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Abstract 
 
Purpose: Ocular hypertension is a risk factor for developing glaucoma, which is an optic 

neuropathy characterized by progressive degeneration of retinal ganglion cells and 

subsequent irreversible vision loss. The goal of this dissertation was to address several 

challenges needed to interpret the relationship between pressure and in vivo changes to 

retinal thickness and the optic nerve head in a rat model of glaucoma. 

 

Methods: Pressure dynamics were evaluated in three experiments: (1) First, the 

reliability of two TonoLab rebound tonometers was measured in 18 Brown Norway Rats. 

(2) The calibrated tonometers were then used to measure the circadian rhythm of 

intraocular pressure (IOP) in standard light-dark conditions (LD) and in continuous dim 

light (LL). Specifically, the existence of an IOP rhythm in LL was investigated and 

whether the IOP rhythm was centrally driven by the suprachiasmatic nucleus. (3) The 

circadian rhythm of IOP and mean arterial pressure (MAP) were measured in 8 adult 

Brown Norway rats housed in LD. Structural assessment of disease in a rat model of 

glaucoma was evaluated in three experiments (4) First, the ability to scan the same 

retinal location with a clinical spectral domain optical coherence tomography (SD-OCT) 

system was evaluated by acquiring retinal images from 16 rats. (5) A schematic model 

eye was developed to compensate for lateral magnification in SD-OCT images of the 

normal rat eye. Mean total retinal thickness was measured 500 µm away from the optic 

nerve head (ONH) and ONH diameter was measured from SD-OCT images. These 

images were scaled using the schematic model eye and the SD-OCT system’s Built-in 

scaling. (6) IOP was surgically elevated by injecting hypertonic saline into an episcleral 

vein of the rat eye. Circumpapillary scans were computationally generated to calculate 

global (mean of circumpapillary scan) and regional (superior, inferior, nasal, and 
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temporal) mean nerve fiber layer/retinal ganglion cell layer (NFL/RGLC), NFL/RGCL plus 

inner plexiform layer (NFL/RGCL+IPL), and total retinal thicknesses. 

 

Results: (1) The 95% limits of agreement (95% LoA) were smaller and better for 

TonoLab #1 (± 4 mm Hg) than for TonoLab #2 (± 6 mm Hg). (2) IOP in the LD conditions 

was lowest during the light-phase (16 ± 2 mm Hg), highest during the dark-phase (30 ± 7 

mm Hg), and peaked near the middle of the dark phase (16.6 ± 1.2 Zeitgeber Time). The 

maximum range of IOP measurements was 14 ± 3 mm Hg under LD, and this maximum 

range dampened to 8 ± 1 mm Hg after 1 week, 8 ± 2 mm Hg after 4 weeks and 6 ± 1 

mm Hg after 7 weeks of exposure to LL. (3) MAP during the light phase was 101 ± 3 mm 

Hg and 94 ± 3 mm Hg during the dark phase. IOP peaked 4.6 hours after the lights 

turned off and MAP peaked 4 hours before the lights turned off. (4) Thickness 

differences between imaging sessions for NFL/RGCL was 1 µm (95% LoA: –4 to 3 µm; 

ICC=0.82; CV=4.7%), for NFL/RGCL+IPL was 0 µm (95% LoA: –4 to 4 µm; ICC=0.88; 

CV=1.4%), and for total retinal thickness was 1 µm (95% LoA: –3 to 4 µm; ICC=0.97; 

CV=0.7%). (5) Mean total retinal thickness increased by 21 µm and the standard 

deviation doubled when images were scaled with the Built-in scaling (222 ± 13µm) 

compared to scaling images with individual biometric parameters (201 ± 6 µm). ONH 

diameter was three times larger when images were scaled with the Built-in scaling (925 

± 97 µm) than the individual biometric parameters (300 ± 27 µm). (6) In normal rats, 

mean temporal NFL/RGCL thickness (39 ± 6 µm) was significantly thicker than inferior 

(33 ± 5 µm) and superior (31 ± 5 µm) NFL/RGCL thickness. NFL/RGCL thickness in the 

nasal quadrant (36 ± 8 µm) was not significantly different from all other quadrants. In the 

rat model of glaucoma, IOP after 5 to 10 weeks after disease induction was significantly 

higher (95% CI: 21 – 43 mm Hg) than before disease induction IOP measurements (95% 

CI: 17 – 20 mm Hg; P = .02). Mean global NFL/RGCL+IPL thickness significantly 
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decreased from 83 ± 11 µm to 73 ± 15 µm (P = .003) and mean global total retinal 

thickness decreased from 201 ± 13 µm to 170 ± 31 µm (P = .001). 

 

Conclusions: The persistent circadian rhythm of IOP in continuous dim light and the 

phase relationship between MAP and IOP may further contribute to morphological 

changes in the ONH and retinal thickness measurements in rats with experimental 

glaucoma. The in vivo retinal thickness changes measured in rats with experimental 

glaucoma correlated well with histological assessment of optic nerve damage (e.g., 

gliosis and collapsed myelin sheaths). 

  



4 
 

Table of Contents 
 

 

Abstract .......................................................................................................................... 1 

Table of Contents ........................................................................................................... 4 

List of Figures ................................................................................................................. 8 

List of Tables .................................................................................................................12 

 

Chapter One .................................................................................................................13 

1.1 Glaucoma ............................................................................................................16 

1.2 Clinical Measures of Glaucoma ............................................................................18 

1.3 Rodent Models of Glaucoma ................................................................................19 

1.4 Pressure Dynamics in Glaucoma .........................................................................20 

1.5 Circadian Rhythms ...............................................................................................21 

1.6 Ocular Imaging in Glaucoma ................................................................................22 

1.7 Scope of Dissertation ...........................................................................................24 

 

Chapter Two .................................................................................................................26 

2.1 Preface ................................................................................................................27 

2.2 Abstract: ...............................................................................................................28 

2.3 Introduction ..........................................................................................................29 

2.4 Methods ...............................................................................................................30 

2.4.1 TonoLab Rebound Tonometer Calibration .....................................................30 

2.4.2 Noninvasive Intraocular Pressure Measurement in Rats ................................31 

2.5 Results .................................................................................................................32 

2.5.1 TonoLab Rebound Tonometer Calibration .....................................................32 

2.5.2 Noninvasive Intraocular Pressure Measurement in Conscious Rats ..............39 

2.6 Discussion ...........................................................................................................42 

 



5 
 

Chapter Three ..............................................................................................................44 

3.1 Preface ................................................................................................................45 

3.2 Abstract ................................................................................................................46 

3.3 Introduction ..........................................................................................................47 

3.4 Methods ...............................................................................................................48 

3.4.1 Quantifying the Circadian Rhythm of Core Body Temperature .......................51 

3.4.2 Quantifying the Circadian Rhythm of Intraocular Pressure .............................52 

3.4.3 Phase Relationship between Core Body Temperature and Intraocular 

Pressure ........................................................................................................52 

3.5 Results .................................................................................................................54 

3.5.1 Quantifying the Circadian Rhythm of Core Body Temperature .......................54 

3.5.2 Quantifying the Circadian Rhythm of Intraocular Pressure .............................59 

3.5.3 Phase Relationship between Core Body Temperature and Intraocular 

Pressure ........................................................................................................62 

3.6 Discussion ...........................................................................................................68 

 

Chapter Four ................................................................................................................72 

4.1 Preface ................................................................................................................73 

4.2 Abstract ................................................................................................................74 

4.3 Introduction ..........................................................................................................75 

4.4 Methods ...............................................................................................................75 

4.5 Results .................................................................................................................77 

4.6 Discussion ...........................................................................................................83 

 

Chapter Five .................................................................................................................85 

5.1 Preface ................................................................................................................86 

5.2 Abstract ................................................................................................................87 



6 
 

5.3 Introduction ..........................................................................................................88 

5.4 Methods ...............................................................................................................89 

5.4.1 Image Acquisition ..........................................................................................89 

5.4.2 Quantifying Manual Realignment Precision ...................................................94 

5.4.3 Thickness Measurement Precision ................................................................96 

5.4.4 Influence of Image Quality on Thickness .......................................................98 

5.4.5 Statistical analysis ....................................................................................... 101 

5.5 Results ............................................................................................................... 102 

5.5.1 Quantifying Manual Realignment Precision ................................................. 102 

5.5.2 Thickness Measurement Precision .............................................................. 104 

5.5.3 Influence of Image Quality on Thickness ..................................................... 107 

5.6 Discussion ......................................................................................................... 108 

 

Chapter Six ................................................................................................................ 113 

6.1 Preface .............................................................................................................. 114 

6.2 Abstract .............................................................................................................. 115 

6.3 Introduction ........................................................................................................ 116 

6.4 Methods ............................................................................................................. 117 

6.4.1 Derivation of Model Eye Parameters ........................................................... 118 

6.4.2 Model Eye Correction of SD-OCT Lateral Magnification .............................. 121 

6.4.3 Impact of Individual Biometric Parameters on Observed Retinal Thickness . 128 

6.5 Results ............................................................................................................... 129 

6.5.1 Derivation of Model Eye Parameters ........................................................... 129 

6.5.2 Model Eye Correction of SD-OCT Lateral Magnification .............................. 131 

6.5.3 Impact of Individual Biometric Parameters on Observed Retinal Thickness . 135 

6.6 Discussion ......................................................................................................... 138 

 

Chapter Seven ........................................................................................................... 145 

7.1 Preface .............................................................................................................. 146 



7 
 

7.1 Abstract .............................................................................................................. 147 

7.3 Introduction ........................................................................................................ 149 

7.4 Methods ............................................................................................................. 150 

7.4.1 In-vivo Retinal Thickness Estimates in Normal Rats .................................... 150 

7.4.2 In-vivo Retinal Thickness Estimates in a Rat Model of Glaucoma ................ 155 

7.5 Results ............................................................................................................... 156 

7.5.1 In-vivo Retinal Thickness Estimates in Normal Rats .................................... 156 

7.5.2 In-vivo Retinal Thickness Estimates in a Rat Model of Glaucoma ................ 163 

7.6 Conclusion ......................................................................................................... 171 

 

Chapter Eight ............................................................................................................. 174 

Conclusion and Future Direction .............................................................................. 176 

 

References ................................................................................................................. 179 

  



8 
 

List of Figures 
Chapter Two 

Figure 2.1: Pressure transducer recordings acquired while measuring IOP with the 

rebound tonometer in a cannulated rat eye and for two experimental 

conditions (Open and Closed). ..................................................................33 

Figure 2.2: Relationship between pressure transducer and rebound tonometer by 

experimental set-ups (Open, Closed, Pump). ............................................36 

Figure 2.3: Measuring the agreement between the TonoLab rebound tonometers and 

pressure transducer for all three experimental set-ups (Open, Closed, and 

Pump). ......................................................................................................37 

Figure 2.4: Predicting transducer measured intraocular pressure (IOP) from TonoLab 

rebound tonometer measurements for all experimental conditions (Open, 

Closed, and Pump). ...................................................................................38 

Figure 2.5: The circadian rhythm of intraocular pressure (IOP) in ten Brown Norway rats 

housed in (A) standard light-dark conditions and (B) after 30 days exposure 

to continuous dim light. ..............................................................................40 

Figure 2.6: Intraocular pressure (IOP) measured in ten normal adult Brown Norway rats 

housed in standard light-dark environmental conditions. ...........................41 

 

Chapter Three 

Figure 3.1: Experimental timeline used to quantify the circadian rhythm of intraocular 

pressure (IOP) and core body temperature in two groups of animals. .........50 

Figure 3.2: Diurnal temperature variations in standard light-dark environmental 

conditions and continuous dim light for one representative animal from 

Group 2. .....................................................................................................57 



9 
 

Figure 3.3: Circadian rhythm of intraocular pressure (IOP) in two Brown Norway rats (a 

Group 1 animal and a Group 2 animal) housed in standard light-dark 

conditions and in continuous dim light. ........................................................60 

Figure 3.4: Relationship between core body temperature (red solid lines) and intraocular 

pressure (black solid lines) cosine-fit results for all animals in Group 1 .......64 

Figure 3.5: Relationship between core body temperature (red solid lines) and intraocular 

pressure (black solid lines) cosine-fit results for all animals in Group 2 .......65 

Figure 3.6: Relationship between core body temperature () and intraocular pressure 

() peak times in standard light-dark environmental conditions (LD), and 1, 

4, and 7 weeks of exposure to continuous dim light (LL). ............................66 

 

Chapter Four 

Figure 4.1: Mean intraocular pressure in 8 normal adult Brown Norway rats housed in 

standard light-dark conditions. ....................................................................79 

Figure 4.2: Mean Arterial Pressure for six normal Brown Norway rats that have a 

circadian rhythm when housed in a standard light-dark condition. ..............81 

Figure 4.3: Phase relationship between intraocular pressure (IOP) and mean arterial 

pressure (MAP) in six normal adult Brown Norway rats housed in standard 

light-dark conditions. ...................................................................................82 

 

Chapter Five 

Figure 5.1: Scaled schematic illustration of the rat retina along with SD-OCT scan line 

locations. ...................................................................................................91 

Figure 5.2: Method to determine the precision of SD-OCT scan line placement for 

repeated imaging. .....................................................................................95 

Figure 5.3: Comparison of rat retinal cross section by OCT and histology. ....................97 



10 
 

Figure 5.4: The effect of image quality on nerve fiber layer/ retinal ganglion cell layer 

segmentation. .......................................................................................... 100 

Figure 5. 5: Illustration of scanning laser ophthalmoscope (SLO) and OCT repeatability 

in the rat eye. .......................................................................................... 103 

Figure 5.6: Precision of thickness measurements taken within and between imaging 

session with manual realignment. ............................................................ 105 

 

Chapter Six 

Figure 6.1: Measuring the ocular dimensions in the normal Brown Norway rat. ........... 120 

Figure 6.2: The schematic model eye was developed from the position and curvature of 

the refractive surfaces of the rat eye. ........................................................ 122 

Figure 6.3: Total retinal thickness measurements in the normal Brown Norway rat. .... 126 

Figure 6.4: Measuring the diameter of the optic nerve head in the normal Brown Norway 

rat. ............................................................................................................ 127 

Figure 6.5: Distribution of ultrasonic immersion A-scan biometric measurements in the 

normal Brown Norway rat. ........................................................................ 130 

Figure 6.6: Mean total retinal thickness measured 500 µm away from the optic nerve 

head center in normal Brown Norway rats. ............................................... 132 

Figure 6.7: Optic nerve head diameter in the normal Brown Norway rat. ..................... 134 

Figure 6.8: Four simulations were developed to quantify the impact of changing the 

model eye parameters on scan location and measured total retinal thickness 

at the new scan location. .......................................................................... 136 

Figure 6.9: Distribution in total retinal thickness within the central 2 mm retinal area in 

normal Brown Norway rats. ....................................................................... 137 

Figure 6.10: Age-related changes in anterior chamber depth, vitreous chamber depth, 

lens thickness and axial length in normal rats. ......................................... 141 



11 
 

 

Chapter Seven 

Figure 7.1: Measuring retinal structures from SD-OCT images in Brown Norway rats (n = 

18 rats). .................................................................................................... 154 

Figure 7.2: Quantification of circumpapillary retinal thickness in normal adult Brown 

Norway rats. ............................................................................................. 157 

Figure 7.3: Distribution of left and right eye retinal thickness measurements in normal 

adult Brown Norway rats (n = 19 animals; 38 eyes). ................................. 160 

Figure 7.4: Circumpapillary thickness scans (radius = 0.5 mm) in normal aged Brown 

Norway rats (n = 18 eyes). ........................................................................ 161 

Figure 7.5: Mean intraocular pressure (IOP) and biometry changes after surgically 

elevated IOP in 6 animals. ........................................................................ 164 

Figure 7.6: Retinal thickness in experimental glaucoma eyes for different circumpapillary 

scan radii. ................................................................................................. 166 

Figure 7.7: Circumpapillary retinal scans from six rats with experimental glaucoma. ... 167 

Figure 7.8: Measuring the optic nerve head (ONH) size in normal eyes and eyes with 

experimental glaucoma. ............................................................................ 170 

 

 

  



12 
 

List of Tables 
Chapter Two 

Table 2.1: Reliability and prediction equations for TonoLab #1 ………………... 34 

Table 2.2: Reliability and prediction equations for TonoLab #2 ……………..…. 35 

Chapter Three 

Table 3.1: Circadian rhythm of core body temperature by lighting condition … 55 

Table 3.2: Circadian rhythm of intraocular pressure by lighting condition …… 61 

Chapter Four 

 Table 4.1: Cosine Fit Parameters for Intraocular Pressure …………………….. 78 

 Table 4.2: Cosine Fit Parameters for Mean Arterial Pressure …………………. 80 

Chapter Five 

Table 5.1: Precision metrics for retinal OCT Thickness measurements in the 

normal Brown Norway rat ……………..……………..……………… 106 

  



13 
 

 

Chapter One 

General Introduction 

 

  



14 
 

Glaucoma is the second leading cause of blindness worldwide. High intraocular 

pressure (IOP) is a risk factor for glaucoma and several studies have shown the benefit 

of lowering IOP in slowing the progression of glaucomatous optic neuropathy.1-3 For 

example, the Ocular Hypertension Treatment Study showed that topical medications to 

lower elevated IOP reduced the incidence of glaucomatous visual field loss and damage 

to the optic nerve.2 Mechanical and vascular theories have emerged to explain the 

pathophysiology of the disease.4-8 The mechanical theory of glaucoma suggests that 

elevated IOP leads to deformation of the lamina cribrosa.9 The lamina cribrosa is 

composed of layers of collagen, capillaries, and astrocytes through which retinal 

ganglion cell axons pass through as they exit the retina and enter the brain.10, 11 High 

IOP imparts stress and strain at the optic nerve head that can in turn alter blood flow, 

disrupt both anterograde and retrograde axonal flow, and it can lead to retinal ganglion 

cell death. The vascular theory states that elevated IOP compromises the blood supply 

to the optic nerve leading to ischemia. It is likely that these theories are not independent, 

but, instead, that aspects from both theories lead to the pathogenesis of glaucoma. 

Specifically, since high IOP cannot explain the pathogenesis of glaucoma in all cases, it 

is likely that the interbalance between IOP, blood pressure, and intracranial pressure 

plays a significant role in the pathophysiology of the disease.  

The first goal of this dissertation was to study the relationship between IOP and 

mean arterial pressure in Brown Norway rats. We specifically investigated if the 

circadian rhythm of IOP persisted when animals were housed in continuous dim light 

and the relationship between IOP and mean arterial pressure when animals were 

housed in standard light-dark conditions (12 hours of light / 12 hours of darkness). The 

results from these experiments show that the Brown Norway rat can be used as an 

experimental model to investigate the role of various compartmental pressures on the 

progression of structural and functional damage in experimental glaucoma. 
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Histological studies have shown that retinal ganglion cells with axons projecting 

to the superior and inferior retinal quadrants of the optic nerve head are primarily 

damaged in human glaucoma and experimental non-human primate models of 

glaucoma.12 In vivo ocular imaging has advanced exponentially in the last decade to 

where it is now possible to non-invasively visualize various retinal layers and pore 

structures within the lamina cribrosa (the primary site of glaucomatous damage).13 

Spectral domain optical coherence tomography (SD-OCT) is one of the most widely 

used imaging techniques capable of resolving structures as small as 4 – 7 µm.14, 15 

Consequently, there is interest in using this high resolution in vivo imaging system to 

determine its usability for quantifying early and progressive changes in glaucoma. 

Knowledge about the early structural changes in glaucoma could improve clinical 

interventions and help preserve visual function.  

The second specific aim of this dissertation was to use spectral domain optical 

coherence tomography (SD-OCT) to quantify spatial retinal structural changes in rats 

with experimental glaucoma. There are several challenges to consider when interpreting 

thickness measurements from SD-OCT images, including: scan placement/centration, 

axial length of the eye (i.e. correction of image lateral magnification), image quality, 

contribution of non-neuronal components (blood vessels and glial tissue), and instrument 

and examiner factors among others. As part of this dissertation, the experimental goals 

were to address the following challenges: (1) to quantify the effects of ocular–instrument 

realignment and image quality on measurements of retinal thickness from SD-OCT 

imaging in the rat eye; and (2) to develop a schematic model of the rat eye from in vivo 

axial biometric measurements to compensate for image lateral magnification. 

Addressing these challenges will enable in vivo quantification of the retinal and optic 

nerve head structural changes in a rat model of experimental glaucoma. 
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1.1 Glaucoma 

Glaucoma is an optic neuropathy characterized by progressive degeneration of 

retinal ganglion cells that ultimately leads to irreversible vision loss. Well known risk 

factors include elevated IOP, age, race, and family history.16-19 It was estimated that 60.5 

million people worldwide had glaucoma in 2010, with the number expected to increase to 

79.6 million by 2020.20, 21 Vision loss in glaucoma results from dropout of retinal ganglion 

cells and their axons.  

The events leading to the death of retinal ganglion cells is a topic of wide 

research. Much has been learned from animal models of glaucoma that mimic many of 

the features that occur in human glaucoma, such as thinning of the neural retinal rim 

tissue and remodeling of the optic nerve head.22-28 One theory for the development of 

glaucoma is that high IOP imparts stress on the lamina cribrosa that activates the glia 

within the optic nerve head. Axons in the optic nerve head region are likely damaged 

when glia become activated, leading to a blockade of anterograde and retrograde axonal 

transport that eventually initiates a self-destruct program within the axons. There are two 

classical patterns of degeneration; one pattern is associated with fast anterograde 

degeneration of the axons and the second pattern is associated with slow retrograde 

degeneration of the axons. In retrograde degeneration, axonal damage generally begins 

at the synaptic end and progresses to the cell soma. While the exact pattern of 

degeneration in glaucoma has not been conclusively identified, there are studies in 

rodents and non-human primate models of glaucoma that support the idea that retinal 

ganglion cells undergo retrograde degeneration and that the lamina cribrosa is the initial 

site where retinal ganglion cell axons are damaged. For example, in a non-human 

primate model of glaucoma, the amount of visual function deficit did not correlate well 

with the number of ganglion cell somas lost when functional deficits were mild.29 

Furthermore, it has been reported that for glaucoma patients, about 40% of the retinal 
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nerve fiber layer, which is largely made up of the retinal ganglion cell axons, is lost 

before visual deficits can be reliably detected clinically by perimetry.30 Consequently, 

objective methods of evaluating the integrity of the retinal nerve fiber layer are crucial for 

early identification of glaucoma. 

