCT is more sensitive than TD-OCT in detecting reduction of RNFL thickness 
in progressing eyes. Na et al. [ 28 ] compared the rate of change of RNFL thickness 
and optic nerve head (ONH) parameters assessed using SD-OCT between eyes of 
162 glaucoma patients with progressing and non-progressing disease. Sixty-three 
eyes (22.6 %) from 52 subjects were identifi ed as progressors. They found that 
 glaucoma progressors have signifi cantly higher rates of RNFL thickness loss than 
non- progressors (−1.26 μm vs −0.94 μm/year). Wessel et al. [ 29 ] compared the 
structural loss of RNFL in healthy individuals and glaucoma patients. They included 
62 eyes, comprising 38 glaucomatous eyes with open angle glaucoma and 24 
healthy controls from a longitudinal study (Erlangen Glaucoma Registry). They 
found a signifi cant difference in the rate of change between glaucoma progressors 
and non-progressors (−2.12 μm/year vs. −1.18 μm/year).

    Several SD-OCT instruments have the ability to analyze changes in the macular 
region, such as the ganglion cell complex (GCC) parameter, which selectively mea-
sures the inner retina in the macular region. The GCC has shown similar diagnostic 
accuracy for detecting glaucoma as the RNFL thickness and may be useful for moni-
toring the disease [ 30 ]. Na et al. [ 31 ], evaluated the clinical use of segmented macular 
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  Fig. 14.5    Glaucoma progression documented by RNFL analysis       

  Fig. 14.6    Glaucoma progression documented by macular analysis       
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layer thickness measurement in terms of glaucoma diagnosis and the ability to detect 
progression and compare these to circumpapillary RNFL measurements. They showed 
that the ganglion cell and inner plexiform layer (GCA) parameter was superior to other 
macular segmentation parameters in terms of diagnostic accuracy. The sensitivity for 
detecting progression was similar between GCA and RNFL measurements (8 % vs 
5 %). Naghizadeh et al. [ 32 ], investigated the ability of different parameters of the 
RTVue-100 SD-OCT to detect early glaucomatous progression in 51 glaucoma patients 
during a 1.5–3 year period. Glaucoma eyes had non- signifi cant rates of structural loss 
in RNFL (−0.33 μm/year), cup area (0.03 mm 2 /year), and rim area (−0.03 mm 2 /year), 
while the change in the global and focal ganglion cell complex (GCC) parameters 
(−3.8 and −1.5 %/year) was statistically signifi cant. They concluded that early struc-
tural progression of glaucoma may be better detected with macular parameters than 
with the ONH, RNFL thickness parameters of the same instrument. 

 The demonstrated ability of SD-OCT to detect progression of glaucoma has the 
potential to address the absence of a suitable surrogate endpoint in glaucoma clini-
cal trials for neuroprotective agents. Currently, structural endpoints for glaucoma 
trials have not been acceptable to regulatory agencies. Although IOP has tradition-
ally been used as a surrogate end point, it is an imperfect surrogate for the clinically 
relevant outcomes of the disease, as many patients can progress despite low IOP 
levels [ 33 ]. The other commonly used endpoint is visual fi eld status, which is poten-
tially limited by the need for large samples, variability of results, both due to a 
learning curve, and long-term follow-up. Structural endpoints may be more consis-
tent than functional endpoints. Therefore, efforts are ongoing to evaluate the suit-
ability of structural measurements as replacement for visual function. At present, 
the FDA requirement for adoption of structural endpoint in glaucoma is a strong 
correlation ( R  2  ≈ 0.9) to visual function [ 34 ]. The follow-up duration of above stud-
ies evaluating the ability of SD-OCT to detect glaucoma progression is relatively 
short. Longer duration of follow-up is required to account for the typically slowly 
progressive nature of glaucoma. Medeiros et al. [ 35 ] have demonstrated  R   2   values of 
up to 81 % for confocal scanning laser ophthalmoscopy to detect the development 
of visual fi eld progression in glaucoma over a period of 6.6 years. In the future, 
innovations in OCT hardware and software are expected to improve the predictive 
value of structural endpoints. Efforts to combine results of structural and functional 
measurements may further enhance the agreement between structural tests and 
visual function results. In fact, a proposed combined structure-function index was 
shown to have better diagnostic ability to detect glaucoma (AUC = 0.94) than struc-
tural (AUC = 0.92) or functional (AUC = 0.89) measurements alone [ 36 ].  

14.4      Imaging Deep Ocular Structures 

14.4.1     Choroid 

 In 2008, Spaide and co-workers [ 37 – 39 ] described the new technique of enhanced 
depth imaging (EDI) to provide improved imaging of the posterior ocular structures, 
such as the choroid. With EDI, the SD-OCT device is placed at a distance from the eye 

K. Mansouri and R.N. Weinreb



275

so that an inverted image of the fundus is created, which increases the image clarity of 
the deeper structural layers. The coherence gate is placed at the deeper retinal layers 
instead of in the vitreous humor. The deep choroid and inner sclera are placed closer 
to the zero delay, which give them a smaller frequency and lower shift [ 40 ]. EDI- OCT, 
therefore, improves the imaging sensitivity of the posterior ocular layers. 

 EDI-OCT was initially used to study choroidal features in retinal diseases, such 
as choroidal thickness, volume, calcifi cation, and cavitation [ 41 – 44 ]. A study using 
EDI-OCT to visualize the choroidal boundaries in the undilated healthy eyes 
reported a mean choroidal thickness at the macula of 318 μm in right eyes and 
335 μm in left eyes [ 40 ]. These measurements of choroidal thickness had good 
inter-observer repeatability (r = 0.93 OD, r = 0.97 OS; p < 0.001). Branchini et al. 
[ 45 ] studied the reproducibility of choroidal thickness measurements, in 28 subjects 
by three different SD-OCT devices: Cirrus HD-OCT, the EDI-OCT option of the 
Heidelberg Spectralis, and the chorioretinal imaging mode of Optovue RTVue. The 
choroidal thickness measurements at the fovea were determined to be 347.5 μm 
(Cirrus), 347.4 μm (Spectralis), and 337.6 μm (RTVue), with no signifi cant differ-
ence between the apparatuses. They found that the three instruments provided good 
reproducibility. Rahman et al. [ 46 ] examined the repeatability of choroidal thick-
ness measurements obtained by manual calipers, in 50 healthy volunteers. Using 
coeffi cient of repeatability (CR), they reported the difference between two measure-
ments on the same eye’s choroidal thickness to be less than the CR for 95 % of pairs 
of observations. Although these studies provide initial data on the accuracy and 
precision of EDI-OCT, information on the quality of visualization of the choroidal 
boundaries is lacking. 

 Visualization of the deeper ocular structures may be enhanced by the introduc-
tion of swept-source (SS-)OCT instruments. The longer wavelength of the SS-OCT 
probe limits the light scatter and absorption at the photoreceptors and retinal pig-
ment epithelium, which enables clearer imaging of the deeper choroid and sclera 
[ 47 – 50 ]. SS-OCT, therefore, has the potential to provide more accurate and detailed 
characterization of the choroid (and lamina cribrosa, see below) in the research and 
clinical setting (Fig.  14.7 ). Initial versions of SS-OCT have been used to evaluate 
the choroid in the setting of various retinal diseases. Ikuno et al. [ 51 ,  52 ] used 
SS-OCT to measure choroidal thickness at various regions in healthy subjects. They 
calculated the mean thicknesses to be 354 μm at the fovea, 345 μm inferiorly, 
364 μm superiorly, 227 μm nasally, and 337 μm temporally. The investigators found 
that SS-OCT has improved sensitivity for the structures posterior to the retinal pig-
ment epithelium, including the chorio-scleral interface, when compared to SD/EDI- 
OCT. They also compared the choroidal thickness measurements determined by 
SS-OCT to those obtained by EDI-OCT [ 53 ]. Intersystem, interexaminer, and inter-
visit reproducibility were high using SS-OCT (respectively, ICC = 0.921 for choroi-
dal thickness and 0.661 for retinal thickness; ICC = 0.921 for choroidal thickness 
and 0.630 for retinal thickness; ICC = 0.893 for choroidal thickness and 0.504 for 
retinal thickness).

   SS-OCT has also been used to determine choroidal thickness in glaucoma patients. 
Matsuo et al. [ 54 ] compared measurements of subfoveal choroidal thickness obtained 
by two SD-OCT instruments (Spectralis SD-OCT and Topcon SD-OCT) and one 
SS-OCT apparatus (DRI-SS-OCT): measurements were comparable among the two 
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SD-OCT instruments, but the SS-OCT measured choroidal thickness was greater 
than that measured by both SD-OCT devices. This may  indicate that SS-OCT can 
visualize and thus measure more of the choroid, leading to a greater measurement of 
thickness. Usui et al. [ 55 ] determined choroidal thickness in eyes with highly myopic 
eyes with normal tension glaucoma (NTG). They found that the choroid in these 
cases was substantially thinner than in non-glaucomatous myopic subjects, at the 
superior (p < 0.05), superotemporal (p < 0.01), temporal (p < 0.01), and inferotempo-
ral (p < 0.05) regions around the optic disc and at the fovea (p < 0.001). The authors 
theorized that choroidal thinning may lead to progressive vessel loss and impede 
choroidal circulation, thereby playing a role in disease progression. SS-OCT, with its 
ability to provide high resolution and signal penetrance to the deeper choroidal and 
scleral layers, may contribute signifi cantly to visual evaluation of glaucomatous 
progression. 

 Mansouri et al. [ 18 ] investigated changes in choroidal thickness and volume after 
the water drinking test (WDT) in healthy subjects. For this purpose, software was 
developed to obtain automated segmentation of the choroid. Using that software, a 
statistically signifi cant increase in thickness and volume of the choroid after the 
WDT was shown. Automated segmentation of the choroid is a signifi cant improve-
ment to the manual measurements used in the previous studies, particularly in light 
of the wide anatomic variations of the choroid. The authors showed that the 

  Fig. 14.7    Three- 
dimensional scans of the 
optic nerve head, lamina 
cribrosa and choroid 
obtained by swept-source 
OCT       
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 automated segmentation method provided excellent reproducibility of retinal and 
choroidal measurements [ 19 ]. The WDT is a provocative test in which 1 l of water 
is ingested in 5 min. The amount of subsequent rise in IOP has been postulated to 
be predictive of peak circadian IOPs.  

