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Abstract 

Background 

Given the extensive neural network of the human, binocular, pupillary system 

including its sympathetic and parasympathetic innervation, it is plausible that a mild 

traumatic brain injury (mTBI) could compromise pupillary control, thus causing pupillary 

asymmetry and dysfunction.  Furthermore, presence of such pupillary abnormalities 

could exacerbate mTBI-related visual symptomatology, such as photosensitivity.   There 

have only been two studies in the area, and they both used monocular pupillometry with 

only one test condition; hence they were limited.  Furthermore, their results were in part 

equivocal.  There remain many unanswered questions (i.e., gaps) in this important field 

of study including:  1) does mTBI affect the pupillary light reflex (PLR)?,  2) is there an 

increase in inter-ocular pupillary asymmetry (IOPA) in mTBI?, and 3) are there PLR 

differences related to one of the most prominent and prevalent dysfunctions resulting 

from mTBI, namely photosensitivity?  

 

Aim 

 The overall aim of the present dissertation was twofold.  First, to evaluate 

comprehensively the effect of mTBI on the human pupillary system, and furthermore to 

determine if pupillometry could be used as an objective visual biomarker for mTBI.  

Second, to evaluate comprehensively the effect of photosensitivity on the human 

pupillary system, and furthermore to determine if pupillometry could be used as an 

objective biomarker for photosensitivity.   
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Methods 

The binocular pupillary light reflex was evaluated in mTBI, and it was compared 

to normal individuals, with and without photosensitivity, under a range of test conditions.  

Nine pupillary parameters (maximum, minimum, and final pupillary diameter; latency; 

amplitude; and peak and average constriction and dilation velocities) and 6 stimulus 

conditions (dim pulse, dim step, bright pulse, bright step, bright red step, and bright blue 

step) were assessed in 32 adults with mTBI (21-60 years of age) and compared to 40 

normals (22-56 years of age).  The Neuroptics, infrared, DP-2000 binocular pupillometer 

was used (30Hz sampling rate; 0.05mm resolution) with binocular stimulation and 

recording.   

 

Results and Discussion 

1.  Inter-ocular pupillary asymmetry:  There were no statistical differences in 

either static or dynamic inter-ocular pupillary asymmetry (IOPA) between the normal and 

mTBI groups.  Thus, the pupillary effects of mTBI appear to be symmetrical rather than 

asymmetrical in nature, which suggests post-chiasmal involvement.  The mean average 

(across groups) static IOPA was 0.26 + 0.20mm or 4.17 + 3.29%.  The mean average 

dynamic IOPA was dependent on the light stimulus condition, with the average across all 

test conditions and groups being 0.11 + 0.10mm or 1.84 + 1.70%.   

 

2.  Pupillometry in mTBI:  mTBI has been reported to cause the pupillary light 

reflex (PLR) to be globally attenuated (i.e., slower in onset and more sluggish in response 

dynamics).  The present results showed that there were many statistically significant 
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differences (p < 0.05) in the PLR parameters between the mTBI and normal groups.   

Furthermore, different test conditions allowed for discrimination of different parameters 

between the two groups.  For any of the given six test conditions, 5 to 8 of the 9 pupillary 

parameters were statistically different (p < 0.05) between the two groups.  The overall 

trends revealed that the mTBI cohort had longer constriction latency, slower constriction 

and dilation velocities, and smaller pupillary diameters (baseline, minimum, and 6PSPD).   

The most consistent and robust pupillary parameters that differentiated between the two 

groups were the pupillary diameters (maximum, minimum, and 6SPSD; p < 0.01 under 

all 6 test conditions), and peak dilation velocity (p < 0.02, under all applicable 

conditions).  This suggests that mTBI adversely affects both the sympathetic and 

parasympathetic systems, however, the effect appears to be greater on the sympathetic 

system.     