As previously stated, the relationship between high IOP and structural damage to 

the optic nerve is supported by research in animal models of glaucoma that develop 

many of the characteristics of human glaucoma when they are exposed to high IOP for a 

long duration of time.22-28 For example, elongated and larger pores in the lamina cribrosa 

were measured in a non-human primate model of experimental glaucoma using a high 

resolution in vivo imaging system (adaptive optics scanning laser ophthalmoscope).31, 32 

This structural remodeling within the optic nerve head is also associated with 

progressive loss of visual function, similar to what occurs in human glaucoma.27, 33 While 

the mechanical and vascular theories are often thought of as being independent and 

competing theories to explain the pathogenesis of glaucoma, it is now becoming more 

evident that there is some relation between these theories. In particular, the interbalance 

between IOP, systemic blood pressure, and intracranial pressure is likely a contributing 

factor for glaucoma since high IOP alone cannot explain the pathogenesis of all types of 

glaucoma. Not only is blood flow within the optic nerve head important, but several 

studies have shown the detrimental effects of having high IOP and low systemic blood 

pressure.34, 35 For example, functional vision was worse (e.g. dampened b-wave and 

dampened scotopic threshold response measured from electroretinograms) in rats with 

high IOP and low systemic mean arterial pressure than in rats with high IOP and high 

systemic mean arterial pressure.34 Overall, clinical diagnosis of glaucoma is a difficult 

task because of the complex interaction between several risk factors that contribute to 

retinal ganglion cell damage and culminate in vision loss.  
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1.2 Clinical Measures of Glaucoma 

Robust clinical methods are essential for the detection of early glaucomatous 

damage. A wide range of tests are performed in the clinic to determine the presence of 

glaucoma. For example, tonometry is routinely performed to measure IOP. However, a 

limitation with clinical measurements of IOP is that they are typically acquired once 

during the day and between clinic visits that are often months apart. These discrete 

measurements give only a partial view of the dynamic pressure load inside the eye that 

is insufficient to fully characterize pressure variations due to disease. Furthermore, it is 

important to have an accurate account of the pressure load inside the eye because it 

can have a direct impact on a patient’s treatment plan. For example, surgical 

interventions may be indicated when pressure cannot be lowered with topical 

treatments. Therefore, reliable IOP measurements are essential to understand the 

pathophysiology of glaucoma. In this dissertation we evaluated the reliability of a 

rebound tonometer to acquire IOP measurements in the un-anesthetized rat. This was 

an important challenge to address because anesthesia is known to decrease IOP.36 

While IOP plays a significant role in the diagnosis and treatment of glaucoma, it 

is equally important to identify early structural changes to the optic disc. Clinically, 

glaucoma is recognized by morphological remodeling of the optic nerve head and loss of 

vision. The ophthalmoscope was developed in the late 1850s and is still commonly used 

in the clinic to qualitatively assess the optic nerve head and fundus.37 However, 

structural assessment by ophthalmoscopy is subjective, qualitative, has large 

interobserver and intraobserver variability, and has limited usability for identifying early 

glaucomatous damage and progression.38-41 In-vivo monitoring of changes within the 

optic nerve head in combination with changes in retinal thickness assessed by optical 

coherence tomography (OCT) could improve our understanding of the pathogenesis of 

glaucomatous damage. Specifically, nerve fiber layer thickness measurements are 
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typically acquired around the optic nerve head and show that, in normal healthy human 

subjects, the peripapillary nerve fiber layer is thicker in the superior and inferior retinal 

quadrants and that these quadrants are more susceptible to damage in patients with 

glaucoma.30, 42-44 Whether these quadrant specific thickness variations exist in rodents is 

still a matter of debate, with some histological studies showing that the highest density of 

retinal ganglion cells in rats is located between the superior and temporal retinal 

quadrants,45-51 while others have not.52 It is also unclear if the location of highest retinal 

ganglion cell density in the rat retina correlates with the retinal location where the nerve 

fiber layer/retinal ganglion cell layer is the thickest. A goal of this dissertation was to 

develop the analytical techniques needed to interpret the information contained in these 

OCT images and determine the value of measuring retinal thickness as an estimate of 

damage in a rat model of glaucoma.  

1.3 Rodent Models of Glaucoma 

There are several rodent models of glaucoma that mimic features of human 

glaucoma including genetic mouse models53 and surgical disease induction in the rat.54-

57 In 1997, Morrison and colleagues described an episcleral venous injection of 

hypertonic saline that scleroses the aqueous outflow pathway and leads to chronic 

elevation in IOP.56 This rodent model of glaucoma is appropriate for studying the 

correlation between IOP and disease progression because the hypertonic saline 

injection leads to structural changes at the optic nerve and loss of retinal ganglion cell 

density that correlates well with the induced elevated IOP.58 Also, the damage to nerve 

fibers in this model of glaucoma can be mitigated through medications that lower IOP.59  

It is important to point out that rodents may not be a particularly good model for 

structural changes in the optic nerve head, as they have a glial lamina and not a rigid 

collagenous lamina like humans or other primates.60, 61 An advantage of using rats as a 
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model of glaucoma is that the size of their eye makes in-vivo imaging with OCT more 

feasible than the mouse eye. Also, while possible in mice, the surgical manipulations to 

elevate IOP are easier in the larger eye of the rat. An additional advantage of utilizing 

rodent models of glaucoma is that the time course of the disease is much faster, 

requiring only a few weeks to develop, as opposed years (as in humans) or months (as 

in non-human primate models of glaucoma), expediting the process of extracting 

valuable information about the pathophysiology of the disease. 

1.4 Pressure Dynamics in Glaucoma 

Why glaucoma occurs with normal tension glaucoma or does not occur in some 

patients with ocular hypertension has been debated for decades. The interplay between 

IOP, systemic mean arterial pressure and intracranial pressure may contribute to the 

pathogenesis of glaucomatous optic neuropathy.62-64 For example, ocular perfusion 

pressure (difference between IOP and mean arterial pressure) likely contributes to 

glaucomatous damage when the eye’s ability to regulate blood flow is no longer meeting 

metabolic demand.65-70 He and colleagues showed that visual function was worse when 

high IOP coincided with low systemic blood pressure than with high blood pressure.34 

Also, optic nerve head cupping was more prominent with low intracranial pressure and 

normal IOP.71 These studies suggest that increasing the traslaminar pressure difference 

by either elevating IOP or reducing intracranial pressure alters the homeostatic pressure 

balance and imparts stress at the lamina cribrosa that can result in glaucoma. Also, 

fluctuations in IOP, mean arterial pressure, and intracranial pressure may be associated 

with structural or vascular stress that could become critical enough to develop into 

glaucoma or contribute to its progression. Despite this knowledge, reduction of high IOP 

is the only treatable risk factor in glaucoma so far. Therefore, it would be beneficial to 

have an experimental animal model to investigate the role of these various 
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compartmental pressures and their role in the progression of structural and functional 

damage in experimental glaucoma. There are several fundamental questions that need 

to be asked before using animals for this purpose. For example, knowing the normal 

circadian rhythm of IOP and mean arterial pressure can shed light on the normal 

fluctuations in these animals. A goal of this dissertation was to establish the normal 

circadian rhythm of IOP and mean arterial pressure in rats housed in standard light-dark 

conditions.  

1.5 Circadian Rhythms  

Circadian rhythms refer to physiological, behavioral, and hormonal functions that 

display cyclical variations that can be synchronized to external cues, or Zietgeber, like 

the day-night cycle. Retinal light input is transferred to the suprachiasmatic nucleus 

(SCN) to regulate many of these circadian rhythms.72-78 Also, certain peripheral organs 

have a built-in mechanism that also helps maintain their circadian rhythm.79, 80 The idea 

of an organ regulating its own rhythm was supported by studies from a transgenic rat 

line in which luciferase is rhythmically expressed and controlled by the mouse Per1 

promoter. 81, 82 The Per1 gene is part of the Period family of genes that are expressed in 

a cyclical pattern in the SCN.83 These studies showed that the lung, liver, and muscle 

maintained their bioluminescent rhythm in-vitro and in the absence of the SCN.81, 82  

A circadian rhythm of IOP is known to exist in human eyes,84-87 rodents,88-91 

rabbits,92 cats,93 and dogs.94 If these diurnal fluctuations in IOP are large enough, then 

they might be associated with disease progression among glaucoma patients.95, 96 

Quantifying the circadian rhythm of IOP may therefore help identify which aspect of IOP 

(e.g. between-visit fluctuations, peak IOP, diurnal fluctuations, etc.) is most significantly 

correlated with disease progression and this could ultimately lead to more effective 

glaucoma treatment strategies. The circadian rhythm of IOP was observed to be non-
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existent when animals are housed in constant light.58, 92, 94 The reduction in diurnal IOP 

variations is thought to be an advantage because it minimizes the number of times that 

IOP needs to be measured throughout the day and because it is easier to relate 

structural damage at the optic nerve head with measured IOP. However, previous 

studies have shown that the circadian rhythm of other biological function (e.g. activity, 

temperature) are maintained for weeks or months after animals are exposed to constant 

dark or light conditions.97-100  

The first specific aim of this dissertation was to determine the circadian rhythm of 

IOP and mean arterial pressure in Brown Norway rats. Specifically, we evaluated if the 

circadian rhythm of IOP persisted in constant dim light conditions and investigate if IOP 

is regulated by the same mechanism that regulates circadian rhythm of core body 

temperature. These experiments are impactful because we characterized the 

correspondence between circadian rhythm of IOP and a reliable marker of the animal’s 

individual circadian phase using telemetric data (body temperature) in Brown Norway 

rats. Lastly, we also measured the phase relationship between IOP and systemic mean 

arterial pressure in rats housed in standard light/dark conditions to determine the 

usability of the rat as a model to study the role of compartmental pressures and 

physiological rhythms in experimental models of glaucoma. 

1.6 Ocular Imaging in Glaucoma 

Axonal damage in glaucoma is presumed to start at the lamina cribrosa with 

secondary retrograde degeneration of the retinal ganglion cell somata.101, 102 High IOP 

leads to bowing of the lamina cribrosa, which in turn leads to mechanical damage of 

axonal bundles and their blood supply.5, 8 In-vivo quantification of the pattern of 

glaucomatous structural changes may give additional insight about the process of 

degeneration in glaucoma and enhance our understanding of how these structural 
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changes relate to functional vision loss. An understanding of the pattern of retinal 

ganglion cell degeneration is also important for diagnosing and monitoring the 

effectiveness of treatments in glaucoma. Numerous histological studies have evaluated 

the structural and cellular events of axonal degeneration in glaucoma ex vivo.103, 104 For 

example, Chidlow and colleagues showed that one of the earliest indications of optic 

nerve damage in rats with experimental glaucoma was an accumulation of β-Amyloid 

precursor protein in the optic nerve head that resulted from disrupted axonal transport 

and that this event occurred within 8 hours of disease induction.103 Spectral-domain 

optical coherence tomography (SD-OCT) is a non-invasive imaging system that can be 

used to evaluate changes in the optic nerve head and thickness changes to the nerve 

fiber layer in glaucoma. A goal of this dissertation was to assess the structural events of 

axonal degeneration with glaucoma in vivo using SD-OCT and the corresponding 

cellular degeneration associated with glaucomatous progression by histology. While 

imaging the rat eye with a clinical SD-OCT system is feasible, several challenges must 

be addressed before these images can be used to quantify the structural changes 

brought upon by an elevation in IOP. 

Reproducibility of scanning the same retinal location between imaging session 

was a challenge that was addressed in this dissertation. The precision of retinal 

thickness measurements from SD-OCT data is influenced by factors that vary both 

within and between imaging sessions including factors related to the examiner 

(alignment, stability, focus, etc.), the subject (motion, optical clarity, etc.), image 

hardware (e.g. acquisition speed, resolution), and post-acquisition image processing 

routines (e.g. registration, segmentation, etc.). Despite these potential limitations, 

excellent repeatability of OCT thickness measurements has been reported in 

humans.105-115 There are a number of additional unique considerations for achieving 

repeatable scan-path alignment with non-fixating anesthetized animal subjects that can 
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further influence reproducibility studies in the rodent eye.116 Therefore, an alignment 

procedure was developed in this dissertation to scan the same retinal location between 

imaging sessions. We quantified the repeatability and reproducibility of thickness 

measurements and the effects of realignment and image quality on measurements of 

retinal thickness using SD-OCT imaging in the rat eye. 

Also, in this dissertation, analytical tools were developed to compensate for 

lateral magnification in SD-OCT images caused by the high optical power and small 

axial length of the rat eye were developed.117-119 Compensation for lateral magnification 

is an important consideration with SD-OCT imaging as this influences scan location and, 

in turn, correct interpretation of measurements that depend on precise positioning. It is 

important to point out that the axial dimension of an SD-OCT image is independent of 

the optical power of the eye and does not change after scaling for lateral magnification. 

In other words, correction of lateral magnification will not change thickness 

measurements, but will change retinal scan location and, if not controlled or 

compensated, will appear to influence thickness. These two challenges are important 

contributions because they enabled the analysis and quantification of the spatial and 

temporal structural changes (thickness changes and optic nerve head size) in a rat 

model of glaucoma.  

1.7 Scope of Dissertation 

The dissertation is organized as follows. In Chapter Two, the utility of a rebound 

tonometer to measure IOP in conscious rats was evaluated. This calibrated rebound 

tonometer was then used to quantify the circadian rhythm of IOP summarized in Chapter 

Three. Furthermore, in Chapter Three, we discuss the methods used to determine 

circadian phase from telemetric core body temperature measurements. The circadian 

phase relationship between IOP and mean arterial pressure are then discussed in 
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Chapter Four. The remaining chapters in this dissertation addressed the second specific 

aim and include the results from our in vivo imaging experiments in normal Brown 

Norway rats and rats with experimental glaucoma. Specifically, in Chapter Five we report 

factors (e.g. image alignment and image quality) that impact the repeatability and 

reproducibility of retinal thickness measurements by SD-OCT imaging in the rat eye. In 

Chapter Six, we investigated the use of a schematic model eye to compensate for lateral 

magnification in OCT images of the normal rat eye. In Chapter Seven, we implemented 

the analytical tools developed in Chapters Five and Six to quantify the spatial and 

temporal structural changes in a rat model of glaucoma. Finally, in the last chapter, 

Chapter Eight, the results from all experiments are summarized and possible future 

research directions are discussed. 
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Chapter Two 

 

Reliability of Rebound Tonometry and Noninvasive 

Measurement of Intraocular Pressure in the Rat 

Contributing Authors:  

Diana C. Lozano, Nicolas Rodriguez, Nimesh Patel, Michael D. Twa 
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2.1 Preface  

The objectives of these experiments were to validate and calibrate intraocular 

pressure (IOP) measurements taken with two different TonoLab rebound tonometers in 

cannulated rat eyes. The calibrated tonometers were then used to establish valid in vivo 

measurements of IOP in the Brown Norway rat. These experiments were an essential 

part of this dissertation because they enabled: (1) quantification of the circadian rhythm 

of IOP in rats (discussed in Chapter Three) and (2) the ability to measure IOP in a rat 

model of glaucoma (discussed in Chapter Seven). These IOP measurements were 

essential to relate structural changes (a decrease in retinal thickness and enlargement of 

the optic nerve head) to the measured IOP in this rat model of glaucoma. 
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2.2 Abstract: 

Purpose: To evaluate the reliability of two TonoLab rebound tonometers for 

measurements of cannulated intraocular pressure (IOP) in the Brown Norway rat. These 

calibrated tonometers were then used to establish valid in vivo measurements of IOP in 

rats. 

Methods: One eye from 18 male Brown Norway rats (average weight = 288 g) was 

cannulated with a 30 gauge needle that was connected in-line to a pressure transducer. 

One examiner raised or lowered IOP in predetermined randomized steps of 5 or 10 mm 

Hg (range 10 to 50 mm Hg) by adjusting a fluid-filled syringe. An examiner masked to 

the set pressure then measured IOP with two different rebound tonometers (TonoLab, 

Icare, Vantaa, Finland). Linear regression analyses were performed to determine the 

best calibration functions for each tonometer. The bias and 95% limits of agreement of 

IOP measurements were calculated to compare transducer pressures with rebound 

tonometer measurements. The two calibrated rebound tonometers were then used to 

measure IOP every two hours over the course of 24-hours in ten normal Brown Norway 

rats housed in standard light-dark conditions (LD) and in continuous dim light for 30 days 

(LL). 

Results: The best-fitting calibration function for IOP was linear (all r2 > 0.92). The mean 

difference between the pressure transducer and TonoLab #1 was less than 1 mm Hg 

and for TonoLab #2 was less than 3 mm Hg. The average 95% limits of agreement were 

smaller for TonoLab #1 (± 4 mm Hg) than for TonoLab #2 (± 6 mm Hg). Maximum IOP in 

LD was 32 ± 3 mm Hg and in LL was 31 ± 6 mm Hg. Minimum IOP in LD was 10 ± 1 mm 

Hg and in LL was 13 ± 1 mm Hg. 

Conclusion: The TonoLab rebound tonometer is a reliable method of measuring IOP in 

the Brown Norway rat.  
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2.3 Introduction 

Ocular hypertension is an important risk factor for primary open glaucoma, but it 

is not clear how the circadian rhythm of intraocular pressure (IOP), inter-visit 

fluctuations, or peaks in IOP impact glaucoma progression.120-124 Animal models of 

glaucoma provide important information about the etiology and pathophysiology of the 

disease. Having a reliable method of measuring IOP in these animals would improve our 

understanding of the role of IOP dynamics on the pathogenesis of glaucoma. Currently, 

there are several models of glaucoma, including models utilizing non-human 

primates,125-127 mice,53, 128 and rats.56, 57, 129-131 Rat models of glaucoma are advantageous 

because it is possible to measure IOP in un-anesthetized animals and the size of the rat 

eye makes it possible to surgically elevate IOP. One such model entails injecting 

hypertonic saline solution into the episcleral veins in adult Brown Norway rats to 

chronically elevate IOP.56 IOP in this rat model of glaucoma has been measured with the 

TonoPen XL applanation tonometer. However, this tonometer is reported to be 

technically difficult to use and 10 – 15 measurements are needed to obtain an accurate 

measurement.132-135 The rebound tonometer was developed to measure IOP in rodents. 

During rebound tonometry a small, magnetic, plastic-tipped pin is propelled towards the 

corneal apex, and IOP is proportional to the pin’s rebound speed.  

There are several factors that can add variability to IOP measurements, including 

anesthesia, the anxiety level of the animal, normal circadian rhythm , the tonometer, 

tonometer alignment with the corneal apex, and the experience of the investigator in 

handling animals and the tonometer. For example, Jia and colleagues report that IOP 

drops by approximately 10 mm Hg within 5 minutes of the animal being anesthetized.36 

The purpose of this study was to evaluate the reliability of two different rebound 

tonometers in measuring IOP in Brown Norway rats while controlling many other factors 

that contribute to in vivo measurement variability. These two rebound tonometers were 
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then used to evaluate the circadian rhythm of IOP in normal rats. Reliable tonometry 

measurements are essential for quantifying the circadian rhythm of IOP and relating the 

pressure level to structural changes in the retina and optic nerve head in a rat model of 

glaucoma.  

2.4 Methods  

2.4.1 TonoLab Rebound Tonometer Calibration 

Two rebound tonometers of the same model (TonoLab #1 and TonoLab #2) were 

used to measure IOP in cannulated eyes. Animals were anesthetized with an 

intraperitoneal injection of Ketamine (Vedco, St. Joseph, MO; 50 mg/kg) and Xylazine 

(Vedco, St. Joseph, MO; 5 mg/kg). Then, an eye from each animal was cannulated with 

a 30-gauge needle that was connected in-line to a pressure transducer (Keller, Series 

41X). One examiner raised or lowered IOP by adjusting a fluid-filled precise micro-liter 

screw-top syringe (Hamilton Model 1001 LT Threaded Plunger). IOP was then randomly 

set to range between 10 to 50 mm Hg (in steps of 5 or 10 mm Hg). A second examiner, 

masked to the set pressure, measured IOP with each TonoLab rebound tonometer 

(Icare Rebound Tonometer, Vantaa, Finland). During rebound tonometry a small, 

magnetic, plastic-tipped pin is propelled towards the corneal apex. IOP is proportional to 

the pin’s rebound speed. Ten pressure measurements were acquired at each pressure 

level, where each measurement is the mean of 6 readings (e.g. a total of 60 

measurements were made at each pressure level). The relationship between TonoLab 

rebound tonometry and the pressure transducer was analyzed using linear regression 

analysis. The reliability of each TonoLab rebound tonometer was quantified by 

measuring the bias and 95% limits of agreement between the tonometer and the 

pressure transducer.  
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The reliability of each rebound tonometer was evaluated in three different 

experiments. The first two experimental set-ups entailed leaving the connection between 

the fluid-filled screw-top syringe and cannulated eye opened (Groups: TonoLab #1 + 

Open [n = 11 eyes] or TonoLab #2 + Open [n = 13 eyes]) or closed (Groups: TonoLab 

#1 + Closed [n = 6 eyes] or TonoLab #2 + Closed [n = 10 eyes]). In the last experiment, 

the micro-liter screw top syringe needle was removed and replaced with a syringe pump 

that was connected to a software controlled pressure transducer. This software was 

designed so that the user could enter the desired IOP level. Then, the pressure 

transducer would measure the pressure inside the eye and would send a signal to the 

computer to either push or pull fluid in the anterior chamber. The fluid was adjusted to 

maintain the IOP at the desired level in a closed-loop control system. This last 

experimental set-up was used with both rebound tonometers (Groups: TonoLab #1 + 

Pump [n = 4 eyes] or TonoLab #2 + Pump [n = 4 eyes]).  

 

2.4.2 Noninvasive Intraocular Pressure Measurement in Rats 

Noninvasive IOP measurements were acquired in Brown Norway rats (n = 10 

rats) using the two calibrated rebound tonometers. Animals were behaviorally entrained 

and manually restrained during IOP measurements by gently placing the index finger at 

the base of their skull. This behavioral training lasted approximately one week and at the 

end of the training animals would hold still during IOP measurements. Circadian rhythm 

of IOP was evaluated by measuring IOP every two hours over a 24-hour period. A deep-

red headlight was used to measure IOP when the lights were off. Ten IOP 

measurements were acquired at each time point. These experiments were carried out 

while the animals were housed in standard light-dark environmental conditions (lights on 

at 7 AM and lights off at 7 PM) and after the animals were exposed to continuous dim 

light (40 – 90 lux) for 30 days. The mean, maximum, and minimum IOP measurements 
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acquired during these 24-hour experiments were compared between lighting conditions. 

Lastly, the persistence of these diurnal IOP variations was evaluated by measuring IOP 

twice (at 8 AM and 8 PM) during the day for three consecutive days when the animals 

were housed in standard light-dark conditions. 

2.5 Results 

2.5.1 TonoLab Rebound Tonometer Calibration 

Figure 2.1 shows the transducer pressure recordings while IOP was being 

measured with the rebound tonometer. These recordings show that IOP was set to 20 

mm Hg and that this pressure was maintained for 40 to 80 seconds to acquire all IOP 

measurements. The transducer was sensitive enough to record transient changes in IOP 

due to heart rate and reflexive contraction of extraocular muscles response after instilling 

a drop of PBS in the cannulated eye. . Tables 2.1 and 2.2 summarize the results of the 

cannulation calibration study. Briefly, the relationship between the pressure transducer 

and TonoLab rebound tonometer over the full range (10 to 50 mm Hg) was highly linear, 

with correlations all higher than 0.92 (Table 2.1 and Figure 2.2). The biases (mean 

difference between pressure transducer and tonometer) were smaller than 1 mm Hg for 

TonoLab #1 (Table 2.2 and Figure 2.3) and smaller than 3 mm Hg for TonoLab #2 

(Table 2.2 and Figure 2.3). The 95% limits of agreement between the pressure 

transducer and rebound tonometer were better for TonoLab #1 (± 4 mm Hg) than for 

TonoLab #2 (± 6 mm Hg; Figure 2.3). The calibration functions for both TonoLab 

tonometers were linear and the 95% prediction intervals were also smaller for TonoLab 

#1 than TonoLab #2 (Figure 2.4). 
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Figure 2.1: Pressure transducer recordings acquired while measuring IOP with the 

rebound tonometer in a cannulated rat eye and for two experimental conditions 

(Open and Closed). 

Open (black line) means that the connection between the cannulated eye and syringe 

controlling IOP was left opened; Closed (gray line) means that this connection was 

closed off. These recordings show that IOP was set to 20 mm Hg and that this pressure 

was maintained for the 40 to 80 seconds needed to measure IOP with the rebound 

tonometer. Also, it shows that the transducer was sensitive enough to record heart rate 

(high frequency component) and reflexive contraction of extraocular muscles response 

(asterisk) after instilling a drop of PBS in the cannulated eye.  
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Table 2.1: Reliability and Prediction Equations for TonoLab #1 

 

Open Closed Pump 

Linear Regression 

 

y = 0.96x - 0.46;   
r2 = 0.96 

y = 1.0x - 0.45;     
r2 = 0.98 

y = 1.0x - 0.1;       
r2 = 0.96 

Transducer - Tonometer; 
(95% Limits of Agreement) 

1 mm Hg; 
(–3 to 6 mm Hg) 

0 mm Hg; 
(–4 to 4 mm Hg) 

1 mm Hg; 
(–4 to 6 mm Hg) 

Prediction Equation 

 

y = 1.0x + 1.5;       
r2 = 0.96 

y = 1.0x + 1.1;      
r2 = 0.98 

y = 1.0x + 1.1;      
r2 = 0.96 

95% Prediction Interval ± 4.8 mm Hg ± 3.9 mm Hg ± 5.8 mm Hg 

Open means that the connection between the cannulated eye and syringe controlling 

IOP was left opened; Closed means that this connection was closed off; Pump refers to 

using a software controlled syringe pump to regulate IOP. 
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Table 2.2: Reliability and Prediction Equations for TonoLab #2 

 
Open Closed Pump 

Linear Regression 

 

y = 0.9x - 0.3;      
r2= 0.92 

y = 0.9x + 0.5;     
r2= 0.93 

y = 1.0x - 1.1;      
r2= 0.95 

Transducer - Tonometer 
(95% Limits of Agreement) 

3 mm Hg; 
(–4 to 9 mm Hg) 

1 mm Hg; 
(–5 to 8 mm Hg) 

0 mm Hg; 
(–7 to 8 mm Hg) 

Prediction Equation 
 

y = 1.0x + 2.5;      
r2 = 0.92 

y = 1.0x + 1.5;      
r2 = 0.93 

y = 0.9x + 2.6;      
r2 = 0.95 

95% Prediction Interval ± 7 mm Hg ± 6.5 mm Hg ± 7.2 mm Hg 

Open means that the connection between the cannulated eye and syringe controlling 

IOP was left opened; Closed means that this connection was closed off; Pump refers to 

using a software controlled syringe pump to regulate IOP. 
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Figure 2.2: Relationship between pressure transducer and rebound tonometer by 

experimental set-ups (Open, Closed, Pump). 