14.4.2     Lamina Cribrosa 

 The lamina cribrosa (LC) is a multi-layered sieve-like structure in the sclera where 
retinal ganglion cell axons exit from the eye. The LC has been known to play a criti-
cal role in the pathogenesis of glaucoma [ 2 ]. Blockage of axonal transport within 
the LC has been proposed as a salient pathogenic mechanism for glaucoma. 
However, the exact process of the pathogenic cascade within the LC is yet to be 
determined. It is assumed that the LC provides mechanical support to the nerve 
fi bers traversing the deeper ocular structures [ 4 ]. Thinning of the LC has been asso-
ciated with glaucomatous progression, through deformation and compression of the 
structure presumably from elevated IOP [ 5 ] Changes in pore shape and size in the 
LC also have been correlated with glaucoma [ 6 ,  7 ]. These deformations in the LC 
structure likely hinders axoplasmic fl ow and thus disrupts transport of trophic fac-
tors critical to retinal ganglion cells [ 8 ,  9 ], thereby causing neuronal death that is 
characteristic of glaucoma. Furthermore, the LC represents a biomechanical discon-
tinuity in the spherical casing of the eye, so that the globe is more vulnerable to 
stress loading that may play a role in glaucoma [ 10 ]. Understanding such forces that 
affect the structure of the LC, through both focal and general morphologic changes, 
would clarify the mechanisms of glaucoma. A detailed study of the LC, however, 
requires accurate and clear visualization of this structure. In clinical practice, assess-
ment of glaucoma damage is performed by examining the ONH and its surround-
ings for signs of structural loss, such as neuroretinal rim loss or enlarged cupping. 
Clinical examination of the LC structures cannot be performed routinely with cur-
rent diagnostic methods. 

 The main challenge in imaging the LC with SD-OCT is the attenuation of light 
by tissue. The presence of RNFL tissue impedes therefore, the clear delineation of 
the anterior and posterior boundaries of the LC. Decreased resolution with signal 
loss and light scattering, and decreased maximal dynamic range all limit image clar-
ity at the deeper ocular layers [ 40 ]. Recently, EDI-OCT has also been used to evalu-
ate the ONH. Park et al. [ 56 ] evaluated the utility of EDI-OCT for imaging the ONH 
in eyes with glaucoma. They analyzed the following parameters: LC, accompanying 
vascular structures, peripapillary choroid and sclera, and the subarachnoid space 
surrounding the optic nerve. They found that the anterior surface of the LC could be 
at least partially distinguished from the surrounding areas – even posterior to the 
neuroretinal rim, vascular structures, and scleral rim – in 65 % of the studied eyes. 
In 76 % of the eyes, the size and direction of the pores in the LC were also defi ned. 
In addition, EDI-OCT was used to determine the course of various vessels, such as 
the short posterior ciliary artery (in 86 % of eyes), and the space of the subarachnoid 
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(in 18 % of eyes). The technique, however, could not adequately and consistently 
visualize the posterior laminar boundary. Also, the periphery of the structure could 
not be as well visualized as the central area, due to increased scleral and neural tis-
sue thickness, greater pigmentation of the retinal and choroidal layers, and the pres-
ence of vascular structures around the margins of the LC. However, the authors 
reported diffi culty imaging the periphery of the LC, given that the relatively thick 
neuroretinal and scleral rims and the presence of vasculature at the edge of the LC 
(compared to the center) interfered signifi cantly with light penetration. 

 Focal structural irregularities of the LC, and their corresponding functional defi -
ciencies, have also been rigorously studied using EDI-OCT, as SD-OCT is suffi -
ciently detailed only to describe general morphologic changes such as thinning and 
outward migration of the posterior boundary. In a cross-sectional study, Kiumehr 
et al. [ 57 ], characterized specifi c deformities of the LC in 92 healthy eyes (46 
patients) and 45 glaucomatous eyes (31 patients). They defi ned a focal defect as an 
anterior laminar surface irregularity of specifi c size and direction that breaks the 
smooth curvilinear U- or W-shaped contour. These irregularities were categorized 
based on the shape and location within the structure. The authors determined that the 
observed focal defects using EDI-OCT correlated well with level of visual fi eld loss 
(ρ = −0.498; p = 0.003). Similarly to previous studies, the major limitation with the 
study entailed poor visualization of the deeper posterior layers and of the peripheral 
borders. 

 Contrary to SD-OCT, SS-OCT does not require averaging of multiple B-scans to 
visualize deep ocular structures and provides 3D scans with high sampling density. 
With SD-OCTs, the need for averaging B-scans translates into lower density scans 
or wider distances between B-scans to keep acquisition times reasonable. SS-OCT 
has been shown to improve imaging clarity of the LC. (Fig.  14.7 ) [ 58 ] Comparing 
results of EDI-OCT and SS-OCT in obtaining images from 32 myopic glaucoma 
subjects, Park et al. [ 59 ] found that SS-OCT was superior to EDI in visualizing the 
posterior structures, but did not offer an advantage in imaging the LC; both modali-
ties had diffi culties visualizing the LC especially beneath the neuroretinal rim. 
Despite these diffi culties, 3D reconstructions of LC images with SS-OCT have been 
used to uncover details regarding glaucomatous changes in the micro-structural 
parameters of the LC, such as pore count, pore diameter, and beam thickness [ 60 ]. 
Previous studies had been limited to evaluating the LC macro-structure, such as 
focal surface defects and gross thickness, but with SS-OCT, further detail can be 
delineated and described. These results have been demonstrated to be repeatable 
with automated segmentation analysis [ 61 ]. 

 SS-OCT has also been used to study structural changes to the LC after introduc-
tion of glaucoma therapy. Using EDI-OCT to visualize the LC in glaucomatous 
eyes, Lee et al. [ 62 ] showed increased LC thickness and reversal of LC posterior 
displacement at 6 months post successful trabeculectomy. The same authors demon-
strated similar fi ndings at 3–6 months of IOP lowering topical treatment [ 62 ]. A 
shortcoming of their results was the poor visualization of the posterior LC bound-
ary. Yoshikawa et al. [ 63 ] using SS-OCT, found decreased LC depth and increased 
prelaminar neural tissue after glaucoma surgery; these changes also correlated sig-
nifi cantly with IOP change (p = 0.008) and visual fi eld mean deviation (p = 0.035).   
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14.5      Imaging of the Anterior Segment 

 In angle-closure glaucoma, closure of the anterior chamber angle occurs due to 
obstruction of the trabecular meshwork by the iris, resulting in impaired aqueous 
outfl ow and increased IOP. Advances in imaging techniques such as ultrasound bio-
microscopy (UBM) and anterior segment OCT (AS-OCT) have aided in identifying 
the mechanisms behind angle closure and response to laser treatment. AS-OCT 
instruments generally use longer wavelength light (1310 nm) than posterior seg-
ment OCTs. The longer wavelength enables increased penetration of non- transparent 
tissues such as the sclera. There are currently several AS-OCT devices commer-
cially available: (1) the Visante TD-OCT (Carl Zeiss Meditec Inc., Dublin, CA, 
USA) is a stand-alone AS-OCT instrument, compared to (2) the slit-lamp OCT 
(Heidelberg Engineering GmbH, Heidelberg, Germany) which has to be attached to 
a slit lamp. The Visante TD-OCT has a scanning speed of 2000 A-scans/s, a scan 
depth of 6 mm and an axial resolution of 18–25 μm [ 64 ]. Both devices have been 
demonstrated to detect more closed angles than gonioscopy [ 65 ]. Several posterior 
segment OCT instruments (RTVue OCT, Optovue Inc., Fremont, CA, USA and 
Cirrus HD-OCT, Carl Zeiss Meditec Inc., Dublin, CA, USA) are capable to visual-
ize the anterior segment using optical adapters [ 66 ]. 

 The latest addition to AS-OCT instruments has been the introduction of swept- 
source technology. The Casia SS-1000 SS-OCT (Tomey Corp., Tokyo, Japan) is 
commercially available AS-OCT instrument with a wavelength of 1310 nm, a scan 
speed of 30,000 Hz, and an axial resolution of <10 μm [ 67 – 70 ]. It provides a 360° 
evaluation and 3D datasets of the anterior chamber angle. Studies have shown 
improved imaging of angle structures, such as the scleral spur and Schlemm’s canal 
with this technology compared to Visante AS-OCT [ 69 ] (Figs.  14.8  and  14.9 ).

    The main application of AS-OCT in glaucoma is the evaluation and documenta-
tion of eyes with narrow or closed angles. The advantage of these devices to goni-
oscopy lies in their non-contact nature and ease of use. A further advantage is the 
fact of not using visible light and preventing pupil constriction, which yield fewer 
false negative results. In addition, they allow the collection of quantitative and qual-
itative data on angle parameters. Established risk factors for angle closure include a 
shallow central anterior chamber depth (ACD), short axial length (AL), and a thicker 
and more anteriorly positioned lens [ 71 ]. Among these, a shallow ACD is consid-
ered the major risk factor for angle closure [ 71 ]. However, population-based studies 
show that only a minority of individuals with shallow ACD ultimately develop 
PACG. Recently, novel anatomical landmarks have been identifi ed using AS-OCT, 
some of which, such as smaller anterior chamber width (ACW), area, and volume, 
and increased lens vault (LV) have been shown to be risk factors for angle closure 
[ 72 – 74 ]. A small ACW implies a smaller anterior chamber volume that may cause 
angle crowding. LV corresponds to the amount of lens that is located anterior to the 
plane of the scleral spurs. It has been found to better quantify the relationship 
between the lens and the anterior chamber angles. A greater LV was observed to be 
strongly associated with an increased risk of angle closure. This parameter seems to 
be only slightly infl uenced by laser peripheral iridotomy. 
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 AS-OCT may also play an increasingly important role for evaluating anatomi-
cal features after glaucoma surgery. After fi ltering surgery, bleb morphology is 
often subjectively assessed as cystic, encapsulated, or fl at. Leung et al. [ 75 ] 
described the use of AS-OCT for imaging bleb morphology after trabeculectomy. 
They qualifi ed blebs based on AS-OCT features as diffuse fi ltering, cystic, 

a

b

  Fig. 14.8    ( a ) High-density scans obtained with the Casia SS-1000 AS-OCT, revealing open angles 
(Image courtesy of Christopher K. S. Leung, MD, Department of Ophthalmology and Visual 
Sciences, The Chinese University of Hong Kong, Hong Kong, PRC). ( b ) Three-dimensional dis-
play of the same eye showing angle structures       
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a

b

  Fig. 14.9    ( a ) High-density scans obtained with the Casia SS-1000 AS-OCT, showing closed open 
angles. ( b ) Three-dimensional display of the same eye showing angle structures (Images courtesy 
of Christopher K. S. Leung, MD, Department of Ophthalmology and Visual Sciences, The Chinese 
University of Hong Kong, Hong Kong, PRC)       
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 encapsulated, and fl attened. Diffuse blebs were noted to have subconjunctival fl uid 
collections. AS-OCT can also be used to visualize the position and patency of 
glaucoma drainage devices [ 76 ,  77 ]. With the advent of newer surgical options in 
glaucoma, which focus on the Schlemm’s canal or suprachoroidal drainage, the 
place of AS-OCT for high- defi nition imaging of these structures is expected to 
gain in importance.  