Open means that the connection between the cannulated eye and syringe controlling 

IOP was left opened; Closed means that this connection was closed off; Pump refers to 

using a software controlled syringe pump to regulate IOP. The relationship between 

transducer and both tonometers was linear for all experimental conditions (solid black 

line). For example, the top three graphs show that the relationship between TonoLab #1 

and the pressure transducer was highly linear, with correlations higher than 0.96 

regardless of experimental set-up. The bottom three graphs show that the relationship 

between TonoLab #2 and the pressure transducer was also highly linear, with 

correlations higher than 0.92 regardless of experimental set-up. Dashed lines represent 

the 1:1 relationship between transducer and tonometer. 
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Figure 2.3: Measuring the agreement between the TonoLab rebound tonometers 

and pressure transducer for all three experimental set-ups (Open, Closed, and 

Pump). 

Open means that the connection between the cannulated eye and syringe controlling 

IOP was left opened; Closed means that this connection was closed off; Pump refers to 

using a software controlled syringe pump to regulate IOP. The biases (averaged 

difference between transducer and tonometer; Solid line) were all smaller than 3 mm Hg. 

The 95% limits of agreement (dashed lines) were smaller for TonoLab #1 than for 

TonoLab #2 under all experimental set-ups. For example, the 95% limits of agreement 

with the Closed experimental set-up were ± 3.8 mm Hg for TonoLab #1 and ± 6.3 mm 

Hg for TonoLab #2.  
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Figure 2.4: Predicting transducer measured intraocular pressure (IOP) from 

TonoLab rebound tonometer measurements for all experimental conditions (Open, 

Closed, and Pump). 

Open means that the connection between the cannulated eye and syringe controlling 

IOP was left opened; Closed means that this connection was closed off; Pump refers to 

using a software controlled syringe pump to regulate IOP. The 95% prediction intervals 

were smaller for TonoLab #1 than TonoLab # 2 for all experimental set-ups. For 

example, with the Closed experimental set-up, the 95% prediction intervals were ± 3.9 

mm Hg for TonoLab #1 and ± 6.5 mm Hg for TonoLab #2.  
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2.5.2 Noninvasive Intraocular Pressure Measurement in Conscious Rats 

The circadian rhythm of IOP was detected in conscious animals housed in 

standard light-dark environmental conditions and after 30-days of continuous exposure 

to dim light. IOP varied over the course of the day under both experimental lighting 

conditions (Figure 2.5). Mean diurnal IOP measured in standard light-dark 

environmental conditions (18 ± 2 mm Hg; 95% CI: 17 – 20 mm Hg) was not different 

than that measured when the animals were housed in continuous dim light (19 ± 3 mm 

Hg; 95% CI: 17 – 21 mm Hg; P = .38). Maximum IOP was also similar when measured in 

light-dark environmental conditions (32 ± 3 mm Hg; 95% CI: 29 – 34 mm Hg) and 

continuous dim light (31 ± 6 mm Hg; 95% CI: 27 – 36 mm Hg; P = .77). However, 

minimum IOP was significantly lower when measured in light-dark environmental 

conditions (10 ± 1 mm Hg; 95% CI: 10 – 11 mm Hg) than in continuous dim light (13 ± 1 

mm Hg; 95% CI: 12 – 14 mm Hg; P = .0001). Lastly, in standard light-dark environmental 

condition, the 8 PM IOP measurement was 28 ± 2 mm Hg and this was 10 mm Hg 

higher than the 8 AM measurements (18 ± 1 mm Hg; P < .001; Figure 2.6). 
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Figure 2.5: The circadian rhythm of intraocular pressure (IOP) in ten Brown 

Norway rats housed in (A) standard light-dark conditions and (B) after 30 days 

exposure to continuous dim light. 

The open circles are the raw (mean ± standard deviation) IOP measurements. The bars 

above the x-axis in (A) indicate the times during the day that the lights were off (black 

bars) or on (white bar). The white bar above the x-axis in (B) indicates that the lights 

were on all day. IOP was measured in (A) light-dark conditions and then measured 

again after (B) 30-days of exposure to continuous dim light.  
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Figure 2.6: Intraocular pressure (IOP) measured in ten normal adult Brown Norway 

rats housed in standard light-dark environmental conditions. 

Measurements were acquired twice a day for three consecutive days. Measurements 

were taken an hour after the lights came on (8 AM) and an hour after the lights were 

turned off (8 PM). Open circles are mean (± standard error) IOP for each animal. The 

solid horizontal line is the mean IOP for all animals. These measurements show that IOP 

varies between animals, that IOP is higher during the dark-phase than light-phase, and 

that this pattern is maintained for several days.  
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2.6 Discussion 

The TonoLab rebound tonometer is a reliable method to measure IOP in rats. 

Each tonometer had different calibration curves, suggesting that it is important to 

calibrate each tonometer before utilizing it in animals. Three experimental set-ups were 

evaluated: (1) Open means that the connection between the cannulated eye and the 

syringe used to adjust IOP was left opened; (2) Closed means that this connection was 

closed off; and (3) Pump refers to closed-loop IOP control using a software controlled 

syringe pump to keep IOP at the desired pressure level while measurements were being 

acquired. The general findings from these experiments show that the TonoLab rebound 

tonometer is a reliable method to measure IOP in rats. This was demonstrated by the 

small bias and tight 95% limits of agreements measured with both Open and Closed 

experimental set-ups. The 95% limits of agreement were wider with the Pump 

experimental set-up. Theoretically, the Pump experimental set-up should have 

performed better than the Open or Closed experimental set-ups because the pump 

dynamically pushes or pulls fluid from the anterior chamber depth when the pressure 

transducer reports pressure values outside the desired level. It is likely that adding more 

samples to this experimental group would have improved these results. Lastly, the bias 

and 95% limits of agreement were larger with TonoLab #2 than with TonoLab #1. These 

results highlight that there are intrinsic differences between rebound tonometers and not 

all rebound tonometers have similar reliability. Groups using this tonometer need to 

perform their own calibration experiments to determine the reliability of their rebound 

tonometer. 

 The calibrated TonoLab rebound tonometers were then used to quantify the 

circadian rhythm of IOP in Brown Norway rats housed in standard light-dark 

environmental conditions. The results from this study showed that IOP varies over the 
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course of the day (Figure 2.5) and that these variations are maintained for several days 

(Figure 2.6).  

Non-invasive measurements of IOP are needed to evaluate how ocular 

hypertension damages optic nerve fibers in animal models of experimental glaucoma. 

The rebound tonometer,136-139 TonoPen tonometer, 132-135, 140 Goldmann tonometer,141, 142 

and telemetric systems89 have been used to measure IOP in rodents. In particular, 

Mermoud and colleagues used the TonoPen to measure IOP in 229 normal Lewis rats 

and showed that IOP between 8:30 – 9:30 AM was 16.98 ± 5.17 mm Hg.140 These 

results are similar to the 8 AM measurements reported in the current study (18 ± 1 mm 

Hg), however, our measurements are less variable than those reported by Mermoud. In 

the current study, a 10 mm Hg IOP difference was measured between the 8 AM and 8 

PM measurements and these results are similar to those reported by Moore and 

colleagues (dark-phase: 31.3 ± 1.3 mm Hg; light-phase: 19.3 ± 1.9 mm Hg).91 In 

conclusion, the TonoLab is a reliable method for measuring IOP in the Brown Norway 

rat, making it a valuable tool for tracking IOP changes in the rat model of glaucoma.  
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3.1 Preface 

In this chapter, the circadian rhythm of IOP was quantified in relation to the 

animal’s temperature rhythm when animals are housed in standard light-dark 

environmental conditions and in continuous dim light (40 – 90 lux). The main findings 

from this study were that there is a persistent, but dampened, circadian rhythm of IOP in 

continuous dim light and that the circadian rhythms of temperature and IOP are not 

synchronized by the same central oscillator.   
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3.2 Abstract 

Ocular hypertension is a risk factor for developing glaucoma, which consists of a 

group of optic neuropathies characterized by progressive degeneration of retinal 

ganglion cells and subsequent irreversible vision loss. Our understanding of how 

intraocular pressure (IOP) damages the optic nerve is based on clinical measures of IOP 

that only gives a partial view of the dynamic pressure load inside the eye. IOP varies 

over the course of the day and the oscillator regulating these diurnal changes has not 

yet been conclusively identified. The purpose of this study was to compare and contrast 

the circadian rhythms of IOP and body temperature in Brown Norway rats when these 

animals are housed in standard light-dark and continuous dim light (40 – 90 lux) 

conditions. The results from this study show that there is a persistent, but dampened, 

circadian rhythm of IOP in continuous dim light and that the circadian rhythms of 

temperature and IOP are not synchronized by the same central oscillator. We conclude 

that once- or twice-daily clinical measures of IOP are insufficient to describe IOP 

dynamics. Similarly, our results indicate that, in experimental animal models of 

glaucoma, the common practice of housing animals in constant light does not 

necessarily eliminate the potential influence of IOP rhythms on the progression of nerve 

damage. Future studies should aim to determine whether an oscillator within the eye 

regulates the rhythm of IOP and to better characterize the impact of glaucoma on this 

rhythm. 
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3.3 Introduction 

Glaucoma is a group of optic neuropathies characterized by progressive 

degeneration of retinal ganglion cells and their axons that ultimately leads to irreversible 

vision loss. Elevated intraocular pressure (IOP) is a risk factor for developing glaucoma 

and several studies have indicated that lowering IOP slows progression.143-149 Much of 

what is known about glaucoma has come from animal models, including those involving 

rats,56, 57, 129-131 that have characterized the structural and functional changes associated 

with elevated IOP.4, 33, 150, 151 However, there remains ongoing debate about the influence 

of the circadian rhythm of IOP on the development and progression of glaucoma.  

Our understanding of IOP dynamics and its contribution to the disease process is 

partly limited by the tonometry techniques commonly employed in clinical practice. 

Usually, a single IOP measurement is taken at each patient visit, which often occurs 

months apart. These IOP ‘snapshots’ are insufficient to characterize pressure variations 

due to disease, in addition to typical diurnal pressure variations. A circadian rhythm of 

IOP is known to exist in normal human eyes,84-87 rodents,88-91 rabbits,92 cats,93 and 

dogs.94 These diurnal fluctuations in IOP might be associated with disease progression 

among glaucoma patients.95, 96 Quantifying the circadian rhythm of IOP may therefore 

help identify which aspect of IOP is most significantly correlated with disease and its 

progression (e.g. between-visit fluctuations, peak IOP, diurnal fluctuations, etc.) and this 

could lead to more effective glaucoma treatment strategies.  

While a circadian rhythm of IOP has been measured under normal environmental 

conditions (e.g. regular day-night cycles), the rhythm was not detected in rats,58 

rabbits,92 and dogs94 kept in a continuous light environment. However, these studies did 

not simultaneously monitor the animals’ circadian phase, which is known to drift in 

constant light or dark environmental conditions that enable an animal’s internal circadian 

clock to ‘free-run’. Without an external time cue (light onset or offset) to synchronize the 



48 
 

IOP rhythms, inter-individual variations in the free-running circadian period would cause 

the pressure rhythms for rats in an experimental cohort to go out of phase with each 

other. By grouping the IOP measurements by an external clock, the presence of any 

persistent cyclical rhythm could be masked or appear considerably dampened. The 

purpose of this study was to measure the circadian rhythm of IOP in Brown Norway rats 

and determine whether this rhythm is regulated by a central oscillator. To test this 

hypothesis, we compared IOP rhythms occurring under constant light conditions to core 

body temperature rhythms, the latter serving as an independent marker of circadian 

phase.  

3.4 Methods 

 The Institutional Animal Care and Use Committee of the University of Houston 

approved all experimental and animal care procedures and experiments were carried out 

in accordance with the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health. Eleven adult male Brown Norway 

rats (average ± SD weight: 357 ± 32 g) were housed individually in transparent cages 

with food and water available ad libitum.  

The circadian rhythms of core body temperature and IOP were assessed in two 

groups of animals. Figure 3.1 illustrates the experimental timeline. Briefly, temperature 

was measured in Group 1 (n = 4 animals) in standard light-dark environmental 

conditions (LD) and in continuous dim light (40 – 90 lux) for four weeks. In Group 2 (n = 

7 animals), temperature was recorded in continuous dim light (40 – 90 lux) for 7 weeks 

and then for 1 month during re-entrainment to standard light-dark environmental 

conditions. The circadian rhythm of IOP was characterized by measuring IOP every two 

hours over the course of 26-hours. Three 26-hour experiments were performed in Group 

1; one in standard light-dark environmental conditions and two in continuous dim light 
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(after 1 and 4 weeks exposure to continuous dim light). Two 26-hour experiments were 

carried out with Group 2; one after 7 weeks of continuous dim light exposure and 

another one after the animals were re-entrained to standard light-dark environmental 

conditions. These experiments are further discussed in the following methods sections. 
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Figure 3.1: Experimental timeline used to quantify the circadian rhythm of 

intraocular pressure (IOP) and core body temperature in two groups of animals. 

Both groups were initially housed in standard light-dark environmental conditions. 

Animals were trained during Week 1 to hold still while measuring IOP. An intraperitoneal 

temperature sensor was implanted (IP surgery) during Week 2. Animals recovered from 

surgery during Week 3. Body temperature measurements were then obtained every 5 

min until the end of each protocol (gray shaded area). IOP rhythms were measured 

every two-hours over the course of 26-hours at distinct time-points. (A) In group 1, IOP 

rhythm in the light-dark condition was measured at the end of Week 5. IOP rhythm was 

re-evaluated in Group 1 after being housed in continuous dim light for 1-week (end of 

Week 6) and 4-weeks (end of Week 9). (B) In Group 2, IOP rhythm was evaluated after 

the animals had been placed in continuous dim light for 7-weeks and was re-evaluated 

after the animals had been exposed to standard light-dark conditions for 4-weeks.  
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3.4.1 Quantifying the Circadian Rhythm of Core Body Temperature  

Core body temperature was measured with a temperature sensor that was 

implanted intraperitoneally (Respironics Company, Mini Mitter, Bend, OR). The implant 

sensor was set to automatically record core body temperature every 5 minutes for five 

weeks in Group 1 and for eleven weeks in Group 2. Animals were kept in standard light-

dark environmental conditions (lights on at 8 AM and lights off at 8 PM) prior to 

implanting the temperature sensor. Rats were anesthetized during the implant surgical 

procedure with an intraperitoneal injection of ketamine (Vedco, St. Joseph, MO; 

50mg/kg) and xylazine (Vedco; 5 mg/kg). Post-operative pain was minimized with a 

single dose of ketoprofen (Fort Dodge Animal Health, Fort Dodge, IA; 100 mg/mL). 

Animals were allowed to recover from surgery for one week before temperature data 

was included in the study (Figure 3.1).  

The circadian rhythm of core body temperature was evaluated by fitting a cosine 

function to the raw daily temperature data.152-154 This procedure is commonly referred to 

as a cosinor analysis. Various parameters were extracted from the cosinor analysis, 

including the daily mean core body temperature (  ; Equation 1), the time when the 

maximum core body temperature occurs ( ; Equation 1), and the maximum range of 

temperature measurements within a day (   ; Equation 1). Temperature onset time, 

defined as the time when temperature started to rise above the 24-hour mean, was 

calculated by taking the first derivate (e.g. the point of inflection) of the cosine fit 

function. Temperature period length ( ) was calculated from the linear regression slope 

of daily temperature onset times versus all days that temperature was recorded. The 

existence of a rhythm was quantified by calculating daily rhythmicity (correlation of 

determination of the cosine fit multiplied by 100%) and by testing the null hypothesis of 

zero-amplitude at a statistically significant level of probability (F-test; P < .05).  
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3.4.2 Quantifying the Circadian Rhythm of Intraocular Pressure 

IOP was measured in both eyes from conscious rats every two hours over a 26-

hour period (Figure 3.1). Prior to surgical implantation of the temperature sensors, 

animals were trained to hold still during IOP measurements. This behavioral training was 

performed over the course of one week prior to surgery. During the 26-hour 

experiments, two-trained handlers measured IOP using two calibrated rebound 

tonometers (TonoLab, Icare, Vantaa, Finland).137, 155 During rebound tonometry a small, 

magnetic, plastic-tipped pin is propelled towards the corneal apex. IOP is proportional to 

the pin’s rebound speed. Ten pressure measurements were acquired for each eye every 

two hours, for the full 26-hour measurement period. A deep-red headlight was used to 

facilitate the measurement of IOP during the dark phase of the light-dark environmental 

condition. To minimize systematic bias, the order in which each animal was measured, 

the tonometer used to acquire the measurements, and the investigator handling each 

animal were randomized. IOP measurements from only the right eyes were included in 

the analysis. The circadian rhythm of IOP was quantified using the previously described 

cosinor analysis. The difference was that the period length ( ) of the cosine fit (Equation 

1) was set to the temperature period length so that the phase relationship of the IOP 

rhythms could be quantified in relation to the animal’s core body temperature rhythm.  

3.4.3 Phase Relationship between Core Body Temperature and Intraocular Pressure 

The phase relationship between core body temperature and IOP was 

investigated to evaluate if these two physiological functions are synchronized to the 

same central oscillator. This phase relationship was plotted in polar graphs to visually 

inspect the concordance between temperature and IOP phase. For example, the 

clustering of all points in the same polar quadrants supports the premise that the same 
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central oscillator regulates both physiological functions. The polar graphs were 

generated by calculating the time at which the maximum temperature and IOP occurred. 

These times were then transformed from peripheral clock time to either Zeitgeber Time 

(for standard light-dark environmental conditions) or Circadian Time (for continuous dim 

light). In Zeitgeber Time, light onset is recorded as the 0.0 h timepoint and light offset is 

recorded as the 12.0 h timepoint in a standard 12 h/12 h light/dark cycle. Circadian Time 

is based on the free-running period of a rhythm and the temperature onset time (defined 

above) in nocturnal animals is set as the 12.0 h timepoint. Time in the polar graphs was 

indicated by the angle of a vector whose length was 1 when analyzing the temperature 

and IOP data measured in standard light-dark environmental condition. In continuous 

dim light, the length of the vector was set to a ratio that was normalized to values 

measured in standard light-dark conditions. This ratio was used to highlight if the rhythm 

dampened in continuous dim light. Lastly, the phase relationship was quantified by 

measuring the difference between the time when core body temperature and IOP were 

at their maximum. 
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3.5 Results 

3.5.1 Quantifying the Circadian Rhythm of Core Body Temperature  

Core body temperature in standard light-dark environmental conditions was 

lowest during the light-phase (36.9 ± 0.1 °C; 95% CI: 36.8°C – 37.0 °C), highest during 

the dark-phase (37.5 ± 0.2 °C; 95% CI: 37.4 °C – 37.7 °C), and peaked near the middle 

of the dark phase (17.5 ± 1.9 Zeitgeber Time; 95% CI: 17.1 to 17.8 Zeitgeber Time). 

Other parameters of the body temperature rhythm are summarized in Table 3.1. A 

persistent but dampened temperature rhythm was measured in continuous dim light. For 

example, the maximum range in temperature measurements within a day was larger in 

standard light-dark environmental conditions (0.60 ± 0.11 °C) than that measured after 

7-weeks of exposure to continuous dim light (0.34 ± 0.07 °C).  
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Mean temperature recorded under all lighting conditions by experimental group. Light 

condition LD refers to animals being housed in standard light-dark environmental 

conditions and LL refers to animals that were housed in continuous dim light. Two 

groups of animals were included in this study; Group 1 (n = 4 animals) was first housed 

in LD and transferred to LL for 4 weeks; Group 2 (n = 7 animals) was housed in LL for 

7-weeks and then switched to LD. Rhythmicity refers to the correlation of determination 

of the cosine fit times 100%. 
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Figure 3.2 shows temperature data recorded from one animal and illustrates the 

circadian rhythm of temperature that occurs under continuous dim light (Figure 3.2A) 

and standard 12 h/12 h light-dark environmental conditions (Figure 3.2B and Figure 

3.2C). In continuous dim light, the temperature rhythm drifted forward relative to external 

time, indicating that the rhythm was free-running and being regulated by an internal 

biological clock (Figure 3.2A). Temperature rhythm drifted forward at a rate that ranged 

between 0.5 to 0.8 hours per day, which translated to a longer period length (24.6 ± 0.3 

hours; 95% CI: 24.5 – 24.8 hours) than that measured in light-dark conditions (P = .001). 

This forward drift persisted for four days after the animal returned to standard light-dark 

conditions before synchronizing with the external lighting cycle once again (Figure 

3.2B). Temperature period length in the light-dark condition was 24.0 ± 0.2 h (95% CI: 

23.9 – 24.2 h; Figure 3.2C).  
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Figure 3.2: Diurnal temperature variations in standard light-dark environmental 

conditions and continuous dim light for one representative animal from Group 2. 

The gray line represents the raw temperature data, blue dots indicate temperature onset 

times and magenta points indicate temperature peak times. The black line is the least-

squared cosine fit through the raw temperature data and the correlation of determination 

(r2) are shown for each graph. (A) Temperature recorded after 38 – 45 days exposure to 

continuous dim light and shows that temperature onset time drifted forward in continuous 
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dim light. (B) Temperature recorded for the first 8 days after the animal was switched to 

light-dark environmental conditions. Temperature onset time drifted forward for the first 

four days of re-entrainment and then it consistently occurred at the beginning of the dark 

phase. (C) Temperature recorded when the animal had re-entrained to the light-dark 

conditions for four weeks. Temperature onset time in standard light-dark conditions 

consistently occurred at the beginning of the dark phase and temperature peaked in the 

middle of the dark phase.  
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3.5.2 Quantifying the Circadian Rhythm of Intraocular Pressure  

IOP measurements acquired from two animals during the 26-hour experiments 

are shown in Figure 3.3. IOP in the standard light-dark condition was lowest during the 

light-phase (16 ± 2 mm Hg), highest during the dark-phase (30 ± 7 mm Hg), and peaked 

near the middle of the dark phase (16.6 ± 1.2 Zeitgeber Time; 95% CI: 15.8 to 17.4 

Zeitgeber Time). Rhythmicity analysis showed that a dampened circadian rhythm of IOP 

persisted while the animals were maintained in continuous dim light (P < .001; Table 

3.2). The maximum range of IOP measurements was 14 ± 3 mm Hg under light-dark 

conditions, and this maximum range dampened to 8 ± 1 mm Hg after 1 week (Group 1), 

8 ± 2 mm Hg after 4 weeks (Group 1) and 6 ± 1 mm Hg after 7 weeks (Group 2) of 

exposure to continuous dim light (Table 3.2). 
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Figure 3.3: Circadian rhythm of intraocular pressure (IOP) in two Brown Norway 

rats (a Group 1 animal and a Group 2 animal) housed in standard light-dark 

conditions and in continuous dim light. 

The open circles are the raw (mean ± standard deviation) IOP measurements. The 

cosine fits for IOP (black solid line) are plotted in either Zeitgeber Time (when animals 

were kept in light-dark environmental conditions) or Circadian Time (when animals were 

housed in continuous dim light). In the Group 1 animal, IOP was measured in (A) light-

dark conditions and then measured again after (B) 1 week and (C) 4 weeks of 

continuous dim light exposure. In the Group 2 animal, IOP was measured (D) after being 

housed for 7 weeks in continuous dim light and (E) then after it re-entrained to the 

standard light schedule.  
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Mean intraocular pressure measured under all lighting conditions by experimental group. 

Light condition LD refers to animals being housed in standard light-dark environmental 

conditions and LL refers to animals that were housed in continuous dim light. Two 

groups of animals were included in this study; Group 1 (n = 4 animals) was first housed 

in LD and transferred to LL for 4 weeks; Group 2 (n = 7 animals) was housed in LL for 7 

weeks and then switched to LD. Rhythmicity refers to the correlation of determination of 

the cosine fit analysis multiplied by 100%. 
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3.5.3 Phase Relationship between Core Body Temperature and Intraocular Pressure  

The relationship between core body temperature and IOP are illustrated in 

Figure 3.4 (for all Group 1 animals) and Figure 3.5 (for all Group 2 animals). 

Temperature and IOP peaked at a similar time when the animals were housed in the 

standard 12 h/12 h light-dark conditions. The mean difference between the timepoints for 

maximum temperature and IOP measurements was not significantly different from zero 

for Group 1 (+1.8 ± 1.4 h; 95% CI: -0.4 to 4.1 h; P = .08) or for Group 2 (-0.1 ± 0.6 h; 

95% CI: -0.63 to 0.43 h; P = .65), indicating that both physiological functions peaked at 

the same time under these environmental conditions. However, temperature and IOP 

peaked at different times when the animals were place in continuous dim light. In Group 

1, this time difference was -4.6 ± 1.0 h (95% CI: -6.1 to -3.0 h) after 1 week of 

continuous dim light exposure and +9.5 ± 6.8 h (95% CI: -1.3 to 20.3 h) after 4 weeks of 

continuous dim light exposure. In Group 2, the time difference was +6.2 ± 8.4 h (95% CI: 

-1.5 to 14.0 h) after 7 weeks of continuous dim light exposure. These results are further 

summarized in the polar graphs shown in Figure 3.6. These polar graphs show that, in 

standard light-dark environmental conditions, both maximum temperature and maximum 

IOP occurred near the middle of the dark phase (Figure 3.6A). In continuous dim light, 

Circadian Time is based on the free-running period of a rhythm and the temperature 

onset time in nocturnal animals is set as the 12.0 h timepoint. For this reason, the 

temperature peak times for all animals line up at the same time (Figure 3.6B to Figure 

3.6D). These figures also show that, in continuous dim light, the time when IOP peaked 

drifted further away from the time when temperature peaked (Figure3. 6B to 3.6D). The 

distribution of when IOP peaked was normally distributed around the clock after 7-weeks 

of exposure to continuous dim light (Figure 3.6D). These results collectively indicate that 

the circadian phase between core body temperature and IOP was synchronized under 
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light-dark environmental conditions, but then the circadian phase of IOP rhythm drifted 

relative to the phase of core body temperature rhythm under constant light conditions.  
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Figure 3.4: Relationship between core body temperature (red solid lines) and 

intraocular pressure (black solid lines) cosine-fit results for all animals in Group 1 

(A) in standard light-dark conditions, (B) after 1 week in continuous dim light, and (C) 

after 4 weeks in continuous dim light. Temperature peak time is indicated by the red 

dashed line and intraocular pressure peak time is indicated by the black dashed line. 
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Figure 3.5: Relationship between core body temperature (red solid lines) and 

intraocular pressure (black solid lines) cosine-fit results for all animals in Group 2 

(A) in standard light-dark conditions, and (B) after 7 weeks in continuous dim light. 

Temperature peak time is indicated by the red dashed line and intraocular pressure peak 

time is indicated by the black dashed line. 
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Figure 3.6: Relationship between core body temperature () and intraocular 

pressure () peak times in standard light-dark environmental conditions (LD), and 

1, 4, and 7 weeks of exposure to continuous dim light (LL). 

Points are color coded by animal. (A) Plotting Zeitgeber Time (clockwise) at a 

normalized radial distance of 1. In standard light-dark environmental conditions, 

temperature and intraocular pressure peaked at similar times near the middle of the dark 

phase. (B – D) Plotting Circadian Time at a radial distance equal to the normalized 
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amplitude (e.g. temperature amplitude in LL divided by the temperature amplitude in 

LD). The difference between temperature and intraocular pressure peak times was more 

variable in continuous dim light and amplitude dampened in all animals housed in 

continuous dim light for 7 weeks. 
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3.6 Discussion 

 In this study, we quantified the circadian rhythm of IOP in adult rats and 

determined the phase relationship between the timing for this rhythm and that for core 

body temperature, a commonly used circadian phase marker.  

A normal temperature circadian rhythm was measured under standard light-dark 

environmental conditions and a dampened but significant rhythm was still present after 

up to seven weeks of continuous dim light exposure. It has been previously reported 

that, although there is a gradual decrease in the amplitude, circadian temperature 

rhythms can still be observed in rats that have been maintained in continuous light 

conditions for several weeks.97, 98, 100 Light intensity is also an important consideration 

when measuring any physiological function under free-running conditions because the 

coherence of the rhythm decreases more quickly with increasing light intensity.156, 157 

With the dim light used in the current study (40 – 90 lux), our finding that the temperature 

rhythms persisted after one to seven weeks in constant light conditions is therefore 

consistent with the results reported in these previous studies. 

Others have shown the TonoLab rebound tonometer to be a repeatable and 

accurate method of measuring IOP in rats,139, 158 and we have verified the applicability of 

this device in our lab (Lozano DC et al., IOVS, 2009, 50: ARVO E-Abstract: 2853). With 

this tonometer, we quantified the fluctuation in IOP that occurs across a standard 12 

h/12 h light-dark cycle, and showed that the peak of this pressure rhythm occurs during 

the dark phase, as has been described previously.91 In the current study, a smaller-

amplitude but significant IOP rhythm could still be detected after the animals had been 

exposed to continuous dim light for one to seven weeks (Table 3.2). Morrison and 

colleagues reported that no diurnal variation in IOP was detected in Brown Norway rats 

housed in continuous dim light for 35 days, even though their experimental set-up and 

light intensity was similar to that used in the current study.58 However, in this prior study, 
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IOP was only measured twice a day and the timing of these measurements was based 

on an external (morning and evening) timing schedule. In nocturnal animals exposed to 

continuous light, the circadian period generally lengthens,159 a finding that is consistent 

with the temperature rhythm data outlined in the present study. Therefore, the peak and 

trough for daily IOP values would be expected to gradually shift, in terms of external 

time, from when they occurred while the animals were maintained on a standard light-

dark condition. Furthermore, due to the absence of any external synchronization cues 

(i.e. zeitgebers) during the continuous light exposure, variations in each animal’s 

circadian period would cause the animals in an experimental cohort to gradually become 

significantly out-of-phase with each other over time. Averaging data that was obtained 

from multiple animals at potentially different times in their internal circadian phase would 

mask detection of an underlying rhythm. In this study, we obtained 13 IOP 

measurements over a 26-h period, and performed cosinor analysis on data obtained 

from each individual animal. This may explain the apparent discrepancy in our finding of 

a significant rhythm for IOP that persisted for weeks in constant light, as opposed to 

those reported in previous studies on rats, rabbits and beagles that characterized 

rhythmicity using time-point averaged data.58, 92, 94 

Comparing the rhythm of IOP to that for core body temperature, which served as 

an independent marker of circadian phase, we showed that these two rhythms became 

uncoupled from each other after the animals had been exposed to the continuous light 

conditions (Figure 3.6). In the rat, the rhythms of core body temperature, locomotor 

activity and plasma corticosterone all remain synchronized with each other in continuous 

light conditions, indicating that these rhythms are regulated by a common central 

oscillator.99 Our finding that the separation between the peak times for IOP and body 

temperature increased with longer exposure to continuous dim light indicates that a 

separate oscillator is the primary regulator for IOP rhythms. The location of this oscillator 
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is a subject for future research, but one intriguing possibility is that it may be located 

peripherally within the eye itself. 

Even though we have the ability to accurately and repeatedly measure IOP, this 

study still has the limitation that we only acquired a limited number of IOP 

measurements. These discrete measurements only give a partial view of IOP dynamics 

over the course of the day. New technology is now emerging to continuously monitor the 

circadian rhythm of IOP. For example, contact lenses160-163 and implantable sensors164 

are available to measure IOP in humans. Telemetric systems are being developed and 

tested to acquire continuous IOP measurements in non-human primates,165 rabbits,166-168 

and mice.89 A more thorough description of IOP dynamics will become possible and 

further enhance our understanding of how fluctuations in this physiological variable 

contribute to glaucomatous disease progression.  

Rat models of elevated IOP have been used extensively to model glaucomatous 

pathophysiology. It has become standard practice to house the rats used in these 

experiments in constant light.169-174 With the assumption that there is negligible diurnal 

variation in IOP under these conditions, the advantage of this approach is that a single 

measurement was thought to provide a reasonable estimate of the cumulative pressure 

exposure for that day. However, we found that a significant pressure rhythm can persist 

for weeks in constant light (see Figure 3.4, Figure 3.5 and Table 3.2). Thus, the daily 

variation in IOP may influence the progression of optic nerve damage in these 

experimental glaucoma models to a greater extent than previously appreciated. This 

finding supports the use of more continuous recording techniques in order to more 

definitively measure cumulative pressure exposure. 

In summary, the results from this study show that there is a persistent circadian 

rhythm of IOP in continuous dim light and that the same central oscillator does not 

regulate the circadian rhythms of temperature and IOP. Future studies on the rhythm of 
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IOP should benefit from the development of more continuous data acquisition 

techniques, which will enable the impact of glaucoma on this rhythm to be better 

characterized.  
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Chapter Four 

Circadian Phase Relationship between Intraocular Pressure and 

Mean Arterial Pressure in Normal Rats 

Contributing Authors:  

Diana C. Lozano, Jessica Lee, Laura Frishman, Andrew T.E. Hartwick, and Michael Twa 
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4.1 Preface  

The purpose of these experiments was to measure the diurnal rhythm of mean 

arterial pressure and intraocular pressure (IOP) in normal rats housed in standard light-

dark conditions. The general findings from this study were that IOP peaked during the 

dark phase (active phase) and that blood pressure peaked during the light phase 

(resting phase). The 9 hour phase lag between IOP and blood pressure likely puts the 

optic nerve head at risk for reduced vascular supply at night when blood pressure is at a 

minimum and IOP is at a maximum. 
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4.2 Abstract 

Purpose: To determine the phase relationship between the circadian rhythms of 

intraocular pressure and mean arterial pressure in normal rats. 

Methods: The circadian rhythms of intraocular pressure (IOP) and mean arterial 

pressure were measured in 8 adult Brown Norway rats that were housed in 12 hours of 

light and 12 hours of darkness. IOP was measured every two hours over the course of 

24 hours using two calibrated rebound tonometers. Mean arterial pressure was 

measured with a non-invasive tail-cuff system. IOP was measured first at each time 

point followed by mean arterial pressure measurements. The circadian rhythms were 

quantified by fitting a cosine function to mean pressure values. 

Results: Significant time-dependent variations in IOP were detected in all animals. 

Mean IOP during the light phase was 18 ± 2 mm Hg and 24 ± 2 mm Hg during the dark 

phase. Mean arterial pressure measurements from two animals were excluded from the 

analysis because they did not show a significant rhythm. Mean arterial pressure during 

the light phase in the remaining six animals was 101 ± 3 mm Hg and was 94 ± 3 mm Hg 

during the dark phase. On average, IOP peaked 4.6 hours after the lights turned off and 

blood pressure peaked 4 hours before the lights turned off. 

Conclusion: The 9 hour phase lag between IOP and blood pressure likely puts the optic 

nerve head at risk for reduced vascular supply at night when blood pressure is at a 

minimum and IOP is at a maximum. 
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4.3 Introduction 

Glaucomatous optic neuropathies are affected by the balance of intraocular 

pressure (IOP), systemic mean arterial blood pressure, and intracranial pressure.175-177 

Disregulation of ocular perfusion pressure (mean arterial pressure minus IOP) can 

contribute to the development of glaucomatous neuropathy.65-70 For example, 

glaucomatous damage may occur when a spike in IOP coincides with a drop in blood 

pressure. The circadian rhythms of each parameter (IOP and blood pressure) have been 

characterized independently, but the exact diurnal phase relationship between these two 

physiological functions has not been measured in the same animal. The purpose of this 

work was to quantify the circadian rhythm of IOP and mean arterial pressure in normal 

Brown Norway rats and determine the phase relationship between these two 

physiological functions. Furthermore, the results from this study can be used to develop 

a model to quantify the interactions between mean arterial pressure, IOP and 

corresponding optic nerve damage. 

4.4 Methods 

 The experimental design was to measure IOP and blood pressure every two 

hours over the course of 24 hours. At each timepoint, IOP was measured first, followed 

by blood pressure measurements. Eight retired breeder Brown Norway rats (8 months 

old) were house individually in clear cages with free access to food and water.  

IOP was measured in right eyes from un-anesthetized rats every two hours over 

a 24 hour period. During the 24 hour experiments, two-trained handlers measured IOP 

using two calibrated rebound tonometers (TonoLab, Icare, Vantaa, Finland; See Chapter 

Two).137, 155 Ten pressure measurements were acquired for each eye every two hours, 

for the full 24 hour measurement period. A deep red headlight was used to facilitate the 

measurement of IOP during the dark phase of the light-dark environmental condition. 
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The circadian rhythm of IOP was evaluated as previously described in Chapter Three. 

Briefly, a cosine function (commonly referred to as the Cosinor method) was fitted to the 

mean IOP measurements.152-154 Diurnal mean IOP (  ; Equation 1), the time when the 

maximum IOP occurs ( ; Equation 1), and the maximum range of IOP measurements 

(   ; Equation 1) were calculated. Physiological parameters measured in standard 

light-dark conditions closely follow a 24 hour period, and for that reason, period length 

( ) in Equation 1 was set to 24. The existence of a rhythm was quantified by calculating 

daily rhythmicity (correlation of determination of the cosine fit multiplied by 100%) and by 

testing the null hypothesis of zero-amplitude at a statistically significant level of 

probability (F-test; P < .05).  

        (
  

 
    )                   

Mean arterial pressure was measured with a tail-cuff system (CODA, Kent 

Scientific; Torrington, CT). This system uses two tail cuffs to measure systolic and 

diastolic blood pressure. The first cuff is an occlusion cuff that is placed at the base of 

the tail in order to restrict tail blood flow when inflated. This occlusion cuff slowly deflates 

and the second cuff (the volume pressure recoding cuff), which is placed below the 

occlusion cuff, estimates blood pressure as blood flow returns to the tail. Animals were 

placed in tube holders on top of a warming platform during all blood pressure 

measurements. Animals were trained to hold steady while blood pressure 

measurements were being acquired. This behavioral training occurred at least one to 

two weeks before measuring the circadian rhythm of blood pressure. The training 

entailed placing the animals in the tube holders and warming platform to get them 

acclimated to the measurement procedure. Ten blood pressure measurements were 

acquired at each time point during the 24 hour experiment. Blood pressure 

measurements acquired when the animals moved were excluded from the analysis. A 
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total of 11% of the measurements were excluded. The circadian rhythm of mean arterial 

pressure was then quantified by fitting a cosine function to the blood pressure data as 

described above. 

4.5 Results 

 Significant time-dependent variations in IOP were detected in all animals (Table 

4.1). Mean IOP during the light phase was 18 ± 2 mm Hg and was 24 ± 2 mm Hg during 

the dark phase (Figure 4.1). The 24-hour mean IOP calculated from the Cosinor method 

was 21 ± 3 mm Hg (95% CI: 19 – 23 mm Hg) and the mean range was 10 ± 3 mm Hg 

(95% CI: 8 – 12 mm Hg) across all animals. The blood pressure data from two animals 

were excluded from the analysis because they did not show a significant rhythm (Table 

4.2). Mean arterial pressure during the light phase was 101 ± 3 mm Hg and was 94 ± 3 

mm Hg during the dark phase (Figure 4.2). The 24-hour mean for blood pressure in the 

remaining six animals was 97 ± 6 mm Hg (95% CI: 91 – 104 mm Hg) and the maximum 

range was 21 ± 7 mm Hg (95% CI: 13 – 28 mm Hg). The circadian rhythms of IOP for 

the same six animals for which a significant circadian rhythm of blood pressure was 

detected are plotted in Figure 4.3. The phase relationship between IOP and blood 

pressure is highlighted in Figure 4.3 and shows that IOP peaked 4.6 hours after the 

lights turned off and blood pressure peaked 4 hours before the lights turned off. These 

results show that there is about a 9 hour phase lag between the mean times when IOP 

and mean arterial pressure peaked.  
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Table 4.1: Cosine Fit Parameters for Intraocular Pressure 

ID 
Mean 

(mm Hg) 
Range 

(mm Hg) 
Rhythmicity (%) P Value 

BN132 18 6 30 <0.001 

BN134 18 7 43 <0.001 

BN144 21 11 46 <0.001 

BN148 18 8 32 <0.001 

BN180 24 11 34 <0.001 

BN182 24 12 44 <0.001 

BN184 23 8 32 <0.001 

BN186 21 14 35 <0.001 

Mean ± SD 21 ± 2 10 ± 3 39 ± 6 
 

The Cosinor results for intraocular pressure measurements by animal. The 24-hour 

mean, the full range (max to min), rhythmicity (r2 times 100%), and P-value of the 

cosine fit are shown. All eight animals had a significant intraocular pressure 

rhythm. Mean ± SD values are for eight animals with a significant IOP rhythm. 
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Figure 4.1: Mean intraocular pressure in 8 normal adult Brown Norway rats 

housed in standard light-dark conditions. 

Mean intraocular pressure peaked near the middle of the dark-phase. Plots show the 

mean IOP and standard error (open circles), as well as the cosine fit through the data 

(solid red line), and the 95% confidence interval (dashed lines). 
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Table 4.2: Cosine Fit Parameters for Mean Arterial Pressure 

ID Mean Range Rhythmicity P-value 

BN132 105 6 2 0.37 

BN134 92 34 53 < .001 

BN144 88 21 16 < .001 

BN148 103 21 23 < .001 

BN180 104 9 3 0.17 

BN182 96 14 10 < .001 

BN184 101 21 19 < .001 

BN186 103 14 7 0.02 

Mean ± SD 97 ± 6 21 ± 7 21 ± 16 
 

The Cosinor results for mean arterial pressure measurements by animal. The 24-

hour mean, the full range (max to min), rhythmicity (r2 times 100%), and P-value of 

the cosine fit are shown. Two out of eight animals (BN132 and BN180) did not 

show a significant blood pressure rhythm. Mean ± SD values are for six animals 

with a significant blood pressure rhythm. 
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Figure 4.2: Mean Arterial Pressure for six normal Brown Norway rats that have a 

circadian rhythm when housed in a standard light-dark condition. 

This diurnal rhythm showed that peak mean arterial pressure occurred during the light 

phase. Plots show the mean arterial pressure and standard error (open circles), as well 

as the cosine fit through the data (solid red line), and the 95% confidence interval 

(dashed lines).  
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Figure 4.3: Phase relationship between intraocular pressure (IOP) and mean 

arterial pressure (MAP) in six normal adult Brown Norway rats housed in standard 

light-dark conditions. 

The black dash line indicates that, on average, the maximum IOP occurred 4.6 hours 

after the lights turned off. The red dashed line indicates that, on average, the maximum 

MAP occurred 4.0 hours before the lights turned off.  
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4.6 Discussion 

Significant time-dependent changes in both IOP (n = 8 animals) and mean 

arterial pressure (n = 6 animals) were detected in adult Brown Norway rats. IOP peaked 

during the dark phase (time = 16.6 Zeitgeber Time), while mean arterial pressure peaked 

during the light phase (time = 8.0 Zeitgeber Time). The diurnal IOP variation results in 

these animals (mean range of IOP measurements = 10 ± 3 mm Hg) were similar to the 

results reported in Chapter Three. The results from that study showed that IOP in the 

standard light-dark condition peaked near the middle of the dark phase (16.6 ± 1.2 

Zeitgeber Time; 95% CI: 15.8 to 17.4) and that the mean range of IOP measurements 

was 14 ± 3 mm Hg (95% CI: 10 – 18 mm Hg).  

Blood pressure was at a maximum during the animal’s rest period (e.g. light 

phase) and at a minimum during the animal’s active period (e.g. dark phase), and these 

results are counterintuitive. Circadian blood pressure variations are generally related to 

daily activities. Therefore, blood pressure would be expected to peak during the animal’s 

active period and then decrease during the resting phase.178, 179 Rats are nocturnal 

animals displaying highest activity during the dark-phase, and we might therefore expect 

peak blood pressure to occur during the dark phase.180 Telemetric blood pressure 

measurements in both mice and rats have conflictingly reported peak blood pressure to 

coincide with the animal’s active or dark phase.178, 179, 181, 182 The discrepancy between 

studies may be related to the way blood pressure was measured (tail cuff system vs. 

telemetric devices). However, blood pressure measurements acquired with telemetric or 

tail cuff systems are deemed comparable in normotensive rats and not in spontaneous 

hypertensive rats.182 For example, Irvine and colleagues showed that spontaneous 

hypertensive rats had a higher heart rate and blood pressure when measured with the 

tail cuff system than with the telemetric. A limitation of studies that compared the tail cuff 

system and telemetric systems is that they only acquired one measurement during the 
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day. This is very different from our current study where we measured blood pressure 12 

times over the course of 24 hours. These many measurements may have stressed the 

animal and, while measurements were still valid, the measurements may have been 

influenced by the experimental design. For example, some studies report that blood 

pressure is higher when rats are restrained or warmed up during the measurement 

procedure.182, 183 However, this would simply imply that our diurnal blood pressure curve 

is biased upward and warming/restraining the animal cannot account for the shift in the 

time when blood pressure peaked. In this study, the first blood pressure measurements 

were acquired during the light phase and this may have caused blood pressure to peak 

during these early time points. This limitation could be addressed by conducting another 

circadian rhythm study where measurements are first acquired during the dark-phase, 

instead of the light-phase, and determining the time when blood pressure peaks. Lastly, 

the 9 hour phase lag between IOP and blood pressure likely puts the optic nerve head at 

risk for reduced vascular supply at night when blood pressure is at a minimum and IOP 

is at a maximum. Hypothetically, in an animal model of glaucoma, this would create the 

perfect storm for damage and should be further investigated. 
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5.1 Preface 

In this chapter, the repeatability and reproducibility of thickness measurements 

were quantified from in vivo spectral domain optical coherence tomography images from 

adult rat eyes. The effects of realignment techniques and image quality on measurement 

of retinal thickness were also evaluated from optical coherence tomographic images of 

rat and human eyes. Repeatable retinal thickness measurements from SD-OCT in the 

rat were acquired by combining manual and automated realignment procedures. These 

results are encouraging because they suggest that the realignment techniques are 

robust and can be implemented to quantify disease progression in experimental rat 

models of glaucoma. 
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5.2 Abstract 

Purpose: To quantify repeatability and reproducibility of thickness measurements and 

the effects of realignment and image quality on measurements of retinal thickness from 

optical coherence tomographic (OCT) imaging in the rat eye. 

Methods: Retinal imaging was performed in 16 Brown Norway rats (n=16 eyes;   = 372 

g). Precision metrics: 95% limits of agreement (LoA), intraclass correlation coefficient 

(ICC) and the coefficient of variation (CV), were calculated using manual and combined 

manual+automated realignment procedures for nerve fiber and retinal ganglion cell layer 

(NFL/GCL), NFL/GCL and inner plexiform layer (NFL/GCL+IPL), and total retinal 

thicknesses (excluding blood vessels). The influence of image quality on NFL thickness 

measurement was assessed by comparing high and low quality image data (real and 

simulated) from the rat, as well as clinical data. 

Results: Mean NFL/GCL thickness was 26 ± 3µm, NFL/GCL+IPL thickness was 70 ± 3 

µm, and total retinal thickness was 192 ± 7µm. Thickness difference between imaging 

sessions for NFL/GCL was 1µm (95% LoA: –4 to 3 µm; ICC = 0.82; CV = 4.7%), for 

NFL/GCL+IPL was 0 µm (95% LoA: –4 to 4 µm; ICC = 0.88; CV = 1.4%), and total 

retinal thickness was 1 µm (95% LoA: –3 to 4 µm; ICC = 0.97; CV = 0.7%). Thickness 

differences were similar between realignment procedures (NFL/GCL: P = .43; 

NFL/GCL+IPL: P = .33; total retina: P = .62). Although NFL thickness measurements 

increased slightly in low quality rat images (4 µm; P = .04), this was not true with clinical 

images (1.4 µm; P = .36).  