14.6     Future Directions 

 OCTs have revolutionized ocular imaging and diagnostics and the place of imaging 
in glaucoma is rapidly expanding. Current OCT technologies are intensity-based 
and cannot directly differentiate between different tissues and instead have to rely 
on signal intensity. Future developments in OCT technology have the potential to 
further advance macro- and microscopic imaging:

    1.    Polarization sensitive OCT (PS-OCT) is an extension of the standard OCT tech-
nique. It measures the polarization state of light and is based on the fact that 
some tissues can change the polarization state of the probing light beam. PS- 
OCT has the ability to measure intrinsic tissue specifi c properties such as phase 
retardation due to birefringence and visualize these in conjunction with anatomy 
[ 78 – 82 ]. Thus, PS-OCT combines the polarization sensitivity of scanning laser 
polarimetry with the depth information of OCT in a single instrument, poten-
tially improving glaucoma diagnosis.   

   2.    Adaptive optics (AO)-OCT corrects high-order optical aberrations and astigma-
tism, enabling enhanced transverse resolution of up to 5 μm (instead of the 
usual 20 μm) [ 83 – 85 ]. By incorporating automated wavefront sensing and cor-
rection into OCT platforms, it is possible to acquire images of the retina with 
cellular- level resolution. The drawback of this technology is the small fi eld of 
view (e.g., 4° × 4° vs. 30–50° with standard OCT platforms) Takayama et al. 
[ 86 ] have demonstrated that it is possible to identify individual RNFL bundles 
in great detail using AO technology. In future, newer technologies capable of 
 molecular imaging  will be able to capture early cellular and biochemical pro-
cesses [ 87 ].   

   3.    Optical coherence tomography angiography (OCTA) is based on the high-speed, 
sequential acquisition of images at the same retinal locus with assessment of dif-
ferences in scans that occur as a result of blood fl ow. Two technologies are cur-
rently being investigated: (1) Doppler-OCT measures the phase shift between 
sequential A-scans that enable contrast generation [ 88 ]; (2) Phase-contrast-OCT 
measures differences in sequential B-scans that enable the detection of motion 
(e.g., blood fl ow) [ 89 ]. Jia et al. [ 90 ], using OCTA recently suggested that nor-
mal optic discs had a denser microvascular network than glaucomatous discs. 
They also found that there appeared to be attenuated fl ow in the deeper LC region 
of glaucomatous eyes compared to healthy eyes.      
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14.7     Conclusion 

 In the last decade, advances in ophthalmic imaging instrumentation have enabled 
visualization of the retina and the optic nerve head at an unprecedented resolution. 
These developments have contributed toward early detection of the glaucoma, mon-
itoring of disease progression, and potentially assessment of response to therapy 
[ 62 ,  91 ]. These powerful technologies are being further harnessed to formulate new 
disease biomarkers in evaluation of glaucoma progression. With the rapid prolifera-
tion of these techniques, the formulation of standardized nomenclature and methods 
for clinical validation have only recently been proposed and need to be introduced 
into clinical and research practice [ 92 ].     
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    Chapter 15   
 OCT in Amblyopia                     

       Paolo     Nucci      ,     Andrea     Lembo      ,     Greta     Castellucci      , and     Francesco     Pichi     

    Abstract     The purpose of the study is to analyze the advantages of optical coher-
ence tomography (OCT) to detect retinal nerve fi ber layer (RNFL) thickness abnor-
malities and changes in the macula in amblyopic patients. Studies were selected 
through an electronic search on PUBMED, EMBASE and GOOGLE SCHOLAR 
using the following terms: “Optical coherence tomography in amblyopia”, “OCT 
and amblyopia”, “Optical coherence tomography and anisometropic amblyopia”, 
“Optical coherence tomography and strabismic amblyopia”. 

 We found that optical coherence tomography is a rapid, non-invasive imaging 
technique allowing objective quantifi cation of retinal structures with high resolu-
tion; it can be successfully applied to young children, even those who are neurologi-
cally disabled or less cooperative. New generations devices, such as spectral domain 
OCT, have led to a dramatic increase in sensitivity that enables high-speed imaging. 
OCT technology could be also an useful biomarker for evaluating progressive thin-
ning of RNFL over time and changes in the macula in amblyopia. Evidence for 
direct retinal changes in eyes with amblyopia has been controversial, so that further 
studies with large sample are required. 

   Keywords     Optical coherence tomography   •   Retinal nerve fi ber thickness   •   Macular 
thickness   •   Amblyopia     

15.1      Introduction 

 Amblyopia can be defi ned as a disorder characterized by a dysfunction of the pro-
cessing of visual information [ 1 ]. It results from degradation of the retinal image 
during the period of visual development, which historically has been thought to be 
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the fi rst 6 years of life [ 2 ]. Therefore, amblyopia never occurs in isolation; the dis-
ease is not the cause, but the effect of another pathological process. Amblyopia can 
be seen as a result of either disuse, due to the absence of a clear image on the retina 
(anisometropia or deprivation), or misuse, due to abnormal binocular interaction 
(strabismus) [ 3 ]. In particular, the degradation of the image, and subsequent central 
suppression that leads to amblyopia results from one of the three causal processes. 
In 2003, the American Association for Pediatric Ophthalmology and Strabismus 
(AAPOS) published a list of risk factors for amblyopia [ 4 ]; Arnold [ 5 ] attempted to 
estimate cut-off found by the AAPOS in a meta- analysis. The results obtained 
were: approximate prevalence of anisometropia of 1.2 %, hyperopia of 6 %, astig-
matism of 15 %, myopia of 0.6 %, strabismus of 2.5 %, and a visual acuity less than 
20/40 of 6 %. The mean combined prevalence found was 21 % ± 2 % compared to a 
prevalence of amblyopia 20/40 and worse of 2.5 %. The estimated prevalence of 
amblyopia in adults is 2–9 %, [ 6 ] and it still seems to be the leading cause of mon-
ocular vision loss in people aged between 20 and 70 years [ 7 ]. 

 Given the numbers, it is easy to imagine how the diagnosis of amblyopia can be 
important. The diagnosis of unilateral amblyopia is made when reduced visual acu-
ity is recorded in the presence of an amblyogenic factor, and not explained by 
another ocular abnormality. Residual visual defi cits after correction of any amblyo-
genic factor (for example by spectacles prescription) are assumed to be due to 
amblyopia [ 3 ]. A widely accepted defi nition of amblyopia based on visual acuity is 
two or more Snellen or logMAR lines difference between eyes in best-corrected 
visual acuity. A one-line difference is usually a normal result, based on test-retest 
variability [ 8 ]. One important feature of visual acuity testing to diagnose amblyopia 
is that there is a distribution or range of typical visual acuity in any population. This 
range changes with age because of neural maturational processes [ 3 ].  

15.2     OCT Studies in Animesotropic Amblyopia 

 Although clinical ocular examination is most often normal in amblyopia, micro-
scopic anatomical and structural abnormalities have been found, starting from 
Hubel and Wiesel’s pioneering work [ 9 ] in the retina, lateral geniculate bodies, and 
visual cortex [ 10 – 12 ]. With the advent of OCT in ophthalmology, there have been 
numerous attempts to investigate the structural differences in macular and peripapil-
lary retinal nerve fi ber layer (RNFL) in amblyopic patients [ 13 – 15 ]. Despite the use 
of more and more advanced techniques, confl icting results have often been found. 
Khan [ 16 ] compared the anterior and posterior ocular architecture of amblyopic and 
normal fellow eyes in 14 patients with  hyperopic anisometropic amblyopia . Subjects 
were children between 5 and 10 years of age, with hyperopia >1.5 D and unilateral 
amblyopia with an interocular difference in spherical equivalent of at least 
1D. Patients were examined using two tools: corneal topography to measure ante-
rior and posterior corneal curvature, corneal thickness and volume, anterior cham-
ber volume and depth, and OCT for RNFL, central macular thickness and macular 
volume measurements. In these children, corneal topography and OCT revealed no 
differences (P > 0.05) in the anterior and posterior architecture between the 
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amblyopic and the fellow eye. Wu et al. [ 17 ] examined a larger sample, including 72 
children (range 5–16 years) to compare the RNFL and macular thickness in ambly-
opic eyes with that in fellow eyes. All enrolled children had unilateral hyperopic 
anisometropic amblyopia and normal vision in the contralateral eye. After a full 
ophthalmological assessment, OCT scans were performed using a spectral domain 
OCT (3D-OCT 1000). The foveolar thickness, central macular thickness and four 
quadrants of the inner and outer macular thickness were measured for each subject. 
Peripapillary RNFL thickness was measured using the “fast RNFL thickness 
(3.4 mm diameter)” scan protocol, which consisted of six radial line scans. OCT 
measurements found thicker foveolas and peripapillary RNFL in eyes with hyper-
opic anisometropic amblyopia compared to the contralateral eyes, but no changes in 
1-mm central macular thickness (Fig.  15.1 ). This difference between foveolar thick-
ness and 1-mm central macular thickness needs further histopathologic 