Conclusion: Precision of retinal layer thickness estimation from OCT imaging is 

excellent when manual and automated realignment procedures are combined, but may 

still be influenced by image quality and segmentation methods. 
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5.3 Introduction 

Since it was first described in 1991, optical coherence tomography (OCT) 

imaging technology has evolved rapidly and has become one of the most important 

clinical imaging tools available.184 Current clinical SD-OCT systems have sufficient 

speed and resolution that they have been successfully adapted for in vivo imaging in 

animal models of ocular disease, including a rat model of glaucoma116 and genetic 

retinal degenerations in mice.185, 186 A benefit of adapting commercial clinical OCT 

imaging systems for use with these animal models is the ability to perform longitudinal 

studies through high-resolution in vivo ocular imaging without the need or expense to 

develop custom instrumentation. While this capability will further encourage the use of 

OCT imaging as a tool for ocular disease research, the utility of OCT imaging in animal 

models of ocular disease will be determined in part by the system’s resolution and 

sensitivity for detecting structural changes. 

Precision of retinal thickness measurements from OCT data is influenced by 

factors that vary both within and between imaging sessions, including factors related to 

the examiner (e.g., alignment, stability, focus, etc.), the subject (e.g., motion, optical 

clarity, etc.), image hardware (e.g., acquisition speed, resolution), and post-acquisition 

image processing routines (e.g., registration, segmentation, etc.). Despite these potential 

limitations, excellent repeatability of OCT thickness measurements has been reported in 

humans.106-115, 187 There are a number of additional unique considerations for achieving 

repeatable scan-path alignment with non-fixating anesthetized animal subjects that can 

further influence reproducibility studies in the rodent eye.116 Previous studies reporting 

reproducibility of retinal thickness from OCT imaging limit analysis to only a few of the 

factors listed above and generally do not account for the influence of image quality on 

measurement precision. The purpose of this study was to quantify the effects of ocular–

instrument realignment and image quality on measurements of retinal thickness from 
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OCT imaging in the rat eye. The precision of retinal thickness measurements between 

and within imaging sessions was determined using a commercial OCT instrument with a 

manual and a combined manual + automated realignment procedure designed to 

account for scan location and ocular rotational orientation.  

5.4 Methods 

All experimental and animal care procedures were approved by the Institutional 

Animal Care and Use Committee of the University of Houston and were in accordance 

with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 

Sixteen healthy 8-month old male Brown Norway rats (n = 16 eyes) were included in this 

study. Rats were anesthetized with an intraperitoneal injection of ketamine (Vedco, St. 

Joseph, MO; 50mg/kg) and xylazine (Vedco, St. Joseph, MO; 5 mg/kg). Pupils were 

dilated using a topically applied drop of tropicamide (Bausch and Lomb, Inc., Tampa, FL; 

0.5%). 

5.4.1 Image Acquisition 

Scanning laser ophthalmoscopic (SLO) fundus images and single horizontal OCT 

line scans were simultaneously captured using the Spectralis HRA+OCT system 

(Heidelberg Engineering, Heidelberg, Germany, Acquisition Module Version 5.4.7). 

Images were acquired at a scan speed of 40,000 A-scans per second using a super 

luminescent diode light source with a central wavelength of 870 nm and nominal axial 

resolution of 4 µm. A 30° line scan image comprised of 1536 A-scans per B-scan and at 

least 51 averaged frames were acquired. Repeatability was evaluated at several 

different retinal locations ranging from 0.3 to 1.1 mm away from the optic nerve head 

center in the superior and inferior retina; however, a single line scan position was 

evaluated for each eye. A scaled schematic illustration of the rat retina and line-scan 

locations is shown in Figure 5.1. All images had an image quality greater than 25 dB 
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(mean image quality value: 37 ± 3). The manufacturer considers image quality values 

greater than 25 dB to be good; image quality ranges from 0 dB (poor) to 40 dB 

(excellent). 
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Adapting this commercial SLO/SD-OCT imaging system for use in the rat eye 

required several modifications to account for the shorter axial length and optical 

characteristics of the rat eye. The modifications for this study included adjustments to 

the spectrometer reference arm length, image scaling to correct for image lateral 

magnification, and compensation for some higher and lower order optical aberrations of 

the eye. The position of the reference arm was adjusted using the available OCT system 

software and no additional optics were added to the imaging system to compensate for 

the shorter axial length of the rat eye. The optical power of the rat eye is approximately 5 

times greater than the human eye, producing much greater image lateral 

magnification.119, 188 Image lateral magnification was corrected by calculating an average 

conversion factor (1.39 µm/pixel) using a three-surface schematic eye derived from 

ultrasonic measurements of axial length (n=10 eyes; data not shown) and from 

published indices of refraction.117, 119 Finally, a +3.50 D contact lens, with a 3.31 mm 

base curvature and 6.5 mm overall diameter, was placed on the eyes to preserve 

corneal hydration and to compensate for some optical aberrations of the eye. 

Using a pre-alignment procedure, eyes were aligned perpendicular to the OCT 

scan path with a six-axis positioning stage and bite bar.189 This stage consists of a 

platform for rotation along the y-axis (vertical), and two stage goniometers for rotation 

along the x (horizontal) and z- axes (imaging axis). Linear translation stages were used 

for fine positioning along the x, y, and z-axes. Next, the SLO image was optimized by 

making fine adjustments to the stage and camera position until there was minimal 

vignetting of the SLO image and the optic nerve head was located in the center of the 

image. Camera focus and spectrometer reference arm settings were adjusted until the 

best image contrast was achieved at the depth of the nerve fiber layer and there was 

even illumination and contrast across the entire SLO. OCT B-scans were acquired after 
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final adjustments were made to minimize any residual vertical or horizontal tilt to the 

OCT image. 

The OCT reference arm setting, camera focus, and positioning stage settings 

(translation and rotation) were recorded and were used to realign the rat eye during the 

follow-up imaging sessions. At the end of the first imaging session, the baseline SLO 

image and its corresponding OCT scan location were printed on transparencies to 

facilitate realignment during follow-up imaging sessions.  

Two realignment procedures were evaluated: manual realignment and a 

combined manual + automated realignment procedure. The manual realignment 

procedure began with physical positioning of the animal and eye as described above in 

the pre-alignment procedures. The OCT reference arm and OCT camera focus were 

also set to the baseline imaging session values. Next, the SLO transparency was placed 

on top of the live SLO fundus image and the positioning stage further adjusted until the 

size and location of the retinal blood vessels and optic nerve head matched the baseline 

SLO image by visual inspection. Finally, the OCT scan line location was positioned at 

the baseline scan position; any residual vertical tilt in the OCT scan was minimized and 

the image was acquired. This re-alignment procedure was a balance between optimizing 

the SLO and OCT alignment and image contrast. In some cases, the optimized OCT 

image had some slight residual tilt. In these instances, the image was flattened using 

post-hoc image processing to shift all A-scans until the OCT was leveled relative to the 

RPE. The combined manual + automated realignment procedure began with the manual 

realignment procedure described above and further included use of the instrument’s 

built-in automated realignment procedure (follow-up mode). The instrument and the 

animal were not repositioned between the manual and automated realignment 

procedures. Automated realignment alone (without manual realignment) was not 
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sufficient because the length of time required for gross positioning and final realignment 

could exceed the instrument’s maximum permitted scan duration of 5 minutes.  

The reproducibility of retinal thickness measurements between imaging session 

for each realignment method was calculated from two images acquired during two 

different imaging sessions separated by an average of 10 ± 4 days. Within session 

repeatability using the manual alignment procedure was calculated from thickness 

measurements of two images captured within a single imaging session, without adjusting 

the animal, OCT system, or repositioning the stage settings. 

5.4.2 Quantifying Manual Realignment Precision 

Raw image data were extracted from the binary output files and segmented for 

quantitative analysis with a customized Matlab program (2011b, The MathWorks, Natick, 

MA). The precision of OCT scan line placement was quantified from scan line position 

within the SLO fundus images. The follow-up SLO image was registered to the baseline 

SLO image using an affine transformation.190 The distance and angle between scan 

positions was calculated and used to quantify the precision of OCT scan line placement 

within imaging sessions and between imaging sessions using the manual realignment 

procedure. Figure 5.2 shows how the slope of the baseline and follow-up scans were 

used to calculate the angle between these two OCT scan lines. Small rotational and 

translational parameters translate to better agreement in scan placement between 

images. It was not possible to quantify the precision of scan line placement using the 

automated realignment procedure because image registration transformation 

parameters used by the OCT system software are not accessible.  
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Figure 5.2: Method to determine the precision of SD-OCT scan line placement for 

repeated imaging. 

The precision of OCT scan line placement was quantified from scan line position within 

the SLO fundus image. The follow-up SLO image was registered with the baseline SLO 

image. The B-scan locations between images were then extracted from the registered 

SLO images and plotted against the baseline scan location. The x-axis represents the 

individual A-scan number (pixel column) in each OCT B-scan image; the y-axis is the 

scan location within the SLO retinal image relative to the optic nerve head center. The 

solid ( ) and dashed ( ) lines represent the locations of the OCT B-scans during the 

first and second imaging sessions. The slopes of these lines were used to calculate the 

angle between the two lines. An angle close to zero suggests minimal differences in 

retinal location between the two imaging sessions. 
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5.4.3 Thickness Measurement Precision 

A customized segmentation protocol was developed to automatically delineate 

the nerve fiber layer/ganglion cell layer (NFL/GCL), while the inner plexiform layer (IPL) 

and retinal pigmented epithelium (RPE) were manually segmented. Figure 5.3 shows a 

comparison between OCT and histologic retinal layers of the rat eye. This figure 

illustrates that the innermost layer of the rat retina is composed of the retinal ganglion 

cell axons along with their cell bodies and displaced amacrine cells.49 This corresponds 

with a prominent hyper-reflective layer in the inner-most region of the OCT image, 

followed by the less reflective IPL. The RPE is one of the last hyper-reflective signals of 

the outer retina in the OCT image, deep to the photoreceptors and before the structured 

choroid and hyper reflective sclera.191 Automated segmentation was performed using a 

Canny edge detection algorithm (Gaussian filter size of √ ). Intensity peaks were 

detected in the filtered image that corresponded to the boundary of the layers of interest. 

NFL/GCL thickness was defined as the distance between the inner limiting membrane 

(ILM) and outer boundary of the combined nerve fiber layer and ganglion cell layer. The 

NFL/GCL + IPL was defined as the distance from the ILM to the outer boundary of the 

IPL. Total retinal thickness was defined as the distance from the ILM to the RPE (Figure 

5.3). Mean NFL/GCL, NFL/GCL + IPL, and total retinal thicknesses were calculated for 

each OCT image (excluding blood vessel regions).  
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5.4.4 Influence of Image Quality on Thickness 

The impact of image quality on measurements of NFL/GCL thickness was 

evaluated by three methods. In the first method, NFL/GCL thickness was measured from 

simulated models of OCT images with varying degrees of image quality. These 

simulated models were generated by adding speckle noise to 5 reference OCT images 

(image quality = 37 ± 5 dB). Speckle noise is an inherent part of OCT images and results 

from backscattered light from multiple scatter points. Noise was modeled using a 

multiplicative approach (          ) where    is the original image,    is the noisy 

image, and   is random noise with zero mean and user specified variance to generate a 

range of signal-to-noise ratios between 15 to 30 dB (in increments of 5 dB). Signal-to-

noise ratio was defined as       (    ⁄ ), where    is the original image power and 

   is the power of the image with added noise. The mean change in NFL/GCL thickness 

was calculated as a function of decreasing signal-to-noise ratio. Image quality in the 

OCT system, is calculated as       (  ⁄ ), where   is the maximum image intensity 

amplitude and   is the maximum noise intensity amplitude. This is a conventional 

definition of signal-to-noise ratio used in physical optics. Figure 5.4 illustrates image 

quality over a range of signal-to-noise ratios. Statistical analysis was performed from 

thickness measurements taken across the entire OCT image at each signal-to-noise 

ratio (Figure 5.4B). The second evaluation of image quality on NFL/GCL thickness 

measurements was performed with a paired sample (n = 8 eyes; 16 images) of real 

images from normal adult rats that had high and low quality scans (Figure 5.4C and 

5.4D). A third evaluation of the effects of image quality on NFL thickness measurements 

was performed with clinical images from normal human subjects (Figure 5.4E and 5.4F). 

All scans (12-degree circular scan pattern) were manually positioned on the optic nerve 

head center by a single examiner within an imaging session. A convenience sample 
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(paired data; n = 26 images from 13 eyes) of high quality (≥ 25 dB) and low quality (< 25 

dB) scans were segmented using the native Spectralis system software and nerve fiber 

layer thickness was compared between the two groups. 
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Figure 5.4: The effect of image quality on nerve fiber layer/ retinal ganglion cell 

layer segmentation. 

(A) Original reference OCT image; The combined nerve fiber layer and ganglion cell 

layer (NFL/GCL) is delineated by white lines. For illustrative purposes here, the original 

reference OCT image was divided into four regions (indicated by the arrows above B). 

(B) Images were degraded by adding speckle noise across the entire image to yield 

signal-to-noise ratios ranging from 15 to 30 dB. (C) NFL/GCL segmentation of a real rat 

image with an image quality of 19 dB. Segmentation errors were prominent in low quality 

images (less than 25 dB). Automatic blood vessel localization was more difficult to 

discern in low quality images. (D) NFL/GCL segmentation of a real rat scan with image 

quality of 39 dB where blood vessels were successfully located and excluded from 

thickness analysis. (E) NFL segmentation errors in human eyes using the native 

Spectralis segmentation routines were also prominent in circular scans with an image 

quality of 19 dB. (F) NFL segmentation of a circular scan of a human eye that had an 

image quality of 32 dB. 
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5.4.5 Statistical analysis  

Mean NFL/GCL, NFL/GCL + IPL and total retinal thicknesses were calculated 

within imaging sessions and between imaging sessions. The measures of precision that 

were assessed included: the difference in thickness measurements between imaging 

sessions and within imaging sessions, as well as, the 95% limits of agreement (LoA), 

intraclass correlation coefficients (ICC) and coefficient of variation (CV).192 Statistical 

comparison of mean thicknesses between (for both manual and the combined manual + 

automated realignment procedures) and within imaging sessions (manual alignment) 

were assessed using paired t-test. The methods described by Shrout and Fleiss (1979) 

were used to calculate the appropriate ICC, for assessing precision of a single rater (the 

OCT) performing multiple measurements (averaged) from a random sample of 

animals.193 Wolf- Schnurrbusch’s method was used to calculate the coefficient of 

variation (equation 1).114 In equation 1, xi and xj 
are thickness measurements from the 

first and second imaging session, respectively, and  is the number of eyes included in 

the study. 

 

 Dunnett’s test (multiple comparisons to a single reference standard) was used to 

compare NFL/GCL thickness values between the original reference OCT image (Figure 

5.4A) against the images with added noise (Figure 5.4B). A paired t-test was used to 

compare mean NFL/GCL thickness between high and low quality images from rat eyes, 

as well as for comparing NFL thickness for the clinical human images.  



n

 

CV 

x i  x j 
2

2  n

xi
n

1 0 0% (1)
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5.5 Results 

5.5.1 Quantifying Manual Realignment Precision 

The mean and standard deviation of the residual distance and angle between 

scan locations captured between two imaging sessions was 5 ± 10 µm and 0.34 ± 0.59° 

(rotation). Figure 5.5A illustrates the follow-up image aligned and superimposed on top 

of the baseline SLO image for one animal. The checkerboard pattern at the bottom and 

left margins of the SLO images highlight the non-overlapping regions of the two SLO 

images and Figure 5.5A also shows that the residual difference in scan location for this 

particular animal and between these two images was 0 µm. Similar analysis was 

conducted from SLO images captured within imaging sessions, and the residual 

difference in scan position was 1 ± 0.4 µm and the averaged angle between these two 

lines was 0.04 ± 0.03°.  
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5.5.2 Thickness Measurement Precision 

Baseline NFL/GCL thickness (mean ± SD) was 26 ± 3 μm, while mean 

NFL/GCL+IPL was 70 ± 3 μm, and total retinal thickness was 192 ± 7 μm. There was no 

significant difference between these baseline and follow-up measurements using the 

manual realignment procedure: NFL/GCL (26 ± 3; P = .24), NFL/GCL + IPL (70 ± 4; P = 

.81), and total retinal thickness (192 ± 7; P = .18).  

The limits of agreement for measurements of retinal thickness between imaging 

sessions using the manual realignment procedure are shown in Figure 5.6 for NFL/GCL, 

NFL/GCL + IPL, and total retinal thickness. These plots demonstrate that the thickness 

difference is close to zero and that the limits of agreement are between –4 and 4 µm or 

better for all measurements. Intraclass correlation coefficients between imaging sessions 

with the manual realignment were all greater than 0.82 (Table 5.1). The coefficients of 

variation were below 4.7% for all thickness measurements.  

The mean difference and limits of agreement for measurements of retinal 

thickness within an imaging session using the manual realignment procedure are also 

shown in Figure 5.6. There was no significant difference in NFL/GCL (25 ± 2; P = .33), 

NFL/GCL + IPL (70 ± 5; P = .11) or total retinal thickness (192 ± 8; P = .75) measured 

from two images captured within the same imaging session. Over all of the retinal layers 

considered, the widest calculated limits of agreement observed within an imaging 

session (–3 to 3 µm: total retina) were similar to the widest limits of agreement between 

imaging sessions (–4 to 4 µm: NFL/GCL+IPL). In summary, there were no significant 

differences in retinal thickness measurements when comparing within and between 

imaging sessions with manual realignment: NFL/GCL (P = .52), NFL/GCL + IPL (P = 

.33), and total retinal thickness (P = .22).  
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Table 5.1: Precision metrics for retinal OCT Thickness measurements in the normal 

Brown Norway rat. NFL/GCL: Nerve fiber layer and retinal ganglion cell layer; NFL/GCL 

+ IPL: Nerve fiber layer and retinal ganglion cell layer plus inner plexiform layer; ICC: 

intraclass correlation coefficients; CV: Coefficient of variation. The 95% limits of 

agreement were not significantly different between manual and combined (manual + 

automated) realignment procedures.  

 

Mean 
Difference 

(µm) 

95% Limits 
of 

Agreement 
(µm) 

ICC CV 

Between Session 
    

Manual Realignment 
   

NFL/GCL 1 –4 to 3 0.82 4.70% 

NFL/GCL + IPL 0 –4 to 4 0.88 1.40% 

Total Retina 1 –3 to 4 0.97 0.70% 

Manual + Automated Realignment 

NFL/GCL 0 –3 to 4 0.98 4.20% 

NFL/GCL + IPL 0 –3 to 4 0.95 3.30% 

Total Retina 2 –2 to 6 0.98 1.00% 

Within Session 
    

NFL/GCL 0 –2 to 2 0.97 2.40% 

NFL/GCL + IPL 1 –3 to 2 0.99 1.20% 

Total Retina 0 –3 to 3 0.99 0.60% 

 

  



107 
 

Using the combined manual + automated realignment procedure, the mean 

difference in NFL/GCL thickness was 0 µm (95% LoA: –3 µm to 4 µm). The mean 

difference for the NFL/GCL + IPL was 0 µm and the 95% LoA were –3 to 4 µm. The 

mean difference for total retinal thickness was 2 µm and the 95% LoA were –2 to 6 µm. 

The mean differences calculated between imaging session with the combined manual + 

automated realignment procedures were not statistically different from those calculated 

with the manual realignment procedure alone: NFL/GCL (P = .38), NFL/GCL + IPL (P = 

.27), and total retina (P = .10). 

5.5.3 Influence of Image Quality on Thickness 

Using simulated data, NFL/GCL thickness measurements increased as image 

quality was degraded. In the 5 high-quality reference images (SNR= 37 ± 5 dB), 

NFL/GCL thickness ranged between 20 to 26 µm. In the degraded images, NFL/GCL 

thickness at the lowest SNR was, on average, 2 ± 2 µm thicker than at the highest SNR. 

On average, NFL/GCL thickness increased by 1.3 µm per 10 dB decrease in signal-to-

noise ratio.  

The NFL/GCL thickness for real rat images with high quality (31 ± 5 dB) was 30 

µm (95% CI = 22 to 39 µm) and 34 µm (95% CI: 27 to 41 µm) for low quality images (22 

± 2 dB). The 4 µm increase in thickness between high and low quality images was 

statistically significant (P = .04). The NFL thickness measurements for high quality (30 ± 

4 dB) clinical images in human eyes was 99 µm (95% CI= 95 to 103 µm). The NFL 

thickness measurements for low quality (22 ± 2 dB) clinical images in human eyes was 

101 µm (95% CI= 97 to 104 µm). These differences were not statistically significant (1.4 

± 5.3 µm; P =.36).  
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5.6 Discussion 

The purpose of this study was to analyze factors that influence repeatability of 

SD-OCT thickness measurements in the rat. Ocular and instrument realignment was the 

first factor analyzed. The mean differences in retinal thickness measurements between 

and within imaging sessions were less than 2 µm and the 95% limits of agreement were 

within –4 µm to 6 µm, near the axial resolution of the OCT system (4 µm). Thickness 

measurements from the manual realignment procedure were not significantly different 

from the combined manual + automated realignment procedure. Fortune and 

colleagues194 similarly reported that manual and the Spectralis built-in automated 

realignment procedures yielded comparable thickness results. However, they did not 

provide details about the realignment procedures used to quantify the similarity in 

thickness measurements that were reported. While there may be advantages to using 

the automated realignment procedure, it cannot be used alone in non-fixating 

anesthetized animal subjects without some pre-alignment procedure. In some cases, the 

length of time required for gross positioning and final realignment can exceed the 

instrument’s maximum permitted scan duration of 5 minutes. Both realignment methods 

evaluated in this study performed well and did not contribute significant variability to 

retinal thickness measurements between imaging sessions. 

In vivo measurements of NFL/GCL, NFL/GCL + IPL, and total retinal thicknesses 

have been reported in several studies. Nagata and colleagues195 reported a NFL/GCL 

thickness of 27.9 ± 1.8 µm at a location 500 µm away from the optic nerve head center. 

These measurements agree with those reported in this study (26 ± 3 µm) that were 

collected at an average distance of 617 µm away from the optic nerve head center. 

NFL/GCL + IPL thickness measurements in the current study are thinner (70 ± 4 µm) 

than the measurements reported by Guo et al.116(84.87 µm) who also used the 

Spectralis (Heidelberg Engineering) but made their measurements closer to the optic 
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nerve head center (~300 µm) and used a different rat strain (Dark Agouti). Srinivasan 

and colleagues used a custom built spectral domain OCT system to measure total retinal 

thickness in Long-Evans rats. They generated thickness maps over a 2.6 mm2 region 

and reported a mean total retinal thickness of 189.3 µm. Total retinal thickness 

measurements in the current study were thicker (192 ± 7 µm) than those reported by 

Guo et al.116 (172.19 ± 5.17 µm) and Srinivasan et al.196 Total retinal thickness in this 

study was defined as the distance from the internal limiting membrane to the RPE, 

whereas the previous two studies116, 196 defined retinal thickness as the distance from the 

NFL/GCL to the outer segments of photoreceptors. There is disagreement about how to 

assign anatomical correspondence between histology and OCT imaging.197-199 This is 

especially true in the outer retina where distinctions between RPE and photoreceptor 

outer segments have similar contrast. This disagreement might account for some of the 

differences in retinal thickness reported between studies. 

The ability to scan the same retinal location between imaging sessions was 

quantified by registering the follow-up SLO image with its corresponding baseline SLO 

image and measuring the distance between scan locations. The average residual 

difference between scan locations was 5 µm. NFL/GCL measurements were made at 

0.3 to 1.1 mm away from the optic nerve head center in 11 Brown Norway rats and were 

used to calculate the average rate of change in NF/GCL thickness. NFL/GCL decreased 

by 18 µm/mm, and this translated to a 0.09 µm difference in NFL/GCL thickness when 

scan locations are separated by 5 µm. These results show that a small portion (less than 

a micron thickness difference) of the calculated thickness difference is attributable to the 

variability in scan location between imaging sessions with the manual realignment 

procedure. The image registration and transformation parameters used in the automated 

realignment procedure are proprietary and limited the ability to evaluate the precision of 

scan line placement and its contribution to the observed variations in retinal thickness in 
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the combined manual + automated realignment procedure. Nevertheless, it was still 

possible to quantify the repeatability of retinal thickness measurements with the manual 

+ automated realignment procedure. We found that they were not significantly different 

from thickness measurements made from images captured with the manual realignment 

procedure alone. 