  Fig. 15.1    An hyperopic amblyopic patient (OD sf+4.50, OS sf+5.50) with thickened nasal RNFL       
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investigation. No correlation was found between severity of anisometropia and dif-
ferences of peripapillary RNFL thickness, or between central macular thickness and 
foveal thickness in the contralateral eyes, suggesting far more complex pathophysi-
ologic mechanisms for anisometropic amblyopia than we currently know. An inter-
esting biological theory regarding differences in RNFL thickness in eyes with and 
without amblyopia proposes that in humans the total population of cells in the gan-
glion cell layer is at its highest approximately between 18 and 30 weeks of gestation 
and declines rapidly thereafter [ 18 ]. The number of axons in the human optic nerve 
decreases too during gestation [ 19 ]. Absence of normal visual stimulation may con-
tribute to the reduced apoptosis of retinal ganglion cells in amblyopic eyes, eventu-
ally leading to thicker RNFL compared to non-amblyopic eye. Yen et al. [ 20 ] 
mentioned that the physiological postnatal ganglion cell reduction could be inhib-
ited in amblyopia, while Kok et al. [ 21 ] concluded that an hypothetical arrest of the 
normal ganglion cell reduction is expected to lead to an abnormally thick retinal 
thickness, especially the pericentral retinal thickness. A second hypothesis seems to 
regard the macula, which becomes thicker rather than thinner in the perifoveal ret-
ina in 6-month embryos, manifesting a slight protrusion. Wu et al. [ 17 ] found that 
the foveola was signifi cantly thicker in amblyopic eyes than in the fellow eyes 
(181.4 ± 14.2 μm  vs  175.2 ± 13.3 μm,  P  < 0.01), possibly because blurred vision led 
to insuffi cient stimulation in the amblyopic eye, affecting the normal maturation of 
the macula, including movement of Henle’s fi bers away from the fovea and a 
decrease in foveal cone diameter, which would result in increased foveolar 
thickness.

   Regarding  myopic amblyopia , Pang et al. [ 22 ] conducted a study on 31 children 
with a mean age of 9.56 years and mean spherical equivalent in amblyopic eyes of 
−10.79 ± 3.40 diopters. Patients were scanned with TD OCT using the fast macular 
thickness protocol. The following ten parameters were measured for each subject: 
foveal minimum thickness, average foveal thickness, inner nasal, superior, tempo-
ral, and inferior macular thickness, outer nasal, superior, temporal, and inferior 
macular thickness. Pang et al. [ 22 ] found that amblyopic children with unilateral 
high myopia tend to have a thicker fovea and thinner inner and outer layers in the 
amblyopic eye compared to the normal fellow eye. These results indicate that ana-
tomic changes may be present in the retinas of amblyopic children with unilateral 
high myopia. Anisometropia as the most frequent cause of amblyopia has been 
evaluated in numerous studies [ 13 ,  20 ,  21 ]. However, anisometropia associated with 
high myopia has often been excluded from these studies [ 20 ,  21 ]. The few studies 
investigating  anisometropic amblyopia  caused by unilateral high myopia have con-
cluded that this type of amblyopia had poorer treatment outcomes [ 23 ]. Underlying 
structural abnormalities and macular hypoplasia have been proposed as causes for 
the poor treatment outcomes in myopic anisometropia [ 24 ,  25 ]. Knowledge of the 
macular structure and associated factors in amblyopia associated with unilateral 
high myopia will help the understanding of this disease and may assist clinicians in 
predicting treatment outcomes. Studies that have focused on comparison between 
 strabismic and anisometropic amblyopia , have found differences between the two 
defects. Dickmann et al. [ 26 ] conducted a study to determine whether RNFL thick-
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ness, macular thickness, and foveal volume in patients with unilateral amblyopia 
differed between the amblyopic and the fellow eye. Stratus OCT was performed on 
80 eyes of 40 patients (mean age, 15.2 years; range, 5–56 years) with unilateral 
amblyopia divided into 20 strabismic and 20 anisometropic. OCT found that the 
difference in RNFL thickness between the amblyopic and fellow eyes was no statis-
tically signifi cant ( p  > 0.05) in both groups. Conversely, macular thickness and 
foveal volume in strabismic amblyopia were 5 % lower in the fellow eye than in the 
amblyopic one. On the other hand, in the anisometropic group there was no signifi -
cant difference between eyes in either macular thickness or foveal volume. 
Dickmann et al. [ 27 ] found similar results on 15 patients with strabismic anysome-
tropia and 15 patients with anisometric amblyopia. In both groups, mean foveal 
volume and RNFL thickness did not differ signifi cantly between eyes. Only macular 
thickness in the strabismic group differed signifi cantly between the amblyopic and 
fellow eyes. This statistically signifi cant difference, also established in other studies 
[ 15 ,  26 ], was not present in the refractive amblyopia group: amblyopia of different 
etiologies could therefore be associated with different changes of the retinal tissues. 
Thickening of the amblyopic fovea could be related to a developmental arrest, with 
incomplete formation of the foveal depression, even if it’s diffi cult to determine 
whether this may be caused by a direct effect of abnormal sensory output or the 
consequence of primary alteration of visual cortex and the lateral geniculate nucleus 
(Fig.  15.2 ). There was also a signifi cant correlation between RNFL thickness and 
macular sensitivity measured with microperimetry (strabismic group, r = 0.84, 
 P  = 0.002; anisometropic group, r = 0.66,  P  = 0.02). Although visual fi elds generally 
appear normal, amblyopia can be associated with small central and paracentral sco-
toma in an amblyopic eyes but do not need further evaluations, especially if the 
patient is asymptomatic. If a deep focal defi cit is found, causes of organic patholo-
gies (for example optic neuropathy) should be investigated. Data from Dickmann 
et al. [ 27 ] study suggest that the anatomical differences of RNFL thickness between 
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  Fig. 15.2    Absence of foveal depression in a patient with nystagmus and foveal hypoplasia       
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the amblyopic and the fellow eye could determine the difference in macular sensi-
tivity between the two eyes. Additional studies with larger, more diverse cohorts are 
needed to reveal whether these fi ndings can be confi rmed. Szigeti et al. [ 28 ] used 
OCT imaging and image segmentation methodology on 38 patients (range 
6–67 years) with different types of amblyopia (strabismus without anisometropia, 
anisometropia without strabismus, strabismus with anisometropia). They detected 
structural changes in the outer nuclear layer of the fovea, suggesting the possible 
involvement of photoreceptor. There is early evidence showing that photoreceptors 
may be affected in amblyopia. For example, Enoch [ 29 ], using the Stiles-Crawford 
function, suggested that photoreceptor orientation is abnormal in amblyopic eyes, 
while other authors did not found indication of retinal dysfunction at the level of the 
cones in amblyopic eyes [ 30 ]. Given the results, further studies are warranted to 
support this hypothesis.

15.3        Oct Studies in Deprivation Amblyopia 

 As far as  deprivation amblyopia  in congenital cataract patients is concerned, the fi rst 
study [ 31 ] investigating the structural difference of macular and peripapillary RNFL 
using OCT in this pathology has been conducted on a small sample: 14 unilateral 
pseudophakic children with deprivational amblyopia, and 14 age-matched normal 
children (mean age, 7.45 ± 2.57 years) were scanned with Cirrus HD-OCT. Macular, 
RNFL, and ganglion cell-inner plexiform layer thicknesses were measured, and 
compared between the eyes after correction for axial length-related magnifi cation 
errors. OCT demonstrated signifi cant increase in nasal RNFL thickness compared 
to fellow non-amblyopic eyes and age-matched normal eyes. The macular and mac-
ular ganglion cell-inner plexiform layer thickness did not show any signifi cant dif-
ference. Several older studies reported a decrease in nasal visual fi elds in children 
treated for unilateral congenital cataract [ 32 ]. Kanamori et al. [ 33 ] demonstrated the 
relationship between visual fi eld sensitivity at each tested location in standard auto-
mated perimetry and peripapillary RNFL thickness measured with Stratus OCT; the 
nasal sectoral RNFL corresponded well with nasal visual fi eld area. Taken together, 
decreased nasal visual fi eld in previous reports may have been due to increased 
nasal sectoral peripapillary RNFL thickness, as shown in Kim et al. study [ 31 ].  

15.4     Conclusions 

 We can therefore conclude that OCT is certainly a rapid, non-invasive, offi ce-based 
imaging technique allowing objective quantifi cation of retinal structures with high 
resolution, including determination of peripapillary RNFL thickness and macular 
thickness, so that it can be successfully applied also in young children. Neverthless, 
evidence for direct retinal changes in eyes with amblyopia has been controversial: 
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the results of these studies are equivocal with regard to whether macular and peri-
papillary RNFL thicknesses differ in amblyopic eyes. Moreover, the majority of the 
studies have been limited to strabismic or anisometropic amblyopia, and analyzed 
the fellow non amblyopic eye as control [ 31 ]. Further studies with larger sample are 
required, especially as regards myopic anisometropic amblyopia.     
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    Chapter 16   
 Conclusion: The Exciting Future of OCT 
Imaging of Retina                     

       Piero     Barboni      and     Andrzej     Grzybowski    

    Abstract     Optical coherence tomography (OCT) has been a major step forward in 
ophthalmology, enabling us to obtain in vivo images of the retina and optic disc with 
higher and higher resolution. Since its introduction twenty years ago, OCT in fact 
underwent continuous technological advances and further improvements are 
expected over the next few years. These improvements will help us to investigate the 
retinal and optic nerve function, in addition to their structure, and will be useful to 
collect new information not only for eye, but also for brain diseases.  

  Keywords     OCT   •   Eye   •   Brain   •   Neurodegeneration   •   Optic Nerve   

     The book aims to improve our knowledge of the wide spectrum of neurological 
diseases that can be investigated by OCT. We focused our attention on different 
pathologies that in the past were of exclusive interest to neurologists, like stroke 
or neurodegenerative diseases. From a clinical point of view, the information 
obtained by this technology will improve the neurological diagnosis and will pro-
vide useful parameters for therapeutic trials. Moreover, the development of hand-
held or mobile and cost-effective OCT instruments could improve systematic 
screenings for neurological diseases also in patients affected by neurological dis-
ability [ 1 ,  2 ]. 
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 Thanks to the OCT accuracy and diffusion, we are accumulating more and more 
information about ocular tissues, regarding both anatomy and pathology. In the 
future we are going to better understand which information will be useful or not. 

 OCT technology is going to look for the best defi nition and resolution in order to 
be more similar to histology and to improve the reliability and the defi nition of 
pathological images. Today, many companies are moving toward Swept Source 
technology and new emerging techniques are in progress such as hyperspectral 
imaging, photoacoustic ophthalmoscopy and molecular imaging [ 3 – 5 ]. Moreover, 
physicians often ask to the machine a diagnostic role. This could be achieved if the 
normative database of each instrument is improved by increasing the control group 
and stratifying it according to any confounding factor, or if a protocol analysis unaf-
fected by anatomical variability is developed. 

 In the future, OCT will hopefully be able to obtain data about ocular function 
too. OCT angiography, for example, is a new technology that can visualize retinal 
vessels. If promises are maintained, we could get information about vascular den-
sity and blood fl ow. Data about vascular supply could be very useful when studying 
neurological pathologies and may be related to retinal anatomy (for example gan-
glion cells and retinal nerve fi ber layers thickness) [ 6 ,  7 ]. 

 So, a combination of structural and functional technologies is desirable. At this 
moment, at least three new techniques are being developed in this area. Flavoprotein 
fl uorescence methodology (Ocusciences, Inc, Ann Arbor, MI) is a kind of autofl uo-
rescence, which uses a very specifi c wavelength to excite natural fl uorophores of the 
retina. This technology can potentially detects mitochondrial damage by measuring 
oxidized fl avoproteins in the retina [ 8 ,  9 ]. In this way, retinal fi bers swelling and 
ganglion cell atrophy due to mitochondrial structural damage can be potentially 
combined to functional information. 

 Another high-resolution optical imaging approach was developed to detect beta-
amyloid plaques in the retina. The system is based on a specifi c marker (fl uorescent 
curcumin) as an imaging agent to detect Alzheimer’s disease-related plaques in the 
retinas. The technique, developed at Cedars-Sinai Medical Centers, is a tool for 
early Alzheimer’s disease diagnosis as well as assessment of therapy [ 10 ]. 

 DARC (detection of apoptosing retinal cells) technology uses confocal laser- 
scanning ophthalmoscopy to visualize single neural cell apoptosis in vivo. This fl uo-
rescent technique is effective in the identifi cation of the protein annexin 5 that 
represents an early feature in the apoptotic process. This method is able to image 
changes occurring in nerve cell apoptosis over time and could provide the opportu-
nity for detailed investigation of fundamental neurodegenerative disease mechanisms 
and the evaluation of interventions with potential clinical applications [ 11 ,  12 ]. 

 From an experimental point of view OCT could give us important information 
that we could share with genetist, biochemist and clinicians in order to better defi ne 
phenotype/genotype correlation and to study animal model. 

 In conclusion OCT gives us the opportunity to study brain diseases throught the 
eye window in an objective and not invasive method.    

P. Barboni and A. Grzybowski



299

   References 

    1.    Jung W, Kim J, Jeon M, et al. Handheld optical coherence tomography scanner for primary 
care diagnostics. IEEE Trans Biomed Eng. 2011;58:741–4.  

    2.    Chen DL, Kraus M, Potsaid B. Handheld ultrahigh speed swept source optical coherence 
tomography instrument using a MEMS scanning mirror. Biomed Opt Express. 
2014;5:293–311.  

    3.    Mordant DJ, Al-Abboud I, Muyo G, et al. Spectral imaging of the retina. Eye (Lond). 
2011;25:309–20.  

   4.    Zhang HF, Puliafi to CA, Jiao S. Photoacoustic ophthalmoscopy for in vivo retinal imaging: 
current status and prospects. Ophthalmic Surg Lasers Imaging. 2011;42:S106–15.  

    5.    Jiao S, Jiang M, Hu J, et al. Photoacoustic ophthalmoscopy for in vivo retinal imaging. Opt 
Express. 2010;18:3967–72.  

    6.    Makita S, Hong Y, Yamanari M, Yatagai T, Yasuno Y. Optical coherence angiography. Opt 
Express. 2006;14:7821–40.  

    7.    Huang Y, Zhang Q, Thorell MR, An L, Durbin MK, Laron M, et al. Swept-source OCT angi-
ography of the retinal vasculature using intensity differentiation-based optical microangiogra-
phy algorithms. Ophthalmic Surg Lasers Imaging Retina. 2014;45:382–9.  

    8.    Field MG, Elner VM, Puro DG, Feuerman JM, Musch DC, Pop-Busui R, et al. Rapid, non- 
invasive detection of diabetes-induced retinal metabolic stress. Arch Ophthalmol. 
2008;126:934–8.  

    9.    Field MG, Yang D, Bian ZM, Petty HR, Elner VM. Retinal fl avoprotein fl uorescence corre-
lates with mitochondrial stress, apoptosis, and chemokine expression. Exp Eye Res. 
2011;93:548–55.  

    10.    Koronyo-Hamaoui M, Koronyo Y, Ljubimov AV, Miller CA, Ko MK, Black KL, et al. 
Identifi cation of amyloid plaques in retinas from Alzheimer’s patients and noninvasive in vivo 
optical imaging of retinal plaques in a mouse model. Neuroimage. 2011;54 Suppl 1:S204–17.  

    11.    Guo L, Cordeiro MF. Assessment of neuroprotection in the retina with DARC. Prog Brain Res. 
2008;173:437–50.  

    12.    Normando EM, Dehabadi MH, Guo L, Turner LA, Pollorsi G, Cordeiro MF. Real-time imag-
ing of retinal cell apoptosis by confocal scanning laser ophthalmoscopy. Methods Mol Biol. 
2015;1254:227–37.    

16 Conclusion: The Exciting Future of OCT Imaging of Retina



301© Springer International Publishing Switzerland 2016 
A. Grzybowski, P. Barboni (eds.), OCT in Central Nervous System Diseases: 
The Eye as a Window to the Brain, DOI 10.1007/978-3-319-24085-5

                       Contributors 

  Francisco J. Ascaso    

     

    Chairman of Medical & Surgical Retina Unit, Department of Ophthalmology, 
Hospital Clínico Universitario “Lozano Blesa”, Zaragoza, Spain 

 Associate Professor of Ophthalmology, Department of Surgery, School of 
Medicine, University of Zaragoza, Zaragoza, Spain 

 Researcher at Instituto de Investigación Sanitaria de Aragón (IIS Aragón), 
Zaragoza, Spain  



302

  Dr. Piero Barboni    

     

    Dr. Piero Barboni, received his undergraduate degree from University of Bologna in 
1986 and his medical and surgical training from University of Bologna, Italy in 
1990. Since then he has been working in private practice. Appointed professor at the 
Department of Neurological Science of Bologna University from 2007 to 2011. 
Currently, he is consultant neuro-ophthalmologist at Scientifi c Institute San 
Raffaele, University of Milan since 2012. He is also devoted to the study of heredi-
tary optic neuropathies, for which he collaborates with several university-based cen-
ters (Bologna, London, Los Angeles, Tubingen, Sao Paulo). This project includes 
the international research project on Leber’s Hereditary Optic Neuropathy in Brazil. 
Sub investigator in many clinical trials. He has authored more than 80 papers on 
international peer-reviewed journals and several books.  

Contributors



303

  Ivan Bodis-Wollner    

     

    I have an interest in vision and neurology. My supervisor at the Physiological 
Laboratory of Cambridge in 1968 was John Robson and I learned about vision and 
contrast sensitivity. Later, in 1971 when I was a neurology resident at Mt. Sinai 
Hospital NY, I established that contrast sensitivity is a measure apart from visual 
acuity, which refl ects neuronal damage (Science 1972, Nature 1976). Then I noticed 
in the Clinical Research Unit of Mt. Sinai Hospital that some PD patients were 
affected in their vision as were those who received reserpine. From then on, I 
explored the vision in PD using psychophysical and electrophysiological tech-
niques. I published the results in several articles in Brain, Annals of Neurology and 
the EEG Journal. I received a Fulbright Scholarship and spent two half periods in 
the Laboratory (CNR) of Lamberto Maffei in Pisa and worked on the dopaminergic 
retina of the turtle with Marco Piccolino. Those studies gave me the insight into the 
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visual spatial contrast defi cits in the parkinsonian retina and in the parkinsonian 
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work, by then at Laval University, in the postmortem human PD retina which 
showed dopamine defi ciency. 

 By the mid nineties we studied in vitro the human retina with an imaging tech-
nique, known as GDX, developed for quantifying nerve fi ber layer losses in glau-
coma eyes. Some 9 years ago the new imaging technique, Optical Coherence 
Tomography was just beginning to be applied in various ocular disorders. Our OCT 
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studies were the fi rst one, which showed that the central macular area, the fovea is 
affected in PD and that in particular the inner layers of the retina. Finally we 
observed that the inner fovea is affected in a zone which overlaps and extends the so 
called foveal avascular zone. These results and studies from Anita Hendrickson ‘s 
and Janis Provis’s lab led me to think of the role of genes and capillaries in retinal 
remodeling in PD. Our study on the pathgnomic marker of PD, alpha-synuclein, 
shows its localization in the inner layers of the parkinsonian retina. 

 We believe that the retinal research may be a rewarding way to go to solve many 
open and challenging questions in Parkinson Disease.  
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on l-acetyl-carnitine in LHON, sponsored by Sigma-tau spa. 