Gabriele and colleagues200 collected volumetric data with a different spectral 

domain-OCT system (Bioptigen, Inc., Durham, NC) and measured total retinal thickness 

in the C57Bl/6 mouse. Their global coefficient of variation for total retinal thickness was 

greater (1.6%) than the CV calculated in the current study (0.7%). This may be due, in 

part, to the fact that the authors used mice which have thinner retinas (178 µm) than the 

rat. The authors also did not account for out-of-plane rotational alignment in their 

analysis. They performed post-acquisition image realignment, which cannot account for 

variations in the OCT beam angle that can influence thickness measurements. In this 

study, a positioning stage was used to systematically control the amount of rotation, and 

translation used during an imaging session. Also, the vertical and horizontal scan 

alignment was checked before image capture to insure that the scan beam was as 

normal to the retinal surface as possible. This positioning technique minimized the 

variation in OCT beam angle and maximized the ability to repeatedly scan the same 

retinal location both within and between imaging sessions.  

The native segmentation routines of the Spectralis failed to automatically 

segment the layers of the rat retina. We developed customized segmentation routines 

specifically for this purpose. Results show that retinal boundaries and blood vessels 

localization are more difficult to be correctly discerned from images with poor image 

quality (Figure 5.4). Using an image processing approach to simulate degraded image 

quality, NFL/GCL thickness increased by 1.3 µm per 10 dB decrease in SNR. This 

increase in thickness was also observed in a paired analysis of in vivo high and low 
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quality images from the rat eye (+4 µm). These differences in thickness were similar to 

the nominal resolution of the instrument (4 µm) and are unlikely to have an important 

impact on the repeatability of retinal thickness measurements. Paired comparisons of 

clinical images of human eyes using the native segmentation routines of the Spectralis 

showed no detectable difference in thickness between high quality (≥ 25 dB) and low 

quality OCT scans, suggesting that the native segmentation routines are robust over a 

range of image quality. More detailed and systematic studies of the effects of image 

quality on retinal thickness measurements are needed. 

Other studies with human subjects have found that poor image quality leads to 

differences in thickness measurements (both increased and decreased values have 

been reported).201-205 Reported differences in retinal thickness arising from poor image 

quality may be related to the OCT imaging system as well as the methods of image 

processing.206 For example, two studies202, 205 that used the Stratus OCT (a time-domain 

OCT system) to evaluate the influence of signal strength, a metric used to quantify 

image quality, on retinal nerve fiber layer (RNFL) thickness measurements found that 

RNFL thickness increased by approximately 10 µm with higher signal strengths. 

Balasubramanian and colleagues evaluated the effect of image quality on thickness 

measurements using three spectral domain OCT systems.201 They reported that total 

retinal thickness increased by 20 to 40 µm with decreasing image quality (average 

image quality of 24 dB to 11 dB) on the Spectralis. It should be noted that 

Balasubramanian and colleagues made a deliberate effort to obtain poor quality images. 

These low quality scans may be similar to the simulated image degradation performed in 

the present study. The likelihood of acquiring these low quality images in a clinical 

setting is low and their relevance therefore questionable. It is unlikely that image quality 

plays an important role in retinal thickness measurements with moderate to high quality 

images.  
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In summary, the combined manual + automated realignment procedure helped to 

repeatedly image the same retinal location between imaging sessions. In future studies, 

the combined manual + automated realignment procedure will be used to longitudinally 

track the retinal structural changes associated with elevated IOP in the rat eye. 
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Chapter Six 

Development of a Rat Schematic Eye from in vivo Biometry and 

Correction of Lateral Magnification in SD-OCT Imaging 

Accepted for publication in Investigative Ophthalmology and Visual Science 2013 

Citation: Lozano DC and Twa MD. Development of a rat schematic eye from in vivo 

biometry and the correction of lateral magnification in SD-OCT imaging. Invest 

Ophthalmol Vis Sci, 2013, 54(9), 6446–6455 
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6.1 Preface 

 In this chapter, a schematic model eye was developed from in-vivo biometric 

measurements (e.g. axial length) to compensate for lateral magnification in optical 

coherence tomography (OCT) images of the neural retina in normal rats. This is an 

important challenge to address when imaging the rat eye because image lateral 

magnification has a direct impact on the location of where thickness estimates are 

acquired. By compensating for image lateral magnification, we were able to show that 

estimates of retinal thickness and optic nerve head size were in good agreement with 

previously reported measurements. 
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6.2 Abstract 

Purpose: Optical magnification in optical coherence tomography (OCT) depends on 

ocular biometric parameters (e.g. axial length). Biometric differences between eyes will 

influence scan location. A schematic model eye was developed to compensate for lateral 

magnification in OCT images of the normal rat.  

Methods: SD-OCT images were acquired in 19 eyes of 19 Brown Norway rats. Images 

were scaled using the OCT instrument’s built-in scaling function and by calculating the 

µm/degree from schematic model eyes developed from in-vivo biometry (immersion A-

scan and videokeratometry). Mean total retinal thickness was measured 500 µm away 

from the optic nerve head and optic nerve head diameter was measured. Corneal 

curvature, lens thickness and axial length were modified to calculate their effects on 

OCT scan location and total retinal thickness. 

Results: Mean total retinal thickness increased by 21µm and the standard deviation 

doubled when images were scaled with the Built-in scaling (222 ± 13 µm) compared to 

scaling with individual biometric parameters (201 ± 6 µm). Optic nerve head diameter 

was three times larger when images were scaled with the Built-in scaling (925 ± 97 µm) 

than the individual biometric parameters (300 ± 27 µm). Assuming no other change in 

biometric parameters, total retinal thickness would decrease by 37 µm for every mm 

increase in anterior chamber depth due to changes in ocular lateral magnification and 

associated change in scan location.  

Conclusion: Scaling SD-OCT images with schematic model eyes derived from 

individual biometric data is important. This approach produces estimates of retinal 

thickness and optic nerve head size that are in good agreement with previously reported 

measurements.  
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6.3 Introduction 

The use of spectral-domain optical coherence tomography (SD-OCT) for ocular 

imaging has increased steadily in the recent years, with over 1,500 manuscripts 

published last year alone. Methods for quantitative analysis of the resulting image data 

are needed and this is an area of active development that will facilitate further use and 

correct interpretation of the structural observations available from SD-OCT imaging.  

Compensation for lateral magnification is an important consideration with SD-

OCT imaging as this influences scan location and, in turn, correct interpretation of 

measurements that depend on precise positioning. Scan position will vary due to natural 

biological variations in axial length and other biometric parameters, e.g. corneal power, 

anterior chamber depth, etc. Changes in these biometric parameters caused by ocular 

growth or induced by disease also influence scan location and, thereby, interpretation of 

the size and position of observed structural features. These concerns are relevant to 

investigators seeking to compare observations between animals, especially when the 

data are acquired longitudinally or where differences in age, ocular growth, or axial 

biometric parameters are relevant considerations. 

Lateral magnification is especially challenging in the rodent eye due to its small 

size and corresponding greater optical power. The rat eye is one-third the size of the 

human eye (6-7 mm axial length) and has significantly greater total optical power (+ 289 

D).117-119 OCT imaging in the mouse or rat eye is typically performed with the aid of a 

contact lens or cover slip to reduce the optical power of the eye, which will impact image 

lateral magnification.207-210 Thus, use of a contact lens or differences in axial length 

between animals will lead to scans acquired from different retinal locations that will limit 

the comparability of structural measurements between animals and between studies.  
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The axial (depth) dimension of SD-OCT imaging is independent of the optical 

power of the eye and does not change after scaling for lateral magnification. However, 

the position of the axial scan is directly dependent upon lateral magnification, i.e. total 

optical power of the eye. Eyes with greater axial length or higher optical power will 

produce a minified retinal image that alters scan position relative to eyes with shorter 

axial length. Previous studies of human eyes demonstrated the importance of this effect 

by showing that OCT thicknesses are comparable between subjects only after correction 

of image lateral magnification.211-214 

Previous measurements of the biometric dimensions of the rat eye were invasive 

and destructive, involving enucleation and histological analysis of the tissue. This 

approach can alter tissue properties and dimensions.117-119, 215, 216 Recent studies used 

less invasive techniques (e.g. A-scan ultrasonography, ultrasound biomicroscopy, and 

magnetic resonance imaging) to measure axial length in the rat eye.217-219 However, 

ultrasonic immersion A-scan measurements were reportedly unreliable beyond postnatal 

day 17 in the rat because they “proved impossible to identify peaks corresponding to the 

posterior crystalline lens and the vitreo-retinal interface.”218 The objectives of this study 

were (1) to develop a schematic model of the rat eye from axial biometric measurements 

in the adult rat (aged greater than 8 months), (2) to quantify the impact of the use of a 

contact lens on SD-OCT image magnification, (3) to measure total retinal thickness and 

optic nerve head size from SD-OCT images after compensation for the effects of lateral 

magnification, and (4) to assess the impact of varying ocular component dimensions on 

OCT scan location using a schematic model of the rodent eye. 

6.4 Methods 

All experimental and animal care procedures were approved by the Institutional 

Animal Care and Use committee of the University of Houston and were in accordance 
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with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 

Biometric measurements were collected from 33 male Brown Norway rats (average ± 

SD weight: 391± 64 g; Age: 10 – 28 months). A subset of these animals (19 of 33 

animals; Age: 14 months) was imaged with the Spectralis HRA+SD-OCT system 

(Heidelberg Engineering, Heidelberg, Germany). Rats were anesthetized with an 

intraperitoneal injection of ketamine (Vedco, St. Joseph, MO; 50 mg/kg) and xylazine 

(Vedco, St. Joseph, MO; 5 mg/kg). Pupils were dilated using topically applied 1% 

atropine sulfate (Bausch and Lomb, Inc., Tampa, FL) and eyes were anesthetized with 

1% proparacaine hydrochloride (Bausch and Lomb, Inc., Tampa, FL).  

6.4.1 Derivation of Model Eye Parameters 

The schematic model eye was developed from the positions and curvature of the 

refractive surfaces of the rat eye including the cornea, anterior chamber depth, lens, and 

vitreous chamber depth. Measured biometric parameters were incorporated into the 

schematic model eye to transform visual angle (in degrees) to retinal size (in microns). 

Retinal size was determined from the location of the secondary nodal point of the 

schematic model eye to the retina. The cornea was treated as a single refracting surface 

while the index of refraction of the crystalline lens was considered to be homogenous. 

Measured values included in the schematic model included anterior corneal curvature 

(K), anterior chamber depth (ACD), lens thickness (LT), vitreous chamber depth (VCD), 

and total axial length (AL). Anterior and posterior lens radii of curvature were measured 

from digital photographs of excised lenses from 8 animals (n = 8 eyes). The indices of 

refraction were not measured, but were assumed using values previously reported by 

Hughes.119 Individual and mean schematic models were compared to determine if a 

simplified mean biometric model provided adequate lateral magnification correction for 

SD-OCT images. For comparison, image lateral magnification was also corrected using 

the standard scaling factor from the Spectralis SD-OCT system (Built-in Model).  
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Ultrasonic immersion A-scan measurements (n = 10 scans per eye; AXIS II, 

Quantel Medical, Bozeman, MT; resolution = 0.04 mm; frequency = 11MHz) were 

acquired in 33 rats (n = 66 eyes) to measure ACD, LT, VCD, and AL. The ACD and VCD 

ultrasound velocities used were 1532 m/s, while the ultrasound velocity of the lens was 

1641 m/s. A customized immersion cup was constructed for the rat eye (Figure 6.1A). 

The A-scan probe attached to one end of the cylindrical shell and the opposite end was 

placed in contact with the bulbar conjunctiva and orbital rim of the rat eye. A sample A-

scan measurement is shown in Figure 6.1B, where peaks corresponded to the anterior 

corneal surface, anterior and posterior crystalline lens surfaces, and retina. ACD was 

measured as the peak-to-peak distance between the anterior cornea and anterior 

crystalline lens, LT was the distance between the positions of the anterior and posterior 

crystalline lens surface peaks, VCD was the distance between posterior crystalline lens 

and retinal peaks, and AL was the distance between the anterior corneal and retinal 

peaks. The mean difference and 95% limits of agreement were calculated between left 

and right eye biometric measurements. After confirming that the two eyes of each animal 

were comparable, one eye per animal was randomly selected for study and this sample 

was used to calculate the average (±SD) of ACD, LT, VCD, and AL measurements. 

Corneal curvature was measured in 8 animals (n = 8 eyes) using the Keratron Scout 

videokeratography system (Optikon 2000, Rome, Italy, Figure 6.1C).  
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6.4.2 Model Eye Correction of SD-OCT Lateral Magnification  

Each schematic model eye (Figure 6.2) was used to correct image lateral 

magnification in scanning laser ophthalmoscopy (SLO) and SD-OCT images of the rat 

eye. Animals were imaged with and without a plano powered PMMA contact lens and 

the potential magnification effects of this lens were also evaluated. This lens was verified 

as having a 3.35 mm radius of curvature, 6 mm overall diameter, and 270 µm thickness. 

Three schematic model eyes were used to compensate for image lateral magnification. 

These models were based upon, individual biometry with and without the PMMA contact 

lens (Individual ± CL Model) and mean biometric parameters with the contact lens (Mean 

+ CL Model).  
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Figure 6.2: The schematic model eye was developed from the position and 

curvature of the refractive surfaces of the rat eye. 

The cornea was treated as a single refracting surface while the index of refraction of the 

crystalline lens was considered to be homogenous. Measured values included in the 

schematic model and table: anterior chamber depth (ACD), lens thickness (LT), vitreous 

chamber depth (VCD), axial length (AL), and anterior corneal curvature (K). Indices of 

refraction (italicized numbers) were based on previous studies by Hughes.  
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First, the Individual – CL Model was used to correct image lateral magnification 

of images acquired without the contact lens and the Individual + CL Model results were 

used to correct lateral magnification of images acquired with the contact lens. Then, total 

retinal thickness and optic nerve head diameter were measured from SD-OCT images 

after compensation of image lateral magnification with the Built-in Model, Individual + CL 

Model or the Mean + CL Model. We hypothesized that structural features (e.g. total 

retinal thickness and optic nerve head diameter) from images acquired with and without 

the contact lens would be of equal size and that their dimensions would be uncorrelated 

with axial length after compensation for image lateral magnification.  

Retinal images were acquired at a scan speed of approximately 40,000 A-scans 

per second using a superluminescent diode light source with a central wavelength of 870 

± 55 nm and nominal axial resolution of 4 µm. Eyes were aligned normal to the OCT 

scan path with a previously established imaging protocol.220 Briefly, animals were placed 

in a positioning stage and were rotated and translated such that the optic nerve was 

aligned to the imaging axis and there was minimal vignetting of the scanning laser 

ophthalmoscopy (SLO) image. The camera location and focus settings were adjusted to 

maximize the contrast at the depth of the nerve fiber layer. Then the position of the OCT 

reference arm was adjusted to bring the SD-OCT B-scan image into view. A 25° x 30° 

horizontal volumetric image dataset was collected from 19 animals (n = 19 eyes), which 

was comprised of 31 B-scans, 1536 A-scans per B-scan, and 51 averaged frames per B-

scan. Two volumetric image datasets were collected per animal, one with the plano 

powered contact lens and one without a contact lens (11 of the 19 animals were 

included).  

Two approaches were used to quantify the effects of the contact lens on lateral 

magnification correction. The first was a computational approach based on 

determination of the relative magnification required to register SLO images with and 
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without contact lens use. The second method was based upon the direct measurement 

and comparison of distances between blood vessels observed in the volumetric SD-OCT 

images obtained with and without the contact lens. In the computational approach, the 

mean registration magnification was calculated and a one sample t-test was conducted 

to evaluate if this value was significantly different from 1 (e.g. no magnification). The 

magnification parameter was derived from image registration using an affine 

transformation (e.g. the amount of translation, rotation, shearing, or magnification 

needed to align two images) of the two SLO images captured with and without the 

contact lens. The image magnification parameter was calculated using i2K Align Retinal 

Software (DualAlign CC, version 1.3.8). In the second method, image magnification with 

and without the contact lens was assessed by comparing the mean center-to-center 

distance between two adjacent blood vessels in two different SD-OCT image volumes. 

The difference in these distances between blood vessels in each imaging condition was 

compared using a paired t-test.  

Total retinal thickness was then measured from each of the volumetric image 

datasets collected from 19 animals (n = 19 eyes). A customized segmentation protocol 

using a Canny edge detection algorithm (Gaussian filter size of √ ) was developed 

(Matlab, Natick, MA) to automatically delineate the inner limiting membrane (ILM) and 

retinal pigmented epithelium (RPE) from the SD-OCT image data. Intensity peaks of the 

filtered image corresponded to the layers of interest. Total retinal thickness was 

measured as the distance between the ILM and RPE. Thickness measurements were 

taken at each individual A-scan (1536 point-wise measurements) and for all 31 B-scans. 

Images were corrected for lateral magnification using the three different scaling factors 

(Built-In Model, Individual + CL Model, and Mean + CL Model). Three-dimensional 

spatial thickness maps were generated using bilinear interpolation of thicknesses across 

individual B-scans (Figure 6.3). Mean total retinal thickness was then taken from a 
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circular scan pattern (diameter = 1 mm) centered on the optic nerve head. Mean total 

retinal thickness was compared between the three scaling models using repeated 

measures ANOVA. Linear regression analysis was performed to determine whether total 

retinal thickness measurements were dependent upon axial length after lateral 

magnification correction of the image.  

After correction for lateral magnification, the diameter of the optic nerve head was 

determined as the best-fitting circle to a series of circumferential points manually 

selected at the RPE end near the optic nerve head margin (Bruch’s membrane opening). 

These points were selected from 24 radial B-scan images (15° scan length; 7.5° angular 

separation) that were centered on the optic nerve head (Figure 6.4). Univariate linear 

regression analysis was performed to analyze the relationship between optic nerve head 

diameter and axial length. 
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Figure 6.4: Measuring the diameter of 

the optic nerve head in the normal 

Brown Norway rat. 

(A) Radial scans were acquired around the 

optic nerve and Bruch’s membrane 

opening (BMO) was manually annotated 

(white points) for each B-scan (n = 24 

radial scans). (B) BMO annotations are 

plotted (white points) on top of the 

scanning laser ophthalmoscopy image. 

The optic nerve head diameter was 

measured from a circle fit (black circle) 

through BMO annotations. 
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6.4.3 Impact of Individual Biometric Parameters on Observed Retinal Thickness  

Four simulations were developed to assess the impact of varying individual biometric 

parameters on ocular lateral magnification, SD-OCT scan position and the 

corresponding retinal thickness measurements. In these simulations, one parameter 

(ACD, LT, VCD, or corneal curvature) was modified while setting all others to their mean 

value. Axial length was considered to be the summation of ACD, LT, and VCD. Anterior 

chamber depth ranged between 0.5 – 2.5 mm in the ACD Simulation; lens thickness 

ranged between 3.7 – 5.4 mm in the LT Simulation. In the VCD Simulation, the vitreous 

chamber depth was varied from 0.5 to 2 mm. Lastly, in K Simulation, corneal curvature 

was varied from 2.5 – 3.5 mm while keeping ACD, LT, VCD, and AL constant. 

Schematic model eyes were generated for each simulation case described above and 

the corresponding lateral magnification produced by that model was calculated.  

A 3D Composite map of rat retinal thickness was constructed by averaging scaled 

volumetric data from all animals (n = 19) and mean retinal thickness was determined 

from a circular OCT scan pattern (1 mm diameter) centered at the optic nerve. The 

observed change in mean total retinal thickness produced by altering each biometric 

parameter was calculated using univariate linear regression analysis. The interaction 

between changes in all parameters on magnification was also evaluated using multiple 

linear regression analysis. Five explanatory variables (ACD, VCD, LT, AL, and K) were 

included in the multiple linear regression analysis and are shown in equation 1. The 

coefficients (β) for each variable indicate the amount of total retinal thickness difference 

per mm change for a specific biometric parameter while holding all other parameters 

constant.  

             (      )  (     )  (      )  (     )  (    )                       

Lastly, variations in ocular biometry between animals will alter scan location, and the 

impact of this was quantified using a 2D Map Composite generated from a compilation of 
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scaled volumetric line scans (n = 19 eyes). Retinal thickness was averaged along the 

horizontal meridian to determine the horizontal thickness profile (mean ± 95% CI) of the 

retina. The Individual + CL Model was then used to calculate the scan location that 

would have been observed for each individual animal.  

6.5 Results 

6.5.1 Derivation of Model Eye Parameters  

There was no difference between left and right eyes with respect to ACD (Mean 

difference: 0.02 mm; P = .1), LT (Mean difference: 0.03; P = .73), VCD (Mean difference: 

0.08 mm; P = .11), and AL (Mean difference: 0.13 mm; P = .17). One eye per animal 

was then randomly selected and included to calculate the mean (±SD) ACD (1.03 ± 0.17 

mm), LT (4.57 ± 0.45 mm), VCD (1.32 ± 0.25) and AL (6.91 ± 0.44 mm). The mean 

measured anterior lens radius of curvature was 2.42 ± 0.22 mm and the mean posterior 

lens radius of curvature was 2.62 ± 0.15 mm. Mean corneal curvature was 3.39 ± 0.03 

mm (95% CI: 3.37 to 3.41 mm). Figure 6.5 shows the distribution of mean ACD, VCD, 

LT and AL measurements included in the model.  
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Figure 6.5: Distribution of ultrasonic immersion A-scan biometric measurements 

in the normal Brown Norway rat. 

The points are the ACD, VCD, LT, and AL measurements included in the schematic 

model eye, the solid black line is the median, the gray box is the interquartile range 

(IQR), and filled in points are points that fall outside ±1.5 x IQR. 
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6.5.2 Model Eye Correction of SD-OCT Lateral Magnification  

The mean lateral magnification factor (microns per degree of visual angle) for the rat 

retina calculated from the Individual + CL Model was 65.3 ± 6.7 µm/degree (95% CI: 

62.9 – 67.6 µm/degree) and for the Individual –CL Model it was 62.3 ± 6.6 µm/degree 

(95% CI: 59.9 – 62.9 µm/degree).  

The registration magnification parameter computed from the affine image registration 

of SLO images captured with and without the contact lens was 1.00 ± 0.03 (95% CI: .98 

to 1.02) and this value was not significantly different from 1 (P = .94). The distances 

between selected blood vessels calculated from images acquired without the contact 

lens (95% CI: 213 to 389 µm) were not significantly different (P = .49) from the distances 

measured from images with the contact lens (95% CI: 207 to 380 µm).  

Figure 6.6 shows that significantly greater total retinal thickness measurements were 

acquired when images were scaled using the Built-in Model (222 ± 13 µm; 95% CI: 216 

to 228 µm) versus the Individual + CL Model (201 ± 6 µm; 95% CI: 198 to 204 µm; P < 

.001) or the Mean + CL Model (201 ± 6 µm; 95% CI: 198 to 203 µm; P < .001). There 

was no significant difference (P = .74) between mean total retinal thickness when 

images were scaled with the Individual + CL Model vs. Mean + CL Model. There was a 

non-significant relationship between mean total retinal thickness and axial length after 

images were scaled using the Built-in Model (R2=0.13; P = .12), Individual + CL Model 

(R2 = 0.08, P = .24) or the Mean + CL Model (R2 = 0.03, P = .47).  
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Figure 6.6: Mean total retinal thickness measured 500 µm away from the optic 

nerve head center in normal Brown Norway rats. 

(A) Mean total retinal thickness for each animal (white points) after images were scaled 

using the Built-in scaling, Individual + CL Model or Mean + CL Model. The gray box 

shows the interquartile range of the data and the black line is the median. Significantly 

greater total retinal thickness measurements were acquired after images were scaled 

using the built-in factor (222 ± 13 µm) than either the Individual + CL Model (201 ± 6 µm; 

P < .001) or the Mean + CL Model (201 ± 6 µm; P < .001). Total retinal thickness was 

not significantly (P = .74) different when images were scaled with the Individual + CL or 

the Mean + CL Model. (B) The goodness of fit (R2) between total retinal thickness and 

axial length was not significantly different from zero after images were scaled with the 

Built-in Model (R2=0.13; P = .12) or the (C) Individual + CL Model (R2=0.08; P = .24) or 

(D) the Mean + CL Model (R2=0.03; P = .47). 
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Figure 6.7 shows that the optic nerve head diameter was significantly larger when 

images were scaled with the Built-In Model (925 ± 97 µm; 95% CI: 878 to 972 µm) than 

when images were scaled with the Individual + CL Model (300 ± 27 µm; 95% CI: 287 to 

313 µm; P < .001) or the Mean + CL Model (297 ± 29 µm; 95% CI: 283 to 311 µm; P < 

.001). There was a non-significant relationship between optic nerve head diameter and 

axial length after images were scaled using the Built-in model (R2 = .11, P = .17), the 

Individual + CL Model (R2 = 0.01; P = .74), or the Mean + CL Model (R2 = 0.20; P = .06).  
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Figure 6.7: Optic nerve head diameter in the normal Brown Norway rat. 