 He authored more than 45 articles in peer-reviewed journals. 
 Address: 
 IRCCS Istituto delle Scienze Neurologiche di Bologna, UOC Clinica 

Neurologica, Bellaria Hospital, Bologna, Italy 
 e-mail: dmcarbonelli@gmail.com 
 tel.: +39-051-6493203 
 fax: +39-051-2918667  
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  Paula Casas    

      

    Department of Ophthalmology, Hospital Clínico Universitario “Lozano Blesa”, 
Zaragoza, Spain  
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  Gianluca Coppola MD, PhD    

      

    Gianluca Coppola is clinical neurologist and scientifi c fellow at the G.B. Bietti 
Foundation-IRCCS. He is certifi ed associated Professor of Neurology. His major 
research interests are neurophthalmology, neurophysiology of headaches, behav-
ioural phenomena of habituation/sensitization, brain plasticity and pain. He person-
ally carried out several experiments using evoked potentials (somatosensory, visual, 
auditory), transcranial magnetic stimulation, and neuroimaging. He is member of 
the International Headache Society (IHS), the Italian Society of the Study of 
Headache (SISC), the Italian Society of Clinical Neurophysiology (SINC), and the 
Italian Society of Neurology (SIN). He is Author or co-Author of about 90 peer- 
reviewed journal articles and book chapters (Total Impact Factor: 300; H-index: 
18). He is an editorial board member of Journal of Headache and Pain and ad-hoc 
reviewer for about 20 journals.  
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  Steven Galetta MD    

      

     Steven Galetta ,  MD  is currently the Philip K. Moskowitz, MD, Professor of 
Neurology, and Chair of the Department of Neurology at the NYU Langone Medical 
Center. Formerly, he was the Associate Dean of Admissions for the University of 
Pennsylvania School of Medicine. He also served as the Director of Neurological 
Training and Neuro-ophthalmology at Penn for over two decades. Dr. Galetta 
received his MD from Cornell University Medical College. He then completed his 
neurology residency at the Hospital of the University of Pennsylvania and his neuro- 
ophthalmology fellowship at the Bascom Palmer Eye Institute, University of Miami. 

 Dr. Galetta currently serves on the editorial board for the journals Neurology, and 
the Journal of Neuro-ophthalmology. He is co-author of the textbook, Neuro- 
ophthalmology: Diagnosis and Management. In 2004, he was named the American 
Neurological Association’s distinguished teacher of the year. He was also named the 
Robert J. Glaser Alpha Omega Alpha distinguished teacher of the year by the 
Association of American Medical Colleges in 2004. In 2008, he received the Parker 
Palmer award from the ACGME for his contributions to graduate medical education. 
Dr. Galetta has been involved in various capacities in a large number of clinical trials 
and has over 250 original publications concerning clinical, radiologic and research 
aspects of multiple sclerosis, sports related concussion and neuro-ophthalmology.  
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  Sofya Glazman    

      

    I have the background, expertise and executive qualities to serve as a coordinator of 
OCT research. 

 With the use of optical coherence tomography (OCT) in vivo evidence of retinal 
thinning and foveal remodeling in PD was demonstrated. We have developed new 
OCT analytical tools, including a mathematical equation for quantitative descrip-
tion of the fovea. We aim to validate our methods for widespread use in PD clinical 
diagnosis, follow-up and for research.  
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  Andrzej Grzybowski, MD, PhD, MBA    

      

     Present positions : 
 Professor of Ophthalmology and Chair of Department of Ophthalmology, 

University of Warmia and Mazury, Olsztyn, Poland 
 Head of Department of Ophthalmology at Poznań City Hospital, Poland 
  Major awards  
 Poznań University Rector Individual Scientifi c Award (2008); I Zakon Prize 

(American Society for the History of Dermatology, 2009, 2010), Eye Advances/
Focus Award (Bombay Ophthalmologists Association, 2014),  The Knight ’ s Cross 
of The Order of Polonia Restituta  (President of Poland, 2014) 

  Present international scientifi c societies ’  activities : 
  EVER European Association for Vision and Eye Research  
 Cogan Society 
 American Society of Cataract and Refractive Surgery 
 International Fellow of the American Academy of Ophthalmology, 
  Euretina , 
 European University Professors of Ophthalmology, 
  European Academy of Ophthalmology  (Chair LIV), 
 International Society of Bilateral Cataract Surgeons, 
 Programme Coordinator for World Congress of Ophthalmology (2011–2016) 

(International Council of Ophthalmology) 
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  Expertise : cataract surgery, presbyopia treatment, clear–lens exchange; neuro- 
ophthalmology; vitreo-retinal surgery, glaucoma pathogenesis, history of 
ophthalmology. 

  Editorial boards :  Acta Ophthalmologica , Clinics in Dermatology, Neuro- 
Ophthalmology, Archive of the History and Philosophy of Medicine (editor in 
chief), Saudi Journal of Ophthalmology, Historia Ophthalmologica Internationalis 
(editor-in-chief). 

  Author of 300  peer-reviewed international publications (total  IF of 508 ), and 
r eviewer for more than 20 journals , including Ophthalmology, Retina, BJO, and 
Brain. 

 Delivered  invited lectures  at SOE, SASCRS, Euretina, EVER, WCO, 12th SOI 
International Congress 2014 (Italy), EyeAdvance 2014 (Mumbai), XIV International 
Congress of the Italiana Society Stem Cells and Ocular Surface –SICSSO (2015), 
and ISOPT (2015). 

  His professional expertise includes  cataract surgery, presbyopia treatment, 
clear–lens exchange; neuro-ophthalmology; vitreo-retinal surgery, glaucoma patho-
genesis, myopia pathogenesis, and history of ophthalmology. He is active in  inter-
national scientifi c societies including Euretina , AAO (recipient of International 
Scholar Award 2015),  European Academy of Ophthalmology , ISBCS, ICO (pro-
gramme coordinator for WCO in 2011–2016), Cogan Society, EVER ASCRS, and 
representative of Poland at ISRS (International Society of Refractive Surgery) 
International Council (2015). 

 He has been active editor, editor in chief and  author of more than 300  
 peer-reviewed international publications (total  IF higher than 515 ), and    reviewer 
for more than 20 journals .  
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  Thomas R. Hedges III, MD    

      

    Dr. Hedges is Director of Neuro-ophthalmology at The New England Eye Center, 
and has been on the staff of the Tufts-New England Medical Center since 1981. He 
is Professor of Ophthalmology and Neurology at Tufts University where he served 
as acting Chairman of Ophthalmology, 1990–91 and now serves on the Alumni 
Council. Dr. Hedges graduated from Moorestown Friends School, Duke University, 
Rutgers University and from Tufts University School of Medicine in 1975. He com-
pleted his ophthalmology residency at Massachusetts Eye and Ear Infi rmary, where 
he became the fi rst Chief Resident in 1979 and completed a fellowship in Ophthalmic 
Pathology. He was a Heed Fellow in neuro-ophthalmology with William F. Hoyt at 
the University of California, San Francisco. 

 Dr. Hedges served as a North American Neuro-ophthalmology Society represen-
tative for the Executive Council of the American Academy of Ophthalmology, has 
taught many courses (some with his father, also a neuro-ophthalmologist) at the 
annual meetings and served as chair of the Neuro-ophthalmology section of the 
Basic Clinical Science Course from 1994 to 95. He received a Senior Honor Award 
from the American Academy of Ophthalmology in 2000. He is on the Editorial 
Board of the International Neuro-ophthalmology Society journal  Neuro - 
 ophthalmology . He has reviewed articles for a number of journals including  The 
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Archives of Ophthalmology ,  The Journal of Neuro - ophthalmology  and  The New 
England Journal of Medicine . Dr. Hedges has authored or co-authored over one 
hundred peer-reviewed manuscripts, book chapters and review articles. He wrote 
 Consultation in Ophthalmology,  which was published in 1987. 

 Dr. Hedges’ research interests include the use of optical coherence tomogra-
phy and electrophysiology, including multifocal testing, in neuro-ophthalmology. 
He has participated in several multi-center trials and National Institutes of Health 
review committees. During his tenure at Tufts, Dr. Hedges has trained many med-
ical students, residents and fellows. Most of his fellows have assumed academic 
positions around the country and in other parts of the world. He has been a visit-
ing professor at many institutions in the United States and has participated 
actively in international meetings and seminars, especially throughout Latin 
America.

 Principal Investigator/Program Director (Last, First, Middle): 
  Biographical sketch  
 Provide the following information for the key personnel and other signifi cant contributors in the 
order listed on Form Page 2. 
 Follow this format for each person.  DO NOT EXCEED FOUR PAGES . 
 NAME 
 Thomas R. Hedges III, M.D. 

 POSITION TITLE 
 Director of Neuro-ophthalmology, New England Eye 
Center, Professor of Ophthalmology and Neurology, 
Tufts University 

 eRA COMMONS USER NAME 

 EDUCATION/TRAINING ( Begin with baccalaureate or other initial professional education , 
 such as nursing ,  and include postdoctoral training .) 
 INSTITUTION AND LOCATION  DEGREE ( if applicable )  YEAR(s)  FIELD OF STUDY 
 Duke University  B.A.  1967–71  Chemistry 
 Rutgers CMDNJ  M.S.  1971–73  Physiology 
 Tufts University  M.D.  1973–75  Medicine 

    A. Personal Statement  
 I have been actively engaged in a variety of research projects in neuro- 

ophthalmology, particularly optic neuropathy. My clinical research activities have 
concentrated on evaluation of the retinal nerve fi ber layer based on fundus photog-
raphy, in a variety of neuro-ophthalmic disorders, including Alzheimer’s disease. 
Since the technique of optical coherence tomography was developed for clinical use 
here at the Tufts, New England Eye Center, I have been engaged in applying this to 
various optic nerve diseases including papilledema, anterior ischemic optic neu-
ropathy, and cuban epidemic optic neuropathy which in many ways resembles FD 
optic neuropathy, which I helped Dr. Carlos Mendoza describe in detail for the fi rst 
time. Dr. Mendoza and I have worked together over the last several years and plan 
to continue evaluating patients with familial dysautonomia from a variety of per-
spectives, including the use of OCT to follow the optic neuropathy of FD over time, 
and to use electrophysiology to further defi ne the nature of the optic neuropathy and 
to probe the possibility that the retina itself may be affected. I have been engaged in 

Contributors



315

ophthalmic pathologic studies since I was a fellow in Neuro-ophthalmic pathology 
at the Massachusetts Eye and Ear Infi rmary and Massachusetts General Hospital 
when I was particularly interested in the pathology of herpes zoster and temporal 
arteritis. Recently we have had the opportunity to evaluate the histopathology of 
eyes from patients with familial dysautonomia with Dr. Nora Laver, our ophthalmic 
pathologist at Tufts. Dr. Mendoza, Dr. Laver and I will continue to evaluate human 
eyes from FD patients as they become available, and we will be applying this expe-
rience to the pathologic study of FD mouse eyes both to characterize the retinal 
phenotype and to evaluate the effi cacy of kinetin. 

  B. Positions and Honors . 

 1975–76  Intern, Mt. Auburn Hospital, Cambridge, MA 
 1976  Harvard Course in Ophthalmology, Harvard Medical School 
 1977–79  Resident in Ophthalmology, Massachusetts Eye and Ear Infi rmary, 

Harvard Medical School 
 1979–80  Fellow in Ophthalmic Pathology, Massachusetts Eye and Ear 

Infi rmary 
 1980–81  Fellow in Neuro-ophthalmology, Neurosurgery, University of 

California, San Francisco 
 1981–87  Assistant Professor of Ophthalmology, Tufts University 
 1982–88  Assistant Professor of Neurology, Tufts University 
 1987–98  Associate Professor of Ophthalmology, Tufts University 
 1988–98  Associate Professor of Neurology, Tufts University 
 1990–91  Acting Chairman, Department of Ophthalmology, Tufts University 
 1998–  Professor of Ophthalmology, Tufts University 
 1998–  Professor of Neurology, Tufts University 

    Other  

 1980–81  Fellowship Award, The Heed Ophthalmic Foundation 
 1988  Honor Award, American Academy of Ophthalmology 
 1989  Alpha Omega Alpha, Tufts University School of Medicine 
 1989  Senior Honor Award, American Academy of Ophthalmology 
 1991  Special review committee SRC-4, Optic nerve applications, National 

Eye Institute 
 1992  Special review committee, SRC-02, Clinical trial applications, 

National Eye Institute 
 1996  Special review committee, SRC-04, Clinical trial applications, 

National Eye Institute 2000 Senior Honor Award, American 
Academy of Ophthalmology 

 2007  Alice Stokes Paul 1901 Moorestown Friends School Alumni Assoc. 
Merit Award 

 2010  Outstanding Tufts University School of Medicine Lecturer for 
2009–2010 
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    C. Selected Peer - Reviewed Publications 

  Most Relevant to Current Application 

   1.    Hedges TR III, Albert DM. The progression of the ocular abnormalities of 
 herpes zoster. Ophthalmology. 1982;89:165–77.   

   2.    Hedges TR III, Gieger GL, Albert DM. The clinical value of negative temporal 
artery biopsy specimens. Arch Ophthalmol. 1982;101:1251–54.   

   3.    Johns DR, Neufeld MJ, Hedges TR III. Mitochondrial DNA mutations in Cuban 
optic and peripheral neuropathy. J Neuroophthalmol. 1994;14:135–40.   

   4.    Hedges TR III, Galves RP, Speigelman D, Barbas NR, Peli E, Yardley CJ. Retinal 
nerve fi ber layer abnormalities in Alzheimer’s disease. Acta Ophthalmol Scand. 
1996;74:271–5.   

   5.    Yoon MK, Chen RW, Hedges TR, Srinivasan VJ, Gorczynska I, Fujimoto JG, 
Wojtkowski M, Schuman JS, Duker JS. High-spead ultrahigh resolution optical 
coherence tomography of the retina in Hunter syndrome. Ophthalmic Surg 
Lasers Imaging. 2007;38:423–8.   

   6.    Mendoza-Santiesteban C, Hedges TR, Norcliffe-Kaufmann L,, Warren F, 
Reddy S, Axelrod F, Kaufmann H. Clinical neuro-ophthalmic fi ndings in famil-
ial dysautonomia. J Clinical Neuroophthalmol. 2012;32(1):23–6.    

  Additional Publications 

   7.    Peli E, Hedges TR, Schwartz B. Computerized enhancement of the retinal 
nerve fi ber layer. Acta Ophthalmol (Copenh). 1986;64:113–22.   

   8.    Sokol S, Hedges TR III, and Moskowitz A. Pattern VEP’s and preferential 
looking acuity in infantile traumatic blindness. Clin Vis Sci. 1987;2:59–61.   

   9.    Hedges, TR III, Legge RH, Peli E, Yardley CJ. Retinal nerve fi ber layer changes 
and visual fi eld loss in idiopathic intracranial hypertension. Ophthalmology. 
1995;102:1242–7.   

   10.    Hedges TR III, Hirano M, Tucker K, Carballero B. Epidemic optic and periph-
eral neuropathy in Cuba: a unique geopolitical public health problem. Survey 
Ophthalmol. 1997;41:71–83.   

   11.    Mojon DS, Hedges TR, Ehrenberg B, Karam EZ, Goldblum D, Abu-Chebl A, 
Gugger M, Mathis J. Association between sleep apnea syndrome and nonarter-
itic ischemic optic neuropathy. Arch Ophthalmol. 2002;120:601–5.   

   12.    Hoye VJ, Berrocal AM, Hedges TR, Amaro-Quireza ML. Optical coherence 
tomography demonstrates subretinal macular edema from papilledema. Arch 
Ophthalmol. 2001;119:1287–90.   

   13.    Massicotte,EC, Semela L, Hedges TR. Multifocal visual evoked potential in 
nonorganic visual fi eld loss. Arch Ophthalmol. 2005;123:364–7.   

   14.    Semela L, Yang E, Hedges TR, Vuong L, Odel JG, and Hood DC. Multifocal 
visual-evoked potential in unilateral compressive optic neuropathy. Br J 
Ophthalmol. 2007;91:445–8. Also Online First: 31 October 2006. doi:  10.1136/
bjo.2006.097980    .   

   15.    Rodriguez-Padilla JA, Hedges TR, Monson B, Srinivasan V, Wojtkowski M, 
Reichel E, Duker JS, Schuman JS, Fujimoto JG. High-speed ultra–high- 
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resolution optical coherence tomography fi ndings in hydroxychloroquine 
 retinopathy. Arch Ophthalmol. 2007;125:775–80.   

   16.    Hedges TR, Vuong, LN, Gonzalez-Garcia AO, Mendoza-Santiesteban CE, 
Amaro-Quiereza AL. Subretinal fl uid from anterior ischemic optic neuropathy 
demonstrated by optical coherence tomography. Arch Ophthalmol. 
2008;126:812–5.    

   D. Research Support 

  Ongoing 

  XCiDaBLE Study evaluating Xeomin® (incobotulinumtoxinA) for cervical  dystonia 
or blepharospasm in the United States in outpatient settings. Merz Pharmaceuticals, 
LLC, a North Carolina.  

  Neuroretinal dysfunction in familial dysautonomia. Dysautonomia Foundation. 
 Co- investigator with Carlos Mendoza. 2012–1013.   

  Completed 

  “Computer Processing of Retinal Nerve Fiber Layer Defects” National Institute of 
Health Grant 1R01EY05450-01 Co-investigator, 7/1/84 – 6/30/87  

  “Clinical Analysis of Optic Nerve Integrity in Alzheimer’s Disease” Alzheimer’s 
Disease and Related Disorders Association, Principle investigator, 11/87 – 10/88  

  “Clinical Analysis of Optic Nerve Function in Alzheimer’s Disease” Massachusetts 
Lions Eye Research Club, Principle Investigator, 6/1/89 – 10/1/89  

  A Randomized, Double Blind, Placebo Controlled Study of AVONEX (Interferon 
Beta 1a) in the Treatment of Subjects at High Risk for Development of Multiple 
Sclerosis Following the First Onset of an Isolated Demyelinating Event, Biogen 
C95-812, Principle Site Investigator 1995–98  

  A Randomized, Multicenter, Double Blind, Parallel Clinical Trial to Compare the 
Safety and Effi cacy of BOTOX Purifi ed Neurotoxin Complex Manufactured 
from Campbell Complex Lot 1 to Complex Lot 79–1 in Blepharospasm, Allergan 
191622–003, Principle Site Investigator, 1997  

  Prospective, Double-Blind, Placebo-Controlled, Randomized, Multicenter Trial 
with an Open-label Extension Period to Investigate the Effi cacy and Safety of 
NT-201 in the Treatment of Blepharospasm, MERZ Pharmaceuticals GmbH, 
MRZ 60201–0433, Principle Site Investigator, 2007–2008    

 Dr. Hedges is an expert in the diagnosis and management of diseases affecting 
the optic nerve and intracranial visual pathways, as well as disorders of ocular 
motility. His clinical practice involves patients with suspected or diagnosed case 
of neurological disease with ocular involvement. As co-director of the 
Electrophysiology Laboratory at the New England Eye Center, where Dr. Hedges 
studies patients with occult macular disease as well as visual pathway disorders. 
Dr. Hedges also provides botulinum toxin injections for patients with blepharo-
spasm and hemifacial spasm. His major research interests are multifocal electro-
physiology, and the evaluation of retinal nerve fi ber layer changes due to optic 
neuropathy and papilledema.  
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  Johannes Keller    

      

    Vitreo-Retinal Surgery Fellow at Bristol Eye Hospital 
 Johannes is an ophthalmologist trained in Venezuela, Spain and the UK. He has 

worked for the Visual Pathway Laboratory at the University of Barcelona where he 
worked on the assessment of neuro-ophthalmological conditions through advanced 
retinal imaging. Currently Johannes works as a retinal surgeon in the UK.  
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  Kendra A. Klein, MD    

      

    Dr. Klein graduated summa cum laude from Hobart and William Smith Colleges 
and became a registered nurse after studying at Stony Brook University. She com-
pleted her post-baccalaureate studies at Bryn Mawr College and earned her medical 
degree at the University of Rochester. Dr. Klein is currently a resident in 
Ophthalmology at the New England Eye center of Tufts Medical Center and her 
research interests include the use of optical coherence tomography to understand 
retinal and optic nerve diseases.  

Contributors



320

  Chiara La Morgia, MD, PhD    

      

    Dr. Chiara La Morgia, born December 3rd 1977, received her MD degree at the 
University of Bologna in 2002 and completed her residency in Neurology in 2008 
at the University of Bologna. 