(A) Points show the distribution in optic nerve head diameters between animals included 

in the study. The gray box shows the interquartile range (IQR) of the data, the black line 

is the median, and the filled in points are points that fall outside ±1.5 x IQR. Optic nerve 

head diameter was significantly larger when images were scaled with the Built-In scaling 

(925 ± 97 µm) than when images were scaled with the Individual + CL Model (300 ± 27 

µm, P < .001) or the Mean + CL Model (297 ± 29 µm, P < .001). There was a non-

significant relationship between optic nerve head diameter and axial length after images 

were scaled using the (B) Built-in model (R2 = .11, P = .17), (C) the Individual + CL 

Model (R2=0.01; P = .74), or the (D) Mean + CL Model (R2=0.20; P = .06).  
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6.5.3 Impact of Individual Biometric Parameters on Observed Retinal Thickness  

In each case the reference scan location was set to 500 µm away from the optic 

nerve head center for comparison purposes. Over the range of ACD values tested, the 

observed scan location in the ACD Simulation was 477 ± 30 µm away from the optic 

nerve head center (95% CI: 463 – 491 µm), in LT Simulation it was 508 ± 64 µm (95% 

CI: 476 – 540 µm), in VCD Simulation it was 517 ± 68 µm (95% CI: 481 – 554 µm), and 

K Simulation it was 501 ± 37 µm (95% CI: 484 – 518 µm). Figure 6.8 shows the effect 

that each of these biometric parameters had on the observed total retinal thickness as a 

consequence of varying scan position due to differences in ocular lateral magnification. 

These results show that retinal thickness increased or decreased between 2 – 6 µm per 

mm change for each biometric parameter. For example, total retinal thickness 

measurements increased by 3 µm per mm deepening of the ACD (ACD Modifications). 

The multiple linear regression results are shown in equation 2. The goodness of fit 

(adjusted R-squared) for this equation was 0.995 and indicates that 99.5% of the 

variability observed in retinal thickness is accounted for by the model, even after taking 

into account the number of predictor variables (e.g., ACD, VCD, LT, etc.) in the model. 

For example, this equation shows that if the angular position of scan location is not 

changed, total retinal thickness would decrease by 37 µm for every mm increase in ACD 

due to changes in ocular lateral magnification, assuming that all other parameters are 

constant. 

        (      )  (     )  (      )  (     )  (   )                       

Figure 6.9 illustrates the influence that differences in ocular biometry between 

animals can have on SD-OCT scan diameter. The actual 500 μm scan radius was 

magnified to 506 µm (95% CI: 490 to 522 µm). This variation in the scanned position 

resulted in observed total retinal thickness that was between 195 to 201 µm (95% CI). 
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Figure 6.8: Four simulations were developed to quantify the impact of changing 

the model eye parameters on scan location and measured total retinal thickness 

at the new scan location. 

In these simulations, one parameter (ACD, LT, VCD, or corneal curvature) was modified 

at a time while setting all others to their mean value. Axial length was considered to be 

the sum of ACD, LT, and VCD. Each parameter (ACD, LT, VCD, or corneal curvature) 

was modified to be either smaller (closed circles) or larger (opened circles) than the 

mean value for that particular parameter. The linear regression equations show that total 

retinal thickness changed between 2 to 6 µm per mm change in the parameters. 
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Figure 6.9: Distribution in total retinal thickness within the central 2 mm retinal 

area in normal Brown Norway rats. 

Total retinal thickness maps were scaled using the Mean + CL Model and cropped to 

cover a similar retinal area between animals. The mean (solid curved line) and 95% 

confidence intervals (gray area) was calculated along the horizontal dimension from 

these maps. The Individual + CL Model were used to determine the expected scan 

location. The vertical solid lines represent the mean scan location and the dashed lines 

are the associated 95% confidence interval. This figure illustrates the variability in OCT 

scan location due to differences in biometry between animals as well as the possible 

range of observed total retinal thickness due to scan position.  
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6.6 Discussion 

The purpose of this study was to develop a schematic model eye of the rat to 

properly account for image lateral magnification. These results will facilitate the correct 

measurement and interpretation of structural observations from SD-OCT imaging 

between animals, within animals imaged longitudinally, or when comparing observations 

between studies. The proposed schematic model eye was developed from in-vivo 

measurements of the ocular dimensions in the rat. Using an immersion cup developed 

for the rat eye improved the visibility of A-scan peaks, enabling us to measure the axial 

dimension of the adult rat eye by immersion A-scan ultrasonography with good 

repeatability.  

The resulting schematic model eyes were used to scale SLO and SD-OCT 

images captured with and without a contact lens and found that the plano powered 

contact lens used did not significantly impact image lateral magnification. These results 

suggest that structures measured from images captured with this contact lens are not 

magnified. The advantage of using the contact lens is that it improves image quality, 

maintains normal corneal hydration, and prevents loss of lens clarity.221, 222 Next, total 

retinal thickness was measured and compared after correcting for image lateral 

magnification using the Built-in Model, an individual (Individual + CL Model) and mean 

(Mean + CL Model) schematic models. Higher thickness values and larger optic nerve 

head diameters were measured after scaling images with the Built-in Model relative to 

the schematic model eyes evaluated. The Mean + CL Model did not yield significantly 

thicker/thinner total retinal thickness measurements or bigger/smaller optic nerve head 

diameters than images that were scaled using the Individual + CL Model. These results 

suggest that the mean biometry data for normal animals provided adequate lateral 

magnification correction for SD-OCT images in the normal adult rat eye.  
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Nissirios et al. reported a ~71% increase in anterior chamber depth in rats with 

experimental glaucoma.219 The amount of change in the axial dimension may vary 

between animals and an individualized schematic model eye is likely needed to correct 

image lateral magnification for animals whose biometry is changed by disease induction. 

Ocular biometry can vary for a number of other reasons, including strain, age, gender, 

etc., and this variability can impact the scaling required to compensate for image lateral 

magnification. For example, the anterior corneal curvature measurements reported in 

this study were flatter than previously reported by others (3.39 mm vs. 3.13 mm) and 

differences in rat strain (Brown Norway vs. albino Sprague-Dawley) may account for 

some of the variability between the reported values.223 We have also observed corneal 

curvature differences (~0.5 mm steeper, data not shown) in another cohort of Brown 

Norway rats of similar age, but obtained from a different colony.  

Ocular biometry (e.g. axial length, anterior chamber depth, etc.) also changes 

with age and the rate of change in these parameters was calculated by combining the 

results from previous studies reporting the axial dimensions in rats that ranged in age 

from post-natal day 17 to 28-months. Figure 6.10 shows the results from 9 studies 

(including this study) that measured the axial dimension of the rat eye either from 

histological processing or from in-vivo measurements (by A-scan, UBM, or MRI).117-119, 

215-219 Age related changes in ocular biometry were analyzed with log-regression analysis 

through the results from these 9 studies. While differences in biometric parameters are 

reported (corneal thickness, lens curvature and thickness, axial length, etc.), they are 

relatively small in comparison to differences due to age (Figure 6.10). For example, a 

comparison of results from studies with two different strains of comparable ages 

(Hughes 1978: 115-130 days old; Chaudhuri 1983: >120 days old) shows that axial 

length differed between these two cohorts by 0.152 mm. Using the model eye 

parameters from this study, this difference would change the length of a 30-degree OCT 



140 
 

line-scan by 4% (60 μm/1593 μm). However, axial length can change by almost 2 mm, 

from 5 mm at 1 month-of-age to 6.8 mm at 15 months-of-age. This will effectively 

change the length of a 30-degree OCT line-scan by 46% (600 μm /1900 μm). This 

underscores the impact that ocular biometry changes due to age may have on image 

lateral magnification and subsequent structural measurements. 
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Figure 6.10: Age-related changes in anterior chamber depth, vitreous chamber 

depth, lens thickness and axial length in normal rats. 

The table shows the method used to measure these ocular dimensions, the strain and 

age of the animals. These graph show that there is an early fast growth in the ocular 

dimension in the rat eye and the growth progressively slows as the animal ages. 
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Total retinal thickness observed in this study was different from previous 

histological or in-vivo measurements and this difference appears to be due, in part, to 

age differences, inter-animal differences, or the underlying assumptions used to 

compensate for image lateral magnification in other studies. In the current study, mean 

total retinal thickness 500 µm away from the optic nerve head center was 201 ± 6 µm 

and this was thinner than histological measurements of total retinal thickness acquired 

from similar retinal locations (~210 µm) in other studies.224 Differences in weight/age of 

the animals (391 g vs. 270 g) can account for some of the disparity in thickness 

measurements between these studies. For example, there are age-related changes in 

thickness where total retinal thickness decreased by ~60 µm between adult (12-month-

old, 210 ± 31.6 µm) and old (24-month-old, 150 ± 18.3 µm) rats.225. Guo et al. imaged 

Dark-Agouti rats with a commercial SD-OCT system (Spectralis) and reported that total 

retinal thickness was 172.19 ± 5.17 µm approximately 350 µm away from the optic nerve 

head center.116 Inter-animal differences in total retinal thickness can account for some of 

the variability in the reported measurements between these studies. For example, 

Figure 6.9 shows that total retinal thickness can vary by 6 µm between animals of 

different strains. Another component of the variability in reported thickness 

measurements can be attributed to the underlying assumptions used to compensate for 

image lateral magnification. For example, Guo and colleagues assumed that the 

posterior focal length of the rat eye was 4.5 mm, as previously reported by Campbell.188 

Campbell considered a non-homogenous index of refraction for the lens. The scaling 

factor for a 4.5 mm posterior focal length is 78.5 µm/degree, as opposed to the 65.3 ± 

6.7 µm/degree calculated in the current study. The difference in scaling factors between 

these two studies underscores the importance of stating the assumptions made when 

compensating for image lateral magnification, as this will impact the reported scanned 

position and subsequent reported thickness measurements.  
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The optic nerve head diameter was three times larger when images were scaled with 

the Built-in scaling model (925 ± 97 µm) than when lateral magnification was 

compensated with the Individual + CL Model (300 ± 27 µm) or the Mean + CL Model 

(297 ± 29 µm). A previous study showed that the rat optic nerve diameter was 300 µm, 

well within the measured optic nerve head diameter reported here, after images were 

scaled with the schematic model eye.226 The Built-in model is meant to compensate for 

image lateral magnification in the human eye (approximately 3 times larger than the rat 

eye) and the large difference observed in the scaled optic nerve head diameter is 

proportional to the difference in optical power between the rat and human eye. This fact 

highlights the importance of compensating for image lateral magnification with an 

appropriate model. There was also a weak correlation between optic nerve head 

diameter and axial length irrespective of the method used to compensate for image 

lateral magnification. We conclude that the schematic model eye built from in-vivo ocular 

biometric measurements provides a good approximation to compensate for image lateral 

magnification and that structural measurements made after compensating for image 

lateral magnification with the schematic model eye are in good agreement with previous 

measurements of the normal rat. 

A limitation of the current study is the difficulty of aligning the A-scan probe along the 

same optical axis between animals. This misalignment may yield smaller measurements 

or greater variability in the measurements as evident from the higher coefficient of 

variation for VCD measurements (18.2 ± 7.3%) than axial length (4.6 ± 2.1%). Advances 

in ocular imaging (e.g. long range OCT scanning) will help address this limitation as it 

has already been demonstrated that the entire dimension of the mouse eye can be 

imaged with custom built SD-OCT systems.227-229  

The schematic model eye results reported here may improve further if a core lens 

model and lens curvature measurements from the specific animals included in the study 
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are used. Chaudhuri reports that the position of the posterior nodal point would move 

backwards by ~0.05 mm if the core lens model is used instead of the homogenous 

model.118 This change in the position of the posterior nodal point would lead to an 

increase in total retinal thickness of ~1 µm and the optic nerve head diameter would 

increase by ~6 µm. 

The schematic model eyes described in this study provide an appropriate way to 

compensate for image lateral magnification in the normal rat eye. Future studies should 

quantify these changes for other strains. While this model is based upon biometric 

measurements from male rats, it could easily be adapted to female rats that have a 

different growth rate than male rats.230 This image scaling approach has been used for 

scaling OCT images in non-human primates and may be used for other species as 

well.28 

  



145 
 

 

Chapter Seven 

Quantification of Circumpapillary Retinal Thickness from 

Volumetric SD-OCT Images in Normal Rats and in a Rat Model of 

Glaucoma 

Contributing Authors:  

Diana C. Lozano, Jason Porter , Michael D. Twa 

  



146 
 

7.1 Preface 

In this chapter, spectral domain optical coherence tomography scans of the 

neural retina were used to quantify the spatial distribution of retinal thicknesses and to 

measure the diameter of the optic nerve head in normal adult Brown Norway rats and in 

a rat model of glaucoma. IOP was measured with the calibrated rebound tonometers 

discussed in Chapter Two. The imaging methods developed in Chapter Five were used 

to image the same retinal location between imaging sessions. The scaling methods 

developed in Chapter Six were used to develop schematic eyes to compensate for 

image lateral magnification. The general findings of this study were that, in normal eyes, 

the nerve fiber layer/retinal ganglion cell layer thickness was greatest in the temporal 

retinal quadrant, in agreement with previous histological studies that indicated that the 

highest density of retinal ganglion cells is found in the temporal quadrant. In rats with 

experimental glaucoma, maximum IOP measured over the course of the experimental 

study correlated well with larger optic nerve heads. Furthermore, rats with larger optic 

nerve heads and thinner retinas showed greater histological damage (e.g. collapsed 

myelin sheaths and gliosis) throughout optic nerve cross-sections, further supporting the 

idea that this structural damage is a result of the elevation in IOP. 
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7.1 Abstract 

Purpose: To quantify the spatial distribution of retinal thickness in the adult Brown 

Norway rat and to evaluate structural changes in a rat model of glaucoma using 

computationally generated and scaled circumpapillary scans. 

Methods: Spectral domain optical coherence tomography (Spectralis HRA+OCT) 

images were acquired in 18 normal aged male Brown Norway rats (36 eyes; weight = 

422 ± 32 g). IOP was surgically elevated in six of these animals (6 eyes) by injecting 

hypertonic saline into an episcleral vein. Pre- and post-injection images were corrected 

for lateral magnification using individual ultrasonic axial biometric measurements. 

Circumpapillary scans were generated from 30° x 25° horizontal raster retinal scans 

centered on the optic nerve head. Global (mean of circumpapillary scan) and regional 

(superior, inferior, nasal, and temporal) mean nerve fiber layer/retinal ganglion cell layer 

(NFL/RGCL), NFL/RGCL plus inner plexiform layer (NFL/RGCL+IPL), and total retinal 

thicknesses were calculated from the circumpapillary scans. Optic nerve head (ONH) 

diameter was measured by fitting a circle though annotations of Bruch’s membrane 

opening.  

Results: In normal rats, mean temporal NFL/RGCL thickness (39 ± 6 µm) was 

significantly thicker than inferior (33 ± 5 µm) and superior (31 ± 5 µm) NFL/RGCL 

thicknesses (P < .05), but was not significantly different from the nasal quadrant (36 ± 8 

µm; P > .05). In the rat model of glaucoma, IOP was significantly higher for 5 to 10 

weeks (95% CI: 21 – 43 mm Hg) after disease induction compared to baseline (95% CI: 

17 – 20 mm Hg; P = .02). Baseline NFL/RGCL thickness measured from a 0.5 mm 

circumpapillary scan radius was 83 ± 10 µm (95% CI: 72 – 94 µm) and decreased by 

17% (68 ± 17 µm; 95% CI: 51 – 86 µm) after surgical elevation of IOP, but this thickness 
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decrease did not reach significance (P = .09). ONH enlargement correlated well with 

histological optic nerve damage (r2 = .48; P = .01). 

Conclusion: SD-OCT is a viable method for in vivo detection of ONH enlargement and 

decreased retinal thickness in rats with experimental glaucoma. The decrease in 

circumpapillary retinal thicknesses in the rat model of glaucoma correlated well with 

histological assessment of optic nerve damage (e.g. gliosis and collapse myelin 

sheaths).   
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7.3 Introduction 

Quantification of structural damage to the optic nerve head and peripapillary 

tissues is critical to the diagnosis and monitoring of glaucomatous damage. Various in-

vivo imaging modalities (e.g. optical coherence tomography (OCT), adaptive optics 

scanning laser ophthalmoscope) are providing essential information about changes in 

retinal thickness and changes to the optic nerve head region (e.g. cupping) in 

glaucoma.31, 184, 231-239 Several groups are looking at morphological changes in the lamina 

cribrosa in humans and non-human primates as an indicator of early damage in 

glaucoma.31, 32 Currently, there is a disagreement about the value of using retinal 

thickness as a useful indication of glaucoma. The thought is that these changes in retinal 

thickness occur too late in the disease process to be used as an early indicator of 

disease.240, 241 However, others have shown that macular retinal thickness is useful for 

detecting early glaucoma.242-244 Here, we explore the usability of measuring retinal 

thickness as an indicator of axonal degeneration in a rat model of experimental 

glaucoma.  

Circumpapillary OCT scans of the neural retina show that the nerve fiber layer 

thickness in normal healthy humans is thicker in the superior and inferior retinal 

quadrants and that these quadrants are more susceptible to damage in patients with 

glaucoma than other quadrants.30, 42-44 Whether these quadrant specific thickness 

variations exist in rodents is still a matter of debate, with some histological studies 

showing that the highest density of retinal ganglion cells in rats is located between the 

superior and temporal retinal quadrants,45-51 while others have not.52 It is also unclear if 

the location of highest retinal ganglion cell density determined histologically in the rat 

retina correlates with in vivo OCT retinal thickness measurements from retinal locations 

where the nerve fiber layer/retinal ganglion cell layer is thickest.  
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In a previous study, circumpapillary retinal scans were acquired in rats using a 

clinical OCT system.194 However, the size of the circumpapillary scans in clinical OCT 

systems are optimized for a human eye, and may not be optimal for the rat eye.245, 246 

Furthermore, changes in ocular biometry (e.g. deepening of the anterior chamber) may 

occur after acute and chronic elevations in IOP that will impact the location of where 

retinal thickness measurements are acquired.219 Since the rat retina thins with increasing 

radial distance from the optic nerve head, changes in the optical power (lateral 

magnification) may lead to erroneous results that could indicate decreased thickness 

estimates which are unrelated to elevations in IOP. The present study is innovative 

because OCT retinal scans were compensated for image lateral magnification to 

quantify:246 (1) thickness estimates as a function of distance from the optic nerve head 

and by retinal quadrant (superior, inferior, nasal, and temporal) in normal rats; and (2) in-

vivo structural changes (retinal thickness and diameter of the optic nerve head) in a rat 

model of glaucoma. These in-vivo structural changes were also correlated with 

histological assessments of the optic nerve cross-sections. 

7.4 Methods 

7.4.1 In-vivo Retinal Thickness Estimates in Normal Rats 

All experimental and animal care procedures were approved by the Institutional 

Animal Care and Use Committee of the University of Houston and were in accordance 

with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 

Eighteen normal aged male Brown Norway rats (36 eyes; weight = 422 ± 32 g) were 

imaged with the Spectralis HRA+SD-OCT system (Heidelberg Engineering, Heidelberg, 

Germany). Rats were anesthetized with an intraperitoneal injection of ketamine (Vedco, 

St. Joseph, MO; 50 mg/kg) and xylazine (Vedco, St. Joseph, MO; 5 mg/kg) and pupils 
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were dilated using topically applied 1% atropine sulfate (Bausch and Lomb, Inc., Tampa, 

FL). 

Retinal images were acquired at a scan speed of approximately 40,000 A-scans 

per second using a superluminescent diode light source with a nominal axial resolution 

of 4 µm. Eyes were aligned normal to the OCT scan path with a previously established 

imaging protocol.220 Briefly, animals were rotated and translated until the optic nerve was 

aligned to the imaging axis. The camera focus settings were adjusted to maximize the 

contrast at the depth of the nerve fiber layer. Then the position of the OCT reference arm 

was adjusted to bring the SD-OCT B-scan image into view. A 25° x 30° horizontal raster 

retinal scan was collected per animal, which was comprised of 31 B-scans, 1536 A-

scans per B-scan, and 51 averaged frames per B-scan (Figure 7.1).  

Spatial retinal thickness maps were generated from each of the horizontal raster 

retinal scans. A customized segmentation protocol using a Canny edge detection 

algorithm was developed (Matlab, Natick, MA) to semi-automatically delineate the inner 

limiting membrane (ILM), nerve fiber layer/retinal ganglion cell layer (NFL/RGCL), inner 

plexiform layer (IPL), retinal pigmented epithelium (RPE) and blood vessels from the SD-

OCT image dataset (Figure 7.1). NFL/RGCL thickness was measured as the distance 

between the ILM and NFL/RGCL. NFL/RGCL + IPL thickness was measured as the 

distance from the ILM to the IPL. Total retinal thickness was measured as the distance 

between the ILM and RPE. Thickness measurements were taken at each individual A-

scan (1536 point-wise thickness measurements) and for all 31 B-scans. Then, spatial 

thickness maps were generated from bilinear interpolation of thicknesses across 

individual B-scans (Figure 7.1). These spatial thickness maps were then corrected for 

lateral magnification using the animal’s ocular biometric information as described in our 

previous studies.246 Briefly, a schematic model eye was developed based on the 

curvature of the anterior corneal surface and the relative locations of the anterior corneal 
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surface, anterior and posterior surfaces of the lens, and retina (i.e., anterior chamber 

depth, lens thickness, vitreous chamber depth, and axial length). These parameters 

were then used to convert visual angles (in degrees) from SD-OCT images to scaled 

retinal position (in microns).  

Computationally generated circumpapillary scans were created by transforming 

the spatial thickness maps into polar space and extracting thickness measurements at 

various radii (0.3, 0.4, 0.5, and 0.6 mm) from the optic nerve head center. The center of 

the optic nerve head was determined to be the center of a best-fit circle through points 

that delineated the RPE termination near the optic nerve head margin (Bruch’s 

membrane opening; Figure 7.1). These points were manually selected from 24 radial B-

scan images (15° scan length; 7.5° angular separation) that were centered on the optic 

nerve head (Figure 7.1). These radial scans were segmented three times and we report 

the mean of the optic nerve head diameter and its center. Blood vessel fraction was 

calculated as the percent of blood vessel regions (i.e., edge to edge distance of the 

shadow cast by blood vessels in the deeper retinal layers) divided by the total linear 

distance of the circumferential scan. Circumpapillary scans were then used to address 

three key points: (1) examine the impact of blood vessels on estimates of NFL/RGCL 

thickness and NLF/RGCL + IPL thickness; (2) determine if there were differences 

between left and right eye retinal thickness measurements; and (3) assess quadrant 

(superior, temporal, inferior, and nasal) specific retinal thickness differences. After 

confirming that thickness estimates of both eyes from the same animal were 

comparable, one eye from each animal was randomly selected to generate a mean 

circumpapillary scan model along with its corresponding 95% confidence interval. Spatial 

thickness maps were flipped vertically to compare similar thickness measurements 

between retinal quadrants among all eyes (i.e., all eyes were made to appear as though 

they were right eyes). Retinal thickness differences by retinal quadrant were analyzed 
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from the circumpapillary scan model using one way ANOVA followed by Post-hoc 

Tukey’s HSD Test at the .05 level of significance.  
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Figure 7.1: Measuring retinal structures from SD-OCT images in Brown Norway 

rats (n = 18 rats). 

(A) Horizontal raster retinal scans centered on the optic nerve head were acquired in all 

eyes. The green line indicates the location of the b-scan shown in (B). (B) A semi-

automated segmentation algorithm was used to delineate the inner limiting membrane 

(ILM, pink dashed line), nerve fiber layer/retinal ganglion cell layer (NFL/RGCL; blue 

dashed line), inner plexiform layer (IPL; green dashed line), retinal pigmented epithelium 

(RPE; white dashed line), and blood vessels (white circles). (C) Spatial thickness maps 

were generated using bilinear interpolation of thicknesses across individual B-scans. 

Circumpapillary scan (black circle; radius = 0.5 mm) were divided into superior, nasal, 

inferior, and temporal retinal quadrants. (D) Radial retinal scans were acquired to 

delineate the end of the retina towards the optic nerve head region (e.g. Bruch’s 

membrane opening, BMO). The green line shows the location of the B-scan shown in 

(E). (E) The yellow dots show the annotations of Bruch’s membrane opening (BMO). (F) 

Optic nerve head (ONH) diameter was measured from a best-fit circle through the 

annotations of the BMO.  
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7.4.2 In-vivo Retinal Thickness Estimates in a Rat Model of Glaucoma 

IOP was surgically elevated by injecting hypertonic saline solution into one eye 

from six animals.56 IOP was regularly measured in un-anesthetized animals with 

calibrated TonoLab rebound tonometers. The volumetric image datasets described 

above served to establish baseline thickness estimates prior to elevating IOP. Similar 

volumetric image data sets were acquired from these animals 5 to 10 weeks after 

elevating IOP. Ultrasonic A-scans and corneal topographies were acquired at the end of 

all imaging sessions to generate schematic model eyes and compensate for image 

lateral magnification as previously described.246 Images were segmented, however, for 

rats with experimental glaucoma, only NFL/RGCL + IPL and total retinal thickness 

estimates are reported. Lastly, the size of the optic nerve head was also measured as 

the diameter of a circle best-fitted to Bruch’s membrane opening. 

Transverse sections of the optic nerve were used to qualitatively assess the 

amount of damage caused by the elevation in IOP using methods described by Jia and 

colleagues.247 Animals were euthanized and their optic nerves were preserved with a 

mixture of 4% paraformaldehyde and 5% glutaraldehyde. Nerves were post-fixed in 2% 

osmium tetroxide, dehydrated in acetone, and embedded in Embed 812 resin (Electron 

Microscopy Sciences, Hatfield, PA). One micron thick sections were acquired 2 mm 

away from the globe and were stained with toluidine blue. Optic nerve sections were 

assessed under a light microscope and graded by an observer using a previously 

establish grading protocol.247 Grade 1 indicated that the nerve is normal; progressively 

higher grades indicated a move from focal axonal degeneration (Grade 2) to 

degenerating axons found throughout the optic nerve (Grade 5). Linear regression 

analysis was then performed to correlate the in vivo estimates of optic nerve head 

diameter (by optical coherence tomography) with the optic nerve grade (acquired by 

histology). 
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7.5 Results 

7.5.1 In-vivo Retinal Thickness Estimates in Normal Rats 

In normal animals, the average scanned retinal area (30° x 25°) was 1.8 by 1.5 

mm. Thickness estimates decreased as a function of distance away from the optic nerve 

head center. For example, NFL/RGCL thickness measured from the smallest 

circumpapillary scans (radius = 0.3 mm; thickness = 48 ± 17 µm) were 38% thicker than 

the measurements from the largest circumpapillary scans (radius = 0.6 mm; thickness = 

30 ± 6 µm; Figure 7.2). Lastly, blood vessels made up less than 50% of circumpapillary 

scans with radii between 0.5 to 0.6 mm (Figure 7.2). NFL/RGCL thickness 0.5 mm away 

from the optic nerve head center were significantly thicker when blood vessels were 

included in the calculation (41 ± 3 µm; 95% CI: 39 – 43 µm) than when they were 

excluded (35 ± 2 µm; 95% CI: 33 – 36 µm; P < .001; Figure 7.2). Similarly, NFL/RGCL + 

IPL thickness was significantly thicker when blood vessels were included in thickness 

estimates (84 ± 3 µm; 95% CI: 82 – 86 µm) than when they were excluded (81 ± 3 µm; 

95% CI: 79 – 83 µm; P = .002; Figure 7.2).  
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Figure 7.2: Quantification of circumpapillary retinal thickness in normal adult 

Brown Norway rats. 

(A) Calculated blood vessel contribution in circumpapillary scans with a 0.3 to 0.6 mm 

radius. A circumpapillary scan with a 0.3 mm radius is composed of 75% blood vessels 

and the percentage of blood vessels decreased with increasing radii. (B) Distribution of 

nerve fiber layer and retinal ganglion cell layer (NFL/RGCL) and NFL/RGCL plus inner 

plexiform layer (NFL/RGCL + IPL) thickness measurements acquired with and without 

blood vessels from circumpapillary scans with a 0.5 mm radius. The box is the 

interquartile range (IQR), the horizontal line inside the box is the median, the whiskers 

are data that are within ±1.5 x IQR, and open circles are outliers. Blood vessels 



158 
 

significantly increased NFL/RGCL and NFL/RGLC + IPL thickness measurements. (C) 

Plotting the mean (±SD) thickness measured from circumpapillary scans with varying 

radii to show that thickness decreased with increasing circumpapillary scan radii.  
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Thickness difference between eyes of the same animal and thickness estimates 

by retinal quadrant (Nasal, Inferior, Superior, and Temporal) were then assessed from 

the circumpapillary scan with a 0.5 mm radius. This specific circumpapillary scan was 

chosen because retinal structures (non-blood vessel regions) comprised more than 50% 

of the scan. Retinal thickness measurements between left and right eyes of normal adult 

Brown Norway rats were not significantly different. For example, the 95% confidence 

interval for NFL/RGCL thickness measurements in 19 left eyes ranged between 33 – 38 

µm and was 34 – 39 µm (P = .5; Paired t-test) in right eyes. Left and right eye 

NFL/RGCL+IPL thickness measurements (95% CI: 78 – 85 µm vs. 79 – 86 µm; P = .5), 

and total retinal thickness measurements (95% CI: 196 – 207 µm vs. 199 – 209 µm; P = 

.3) were also not significantly different between eyes (Figure 7.3). One eye from each 

animal was then randomly selected to quantify retinal quadrant differences in normal 

eyes. In normal rats, mean temporal NFL/RGCL thickness (39 ± 6 µm) was significantly 

thicker (Post-hoc Tukey’s HSD Test at the .05 level of significance) than inferior (33 ± 5 

µm) and superior (31 ± 5 µm) NFL/RGCL thickness (Figure 7.4). 
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Figure 7.3: Distribution of left and right eye retinal thickness measurements in 

normal adult Brown Norway rats (n = 19 animals; 38 eyes). 

The white and gray boxes are the interquartile range (IQR), the horizontal line in the 

middle of the boxes is the median, vertical lines (e.g. whiskers) are data within ±1.5 x 

IQR, points outside the whiskers are outliers. The raw thickness measurements acquired 

per animal are indicated by the open circles. Left and right eye thickness were not 

significantly different for nerve fiber layer and retinal ganglion cell layer (NFL/RGCL) 

thickness, NFL/RGCL plus inner plexiform layer (NFL/RGCL + IPL) thickness, or total 

retinal thickness. 
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Figure 7.4: Circumpapillary thickness scans (radius = 0.5 mm) in normal aged 

Brown Norway rats (n = 18 eyes). 

(A) Mean (black line) NFL/RGCL, NFL/RGCL + IPL and total retinal thickness (solid 

black line) and 95% confidence intervals (gray shaded areas) are plotted. (B) 

Distribution of thickness measurements by retinal quadrant. The open circles are the 

mean thickness measurements for each animal, the boxes are the interquartile range 

(IQR) of the data, the horizontal line inside the box is the median, the vertical lines (e.g. 

whiskers) are ±1.5 X IQR, filled in points are outliers. These box-plots show the 

comparison of thickness by retinal quadrant. Mean temporal NFL/RGCL thickness (39 ± 

6 µm) was significantly thicker (Post-hoc Tukey’s HSD Test at the .05 level of 
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significance) than inferior (33 ± 5 µm) and superior (31 ± 5 µm) NFL/RGCL thickness, 

but was not significantly different from the nasal quadrant (36 ± 8 µm; P > .05). 
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7.5.2 In-vivo Retinal Thickness Estimates in a Rat Model of Glaucoma 

In the rat model of glaucoma, post-injection IOP was significantly higher (95% CI: 

21 – 43 mm Hg) than pre-injection measurements (95% CI: 17 – 20 mm Hg; P = .02; 

Paired t-test; Figure 7.5). Also, the anterior chamber depth was significantly deeper in 

glaucoma eyes (1.18 to 2.07 mm) compared to baseline measurements (95% CI: 0.82 to 

0.97 mm; P = .002; Figure 7.5). Longer eyes were also measured in experimental 

glaucoma eyes compared to baseline measurements (95% CI: 6.70 to 7.87 mm vs. 6.07 

to 7.18 mm; P = .01; Paired t-test). In-vivo NFL/RGCL + IPL and total retinal thickness 

estimates decreased as a result of the elevation in IOP. These thickness estimates were 

only calculated form the circumpapillary retinal scans with the largest radii (the 0.5 mm 

and 0.6 mm radii) because some of the animals had severe optic nerve head cupping 

that made it difficult to measure thickness with the smaller radii. Figure 7.6 shows that 

there no statistically significant difference in NFL/RGCL + IPL thickness between the 

experimental glaucoma eyes as compared to baseline values for the current sample 

size. For example, NFL/RGCL + IPL thickness at baseline measured with the 0.5 mm 

circumpapillary scan radius for these six animals was 83 ± 10 µm (95% CI: 72 – 94 µm) 

and at the end of the imaging session it was 69 ± 17 µm (95% CI: 51 – 86 µm; P = 0.09, 

Paired t-test ; Figure 7.6 and Figure 7.7).  
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Figure 7.5: Mean intraocular pressure (IOP) and biometry changes after surgically 

elevated IOP in 6 animals. 

(A) Mean (±SD) IOP measured after surgically elevating IOP in six Brown Norway rats. 

(B) Distribution of biometric measurements before and after surgical elevation of IOP in 

six Brown Norway rats. The open circles are the mean biometric measurements for each 

animal, boxes are the interquartile range (IQR) of the data, the horizontal line inside the 
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box is the median, vertical lines (e.g. whiskers) are ±1.5 X IQR, filled in points are 

outliers. Anterior chamber depth was significantly greater in experimental glaucoma eyes 

compared to baseline measurements (95% CI: 1.18 to 2.07 mm vs. 0.82 to 0.97 mm; P = 

.001). Longer eyes were measured in experimental glaucoma eyes compared to 

baseline measurements (95% CI: 6.70 to 7.87 mm vs. 6.07 to 7.18 mm; P = .01). All 

other biometric parameters (vitreous chamber depth [P = .23] and lens thickness [P = 

.91]) were not significantly different between normal eyes and eyes with experimental 

glaucoma. 
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Figure 7.6: Retinal thickness in experimental glaucoma eyes for different 

circumpapillary scan radii. 

Filled in black circles indicate the mean (±SD) thickness estimates acquired during the 

baseline imaging sessions; open circles indicate the mean (±SD) acquired at the final 

imaging session. (A) Nerve fiber layer/retinal ganglion cell layer and inner plexiform layer 

(NFL/RGCL + IPL) thickness decreased by 12% – 17% from baseline thickness 

estimates. (B) Total retinal thickness decreased from baseline thickness estimates by 

12% – 18%.  
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Figure 7.7: Circumpapillary retinal scans from six rats with experimental 

glaucoma. 
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(A) Plotting the baseline (red line) and final (black line) thickness measurements for 

circumpapillary retinal scans with a 0.5 mm radius. (B) Plotting the baseline (red line) 

and final (black line) thickness measurements for circumpapillary retinal scans with a 0.6 

mm radius. (C) Nerve fiber layer/retinal ganglion cell layer and inner plexiform layer 

(NFL/RGLC + IPL) thickness and total retinal thickness decreased equally in all 

quadrants after elevating IOP irrespective of the size of the circumpapillary retinal scan. 

  



169 
 

The optic nerve head prior to surgically elevating IOP had a mean diameter of 

335 µm (95%CI: 292 – 377 µm). There was a large variation in the size of the optic 

nerve head after 5 to 10 weeks of exposure to elevated IOP (95% CI: 289 – 770 µm; 

Figure 7.8). The diameter of the optic nerve head correlated better with maximum IOP 

measured over the course of the experiment (r2 = 0.48; P = .012) than with the mean 

IOP (r2 = 0.19; P = .15). Histological optic nerve sections from the experimental 

glaucoma eyes had a mean grade of 4.25 ± 1.17, indicating that there was a high degree 

of damage throughout the nerve (Figure 7.8). Lastly, greater optic nerve damage was 

positively correlated with larger optic nerve head diameters assessed from optical 

coherence tomography images (r2 = 0.48; P = .013; Figure 7.8).  
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Figure 7.8: Measuring the optic nerve head (ONH) size in normal eyes and eyes 

with experimental glaucoma. 

(A and B) Bruch’s membrane opening was delineated from SD-OCT images and 

superimposed on the scanning laser ophthalmoscope image (white points). The size of 

the optic nerve head was defined as the diameter of the best-fitting circle though Bruch’s 

membrane opening (black circle). The inserted table shows that the diameter of the optic 

nerve head at baseline was 335 µm (95% CI: 292 – 377 µm) and the size of the optic 

nerve head largely varied by the end of the experiment (95% CI: 289 – 770 µm), with a 

tendency towards being larger after being exposed to high intraocular pressure (IOP). 

(C) Optic nerve cross-sections in control eyes had a grade of 1 (normal) and eyes with 

elevations in IOP had a maximum grade of 5, indicating damage throughout the nerve 

(e.g. gliosis and collapse myelin sheaths). (D) There was a moderate linear relationship 

(r2 = 0.48; P = .012) between the maximum IOP and the ONH diameter. (E) There was 

also a moderate linear relationship (r2 = 0.48; P = .013) between histological assessment 

of the optic nerve and ONH diameter. 
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7.6 Conclusion 

In normal adult Brown Norway rats, NFL/RGCL thickness estimates measured 

from circumpapillary scans (radius = 0.5 mm) were significantly thicker in the temporal 

retinal quadrant than either the superior or inferior retinal quadrants, but was not 

different from the nasal quadrant. In rats with experimental glaucoma, NFL/RGCL + IPL 

thickness and total retinal thickness decreased equally in all retinal quadrants. These 

results were further supported by analysis of histological optic nerve sections that 

showed damage throughout the nerve. Furthermore, maximum IOP and the histological 

assessment of the optic nerve damage were positively correlated with in-vivo estimates 

of optic nerve head diameter. These results suggest that the measured in-vivo structural 

changes correlate well with the elevation in IOP and are not simply a magnification 

artifact. 

Retinal thickness estimates were calculated from scaled circumpapillary scans of 

various sizes. These circumpapillary scans were computationally generated because the 

built-in scan on the Spectralis HRA+OCT has a fixed size that is designed for using with 

a human eye. The 12° circumpapillary scan on the Spectralis HRA + OCT corresponds 

to a 391.5 µm scan radius in an adult normal Brown Norway rat (calculated from our 

previously published results that indicate there are 65 µm per degree246). The results 

shown in Figure 7.2 indicate that blood vessels make up more than 60% of a 

circumpapillary scan with a 400 µm radius. This is important to keep in mind when 

selecting where measurements are taken because blood vessels can significantly 

increase thickness estimates (Figure 7.2). For example, NFL/RGCL was 15% thicker 

with blood vessels than without (41 ± 3 µm vs. 35 ± 2 µm; P <.001). The 12° 

circumpapillary scan is also not optimal for the rat eye because the optic nerve head 

diameter in some of the animals with high elevations in IOP were as large as ~700 µm. 
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From the circumpapillary retinal scans we found that the temporal NRL/RGCL in 

normal adult Brown Norway rats was significantly thicker than the inferior or superior 

quadrants. These results show that there is an agreement between the location of 

thickest NFL/RGCL and studies that have shown that the highest density of retinal 

ganglion cells is in the temporal retinal quadrant. For example, histological studies report 

that the temporal or superotemporal quadrants have the highest retinal ganglion cell 

densities.45, 46, 48, 215 Work by Danias contradicts these previous studies and showed that 

the highest density of retinal ganglion cells was not always in the same retinal quadrants 

between animals.52 Danias suggested that their results were different from previous 

studies because they worked with an outbred strain of rats (Wistar albino rats). However, 

a study by Nadal-Nicolas and colleagues showed that the number of retinal ganglion 

cells is not different between inbred pigmented rats or outbred albino rats.248 They also 

suggested that the difference may be related to the type of staining used to identify 

retinal ganglion cells; Danias and colleagues used Fluorogold to retrograde label retinal 

ganglion cells, while some of the older studies used horseradish peroxidase whose 

labeling capabilities are variable. Two recent studies used Fluorogold and Brn3a to 

count retinal ganglion cells and these studies support the earlier findings that the 

temporal retina has the highest density of retinal ganglion cells.51, 249 Another probable 

explanation for the differences between studies may be related to image analysis 

techniques employed to automatically quantify the retinal ganglion cell population. For 

example, Salinas-Navarro and colleagues filtered their images several times to even out 

background illumination and to remove small artifacts and noise, whereas Danias filtered 

the image once with a high-pass filter and then threshold the image to detect the edges 

of the cells. The additional image filtering performed by Salinas-Navarro may have 

enhanced the ability to detect retinal ganglion cells.  
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The mean optic nerve head diameter in normal adult rats was 334 µm and this 

measurement agrees well with previous results.226, 246 In rats with experimental 

glaucoma, maximum IOP measured over the course of the experimental study 

correlated well with larger optic nerve heads (Figure 7.8). Furthermore, these larger 

optic nerve heads had damage (e.g. collapse myelin sheaths and gliosis) throughout 

optic nerve cross-sections (Figure 7.8), further supporting the idea that this structural 

damage is a result of the elevation in IOP. Lastly, in rats with experimental glaucoma, 

the in-vivo NFL/RGCL + IPL and total retinal thickness estimates decreased equally in all 

quadrants (Figure 7.7). A limitation of the current study is that outer retinal thickness 

decreased by approximately 14%, indicating retinal damage due to ischemia occurred in 

animals with high elevations in IOP. This high elevation in IOP resulted in damage 

throughout the optic nerve and retina. One of the biggest challenges with this current 

study is that elevating IOP by injecting hypertonic saline into an episcleral vein is a 

difficult task. It is especially difficult to induce mild chronic elevations in IOP using 

Morrison’s model and this is illustrated in Figure 7.5A where some animals had IOP in 

the upper 60 mm Hg. Future studies should aim for mild to moderate elevation in IOP to 

determine if there are regional differences in the amount of thickness changes brought 

upon by the elevation in IOP. Morrison noted that “eyes with less than 100% damage 

showed focal axonal degeneration, and that this was primarily located in the superior 

temporal region of the nerve.”56 Also, WoldeMussie and colleagues showed that more 

retinal ganglion cells were lost in the superior-half of the retina than inferior-half of the 

retina in a laser photocoagulation rodent model of glaucoma.250 Future studies should 

determine if this regional change brought upon by the elevation in IOP is quantifiable by 

in-vivo optical coherence tomography imaging.  
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Chapter Eight 

General Conclusions 
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The first objective of this dissertation was to study the relationship between IOP 

and mean arterial pressure in Brown Norway rats. We specifically investigated if the 

circadian rhythm of IOP free runs in continuous dim light and the circadian phase 

relationship between IOP and mean arterial pressure when animals are housed in 

standard light-dark conditions (12 hours of light / 12 hours of darkness). The 

experiments and results from this first specific aim are a significant contribution because 

they showed, for the first time, that the circadian rhythm of IOP free-runs in continuous 

dim light and that blood pressure and IOP do not peak at the same time in standard 

light-dark conditions. These results highlight that the Brown Norway rat is a useful model 

for studying the role of various compartmental pressures on glaucoma and their highly 

rhythmic diurnal physiological patterns make this an excellent model to study the 

circadian biology of the eye and glaucoma. 

The second objective of this dissertation was to use spectral domain optical 

coherence tomography (SD-OCT) to quantify spatial retinal structural changes in rats 

with experimental glaucoma. There are several challenges to consider when interpreting 

thickness measurements from SD-OCT images, including: scan placement/centration, 

axial length of the eye (e.g. correction of image lateral magnification), image quality, 

contribution of non-neuronal components (blood vessels and glial tissue), instrument and 

examiner factors among others. As part of this dissertation, the experimental goals were 

to address the following challenges: (1) to quantify the effects of ocular–instrument 

realignment and image quality on measurements of retinal thickness from SD-OCT 

imaging in the rat eye; and (2) to develop a schematic model of the rat eye from in vivo 

axial biometric measurements to compensate for image lateral magnification. 

Addressing these challenges enabled the quantification of the structural changes in a rat 

model of experimental glaucoma. The results from this second objective are a significant 

contribution because we showed that we can reliably scan the same retinal location 
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between imaging sessions and that estimates of retinal thickness and optic nerve head 

size are in good agreement with previously reported measurements after compensating 

for image lateral magnification. Also, the results from this second objective are a 

significant contribution because we showed that in vivo SD-OCT thickness 

measurements of the nerve fiber layer/retinal ganglion cell layer correlate well with 

histological studies showing that the highest density of retinal ganglion cells are located 

in the superior-temporal retinal quadrant. We also showed that retinal thickness 

measured in vivo by SD-OCT imaging decreased in a rat model of experimental 

glaucoma even when biometric changes induced by disease are taken into account to 

compensate for lateral magnification. Furthermore, this in vivo measurement correlated 

well with histological assessments of optic nerve damage. 

Conclusion and Future Direction 

 Glaucoma is the second leading cause of blindness worldwide and elevated IOP 

is the only treatable risk factor. Animal models of glaucoma have improved our 

understanding of the pathophysiology of glaucomatous damage and are useful for 

evaluating new therapeutic drugs. There are several important challenges that need to 

be addressed with any of these animal models of glaucoma, including having a reliable 

method of measuring IOP and having methods of quantifying structural damage caused 

by the elevation in IOP. In this dissertation, reliable IOP measurements were acquired 

with the TonoLab rebound tonometer and showed that the circadian rhythm of IOP free 

runs in constant dim light. Future work should quantify the circadian rhythm of IOP in a 

rat model of glaucoma. In particular, it would be interesting to determine how the free-

running IOP rhythm contributes to the amount of glaucomatous damage or if glaucoma 

has a direct impact on the circadian rhythm of IOP. For example, the results from our 

studies suggest that the circadian rhythm of IOP may be locally regulated, perhaps 
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within the eye. These types of studies would benefit from telemetric systems that 

automatically measure IOP. These telemetric systems could shed light on differences 

between the circadian rhythm of IOP in normal and glaucomatous eye and whether it is 

diagnostically beneficial to measure the circadian rhythm of IOP for detection 

glaucomatous damage. Also, it is important to better understand the role of 

compartmental pressures (e.g. blood pressure, intracranial pressure) on glaucoma. In 

this dissertation, we showed that in normal rats housed in standard light-dark conditions, 

the circadian rhythm of IOP is out of phase with the circadian rhythm of mean arterial 

pressure. Future studies should determine the impact of the circadian phase relationship 

between IOP and mean arterial pressure on the glaucomatous damage (e.g. changes in 

the optic nerve head and retinal thickness). 

In vivo quantification of structural changes in ocular tissue may be diagnostically 

advantageous and may shed light on the pathogenesis of glaucomatous optic 

neuropathy. In this dissertation, we presented the analytical tools needed to scan the 

same retinal location between imaging sessions and how to compensate for image 

lateral magnification. These tools were used to quantify structural changes in a rat model 

of glaucoma and showed that retinal thickness decreased and that this in vivo 

measurement correlated well with histological assessments of optic nerve damage. 

Future studies should quantify changes in optic nerve head diameter and retinal 

thickness associated with mild to moderate elevations in IOP. Also, previous studies in 

humans have shown that there are age related changes in the nerve fiber layer 

thickness.251 The tools presented in this dissertation can be used in the future to 

determine these age related changes in Brown Norway rats.  

Rats are a good model for studying circadian rhythms because there is a large 

body of literature currently available describing the circadian rhythm of many 

physiological and behavioral parameters in these animals. However, a shortcoming of 
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using rats as an experimental model of glaucoma is that they do not have a lamina 

cribrosa. The next logical experiment would be to evaluate these circadian rhythms of 

IOP and blood pressure, as well as the in vivo structural changes in an animal that has a 

lamina cribrosa, for example in the non-human primate, guinea pig, and tree-shrews. 

Specifically, a testable hypothesis that arises from the work presented in this dissertation 

is that the circadian rhythm of IOP (i.e., amplitude and rhythmicity) changes as a function 

of glaucomatous disease severity. It is likely that a robust IOP rhythm is maintained 

during the early stages of the disease, but that this rhythm free-run as the disease 

progresses, and possibly, the rhythm becomes ultradian (e.g., having a period smaller 

than 24 hours) as the disease reaches its end stage (e.g. blindness). This hypothesis 

could first be tested by measuring the circadian rhythm of IOP for several weeks after 

transecting both optic nerves in an animal. 
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