 She fi nished her PhD in Sleep Medicine in 2012 at the University of Bologna. 
Since 2012 she had a research contract at the University of Bologna. From October 
5th 2015 she got a research position at the University of Bologna with a project on 
hereditary optic neuropathies and melanopsin retinal ganglion cells. Since 2008 she 
had research collaboration with the Doheny Eye Institute, formerly University of 
Southern California (USC), now affi liated with University California Los Angeles 
(UCLA), Los Angeles (USA) for the study of circadian photoreception in neurode-
generative disorders. 

 From March 2014 to October 2014 she had a clinical fellowship in neurophthal-
mology at Doheny Eye Institute, UCLA, under the supervision of Prof. Alfredo 
A. Sadun. 

 She currently runs the neurophthalmology clinic at Bellaria Hospital, UOC 
Clinica Neurologica, IRCCS Istituto delle Scienze Neurologiche di Bologna. 

 She is involved since 2004 in many research projects on mitochondrial optic 
neuropathies and she is responsible for the clinical management of patients with 
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hereditary optic neuropathies at the Bellaria Hospital. A focus of her research is the 
melanopsin retinal ganglion cell system in relation to circadian photoreception in 
different neurodegenerative disorders including mitochondrial optic neuropathies. 

 She is currently the PI of an Italian Ministry of Health-funded project entitled 
“Melanopsin retinal ganglion cells and circadian rhythms: function and dysfunction 
in Alzheimer’s disease and aging”. Finally, she has been involved in clinical trials 
on Leber’s hereditary optic neuropathy. 

 Dr. La Morgia authored 50 papers in peer-reviewed journals. 
 Address: 
 Chiara La Morgia, MD, PhD 
 IRCCS Istituto delle Scienze Neurologiche di Bologna, UOC Clinica 

Neurologica, Bellaria Hospital, Bologna, Italy 
 Department of Biomedical and Neuromotor Sciences, University of Bologna 
 Email address: chiaralamorgia@gmail.com
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      Gianluca Manni, MD    

      

    1986, researcher (Ricercatore), Ophthalmic Clinic, University “Tor vergata”, Rome, 
Italy. 1990, Researcher (renewal), Scientifi c area of faculty MED/30 ophthalmic 
diseases, University “Tor Vergata”, Rome, Italy. 2001, Associate Professor, 
Scientifi c area of faculty MED/30 ophthalmic diseases. 2002, Associate Professor, 
Scientifi c area of faculty MED/30 ophthalmic diseases, University “Tor Vergata”, 
Rome, Italy. 2005, Associate Professor (renewal), Scientifi c area of faculty MED/30 
ophthalmic diseases, University “Tor Vergata”, Rome, Italy. From 2012 is the 
reviser for the Ministry of the University of the scientifi c papers in the ophthalmol-
ogy fi eld. 2014 Qualifi ed as Full Professor.  
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  Kaweh Mansouri, MD, MPH    

      

    Affi liation: (1) Consultant, Glaucoma Sector, Geneva University Hospitals, Geneva, 
Switzerland. (2) Adjoint Associate Professor, Department of Ophthalmology, 
University of Colorado School of Medicine, Denver 

 Areas of Interest: continuous 24-h IOP monitoring; innovations in glaucoma sur-
gery; epidemiology of glaucoma. 

 Leadership Positions: Associate advisory board member, World Glaucoma 
Association (WGA); Country Representative and Committee Member, European 
Society of Ophthalmology Young Ophthalmologists Program (SOE-YO); Founding 
member and associate advisory board member, International Society for Glaucoma 
Surgery (ICGS); Associate Editor (Journal of Current Glaucoma Practice); 
Associate Medical Offi cer (World Health Organization, Prevention of Blindness 
and Deafness).  
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  Dr. Elena H. Martínez-Lapiscina    

      

    Neurologist at Institut d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), 
Hospital Clínic de Barcelona. 

 Elena H. Martínez-Lapiscina earned a medical degree at University of Navarra 
School of Medicine in Pamplona, Spain in 2006, completed an internal neurology 
residency in 2012 at Complejo Hospitalario de Navarra, Pamplona Spain. In 2013, 
Elena H Martínez-Lapiscina received her PhD in Cognition and Neuroscience. In 
2012, she incorporated to the Visual Pathway Lab section of the Villoslada’s patho-
genesis and new therapies lab at IDIBAPS. 

 She treats adults with Multiple Sclerosis and other immune-mediated disorders 
of the Central Nervous System. 

 Her research revolves around neuroimaging modalities of the afferent visual 
pathway and their potential roles to elucidate relationships between infl ammation, 
demyelination and neurodegeneration in Multiple Sclerosis and Acute Optic 
Neuritis (pathogenesis) and to track and predict the course of the disease 
(biomarkers).  
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  Javier Mateo    

      

    Medical and Surgical Retina Unit, Department of Ophthalmology, Hospital Clínico 
Universitario “Lozano Blesa”, Zaragoza, Spain  
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  Shahnaz Miri    

      

    I graduated from Tehran University of Medical Sciences in 2013 and working as a 
Post-Doctoral Research Fellow since then, at SUNY Downstate Medical Center, 
Brooklyn. Under supervision of Professor Ivan Bodis-Wollner, my research focus is 
study of the retina in Parkinson’s disease. In was involved in evaluating retinal 
 electrophysiology, neural and capillary structure in PD patients. Soon I will pursue 
a residency in Neurology.  
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  Mário Luiz Ribeiro Monteiro    

         

 Mário L. R. Monteiro, MD is a Professor of Ophthalmology, Director of the Neuro-
ophthalmology and the Orbital Diseases Services, and Coordinator of the post-doc-
toral program in Ophthalmology at the University of São Paulo Medical School, 
São Paulo, Brazil. He received his medical degree and completed a residency in 
ophthalmology at University of São Paulo and a neuro-ophthalmology fellowship at 
the University of California, San Francisco where he trained with Prof. William 
F. Hoyt. Since 1984 he teaches at University of São Paulo Medical school and has 
trained hundreds of residents, fellows and post doctoral students. He has published 
190 papers on peer-reviewed journals, edited 5 books and written more than 100 
book chapters. His main research interests include infl ammatory and compressive 
disorders of the optic nerve and chiasm and Graves’ orbitopathy, particularly ithe 
evaluationn of structural and functional abnormalities iusing optical coherence 
tomography, visual fi elds and electrophysiologic tests.  
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  Dr Eduardo M. Normando MD, PhD, FEBO    

      

    Dr Eduardo M. Normando MD, PhD, FEBO is a fully qualifi ed clinician scientist 
Ophthalmologist. He is the senior research fellow of ICORG (Imperial College 
Ophthalmology Research Group) at the Western Eye Hospital in London where he 
is co-investigator in numerous clinical trial in glaucoma and medical retina. Dr 
Normando earned his PhD in Visual Neuroscience with a particular emphasis in 
retinal imaging from the UCL Institute of Ophthalmology in London working in 
Prof Francesca Cordeiro group. He completed his Specialty Accreditation in 
Ophthalmology (70/70 cum Laude) at Campus Bio-Medico University of Rome, 
Italy spending the last year of his training between the UCL Institute of 
Ophthalmology and the Glaucoma team at the Western Eye Hospital. Further scien-
tifi c and clinical experience has been achieved by attending the Retinal Degeneration 
Research Centre, & Ophthalmic Genetics Service at University of Tennessee and 
the Ocular Microsurgical division and Glaucoma division at San Carlo Hospital in 
Rome. His research is focused mainly on innovative non-invasive retinal imaging 
techniques and their applications in assessing novel therapeutic strategies for oph-
thalmic and neurodegenerative diseases. Dr Normando is co-author of 18 article and 
has extensive experience in presenting at national and international meetings. He 
has also wide experience in teaching at undergraduate and postgraduate level.  
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  Vincenzo Parisi, MD    

      

    Head of the Department of Neurophysiology of Vision and Neurophthalmology of 
Fondazione GB Bietti-IRCCS, Certifi ed Associate Professor of Ophthalmology. 

 Born in Vibo Valentia (Italy) on 08/21/1962. Since 1989, he carried out research 
on the role of Nerve Growth Factor on the visual system and on the identifi cation of 
retinal and visual pathways morpho-functional impairment in diabetes, glaucoma, 
multiple sclerosis, Alzheimer’s disease, CADASIL, Leber’s optic neuropathy and 
migraine. He is author of 94 publications on scientifi c journals (Total Impact Factor: 
242; Personal H-index: 27). “Expert reviewer” of several journals from which 
IOVS, Brain, Ophthalmology, Archive’s of Ophthalmology, British Journal of 
Ophthalmology, Vision Research, Clinical Neurophysiology.  
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  Francesco Pierelli MD, PhD    

      

    Francesco Pierelli is Full Professor of Neurology and Chairman of the 
Neurorehabilitation unit at the Sapienza University, Polo Pontino, Latina, Italy. 

 He is Director of Postgraduate School in Neurology, President of the graduate 
course in Physioterapy of the Sapienza University of Rome, Director of the I level 
Master “Ostheopathy and integrative individual therapy”, Honorary President of the 
“Italian Movement Medicine Society” (SIMM). He is Director of the “Superior 
Interdisciplinary School of Headaches” of the Italian Society for the Study of 
Headaches (SISC). He has published more than 190 indexed papers.  
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  Alfredo A. Sadun, MD, PhD    

      

    Professor and Thornton Endowed Chair, Doheny Eye Institute. Vice-Chair of 
Ophthalmology, Dept. Ophthalmology, UCLA. Dr. Sadun graduated from MIT 
(1972) and after obtaining his Ph.D. and M.D., completed his residency in 
Ophthalmology at Harvard Medical School followed by a fellowship in Neuro- 
Ophthalmology. He joined the full-time faculty at Harvard, Department of 
Ophthalmology in 1983. He was recruited to USC/Doheny where he remained for 
30 years. He helped lead Doheny in its transition to UCLA in 2014. 

 His research has centered on the clinical, psychophysical and laboratory studies 
of diseases of the optic nerve. In the 1980s Dr. Sadun was one of the fi rst to apply a 
new tract-tracing technique in order to establish nine anatomical pathways between 
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