 

3.  Pupillometry in photosensitivity:  There were statistically significant 

differences (p < 0.05) in the PLR parameters of those with versus without 

photosensitivity in both groups.   Interestingly, these differences depended upon whether 

the photosensitivity was mTBI related.  Those with mTBI and photosensitivity 

manifested six significant differences (p < 0.05) as compared with those with mTBI 

cohort without photosensitivity: larger baseline diameter, larger minimum diameter, 

faster peak dilation velocity, faster T50 and T75 recovery times, and a larger pupil 

diameter at 6 seconds post-stimulus.   Normal (non-mTBI) subjects with photosensitivity 

exhibited four significant differences (p < 0.05) as compared with their normal cohort 

without photosensitivity: larger constriction amplitude, faster average constriction 
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velocity, faster peak constriction velocity, and slower recovery time.  These results 

suggested that those having mTBI with photosensitive exhibited a dysfunction in baseline 

light sensing, since they manifested larger pupil diameters throughout the entire dynamic 

PLR profile, as well as a more rapid return to baseline diameter as reflected in the faster 

peak dilation velocity, and related faster T50 and T75 times.  In contrast, normal subjects 

with photosensitivity exhibited a dysfunction in the neural perceptual gain of light, since 

they exhibited more robust constriction in their PLR when exposed to light as reflected in 

their larger constriction amplitudes, faster constriction velocities, and more prolonged 

constriction time (i.e., slower T50 recovery time).   

 

Conclusion 

The present findings demonstrate that pupillary dynamics are significantly 

different in mTBI and photosensitivity versus their normal counterparts.  Thus, these 

results suggest the application of automated, quantitative pupillometry as a potential 

objective biomarker for the detection and monitoring of these two conditions.  With the 

advent of automated pupillometers and targeted diagnostic algorithms, it may be feasible 

to diagnose mTBI and photosensitivity in an objective, rapid, and efficient manner.  This 

knowledge and insight would be unequivocally useful in the overall management and 

treatment of these two conditions, namely mTBI and photosensitivity. 
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Chapter 1   

BACKGROUND 

 

1.1 BRAIN INJURY – AN OVERVIEW 

     1.1.1  Acquired Brain Injury (ABI) 

Acquired brain injury (ABI) refers to brain insult that occurs after birth (Suchoff 

et al, 2001).  Thus, it is not congenital or progressive in nature.  ABI is an “umbrella” 

term, which covers many subtypes of brain injury, including traumatic brain injury (TBI), 

cerebral vascular accident (CVA), vestibular disorders, and brain infections/surgery, to 

name a few (Suchoff et al., 2001; Suter & Harvey, 2011).  The brain is effectively the 

central processing unit for the body, and thus any injury it incurs would likely cause a 

multitude of problems downstream.  Furthermore, the brain is an extremely complex 

organ with innumerable overlapping and synergistic pathways.  However, despite this 

extensive network of possible brain injury sites, they do share certain commonalities 

(Suchoff et al, 2001; Helvie, 2011) and mechanisms, which can be grouped and studied 

to provide a broader understanding of these injuries.    

A common and predominant feature of ABI, especially in TBI and CVA, is the 

rapidity with which it typically occurs (Du et al., 2005; Thiagarajan, 2012).  In a very 

short time period (e.g., several hundred milliseconds), biomechanically-based, 

neurological deficits can arise.  See Figure 1.1.  After the initial biomechanical insult, 

there is a sequelae of secondary physiological and biochemical injuries that follows over 

the next days, weeks, and months and may adversely affect cognitive, emotional, 
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behavioral, physical, and visual functioning (Thibault & Gennarelli, 1990; Greve & Zink, 

2009; Thiagarajan, 2012).  See Figure 1.2.   

 

                 

 

 

Figure 1.1:  Cascade of biochemical reactions in mTBI (Thiagarajan, 2012) 
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Figure 1.2: Spectrum of general deficits in mTBI (Thiagarajan, 2012) 

 

Since there are more than 30 brain areas associated with visual functioning 

(Helvie, 2011), as well as at least 7 of the 12 cranial nerves, it is not surprising that a 

constellation of visual dysfunctions and related symptoms may eventuate.  Such visual 

deficits can manifest as visual field defects, ocular misalignments, visually-based 

headaches, oculomotor insufficiencies, and others (Hellerstein et al., 1995; Kapoor & 

Ciuffreda, 2002; Ciuffreda et al., 2007; Capo-Aponte et al., 2012).   More specific to the 

present study, the dynamic pupillary reflex to light may be altered subsequent to an ABI 

given its relatively long, circuitous, and complex neural pathway.    
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     1.1.2  Traumatic Brain Injury (TBI) 

Traumatic brain injury is a subcategory of ABI.  It encompasses all ABI that is 

caused by direct head trauma per se (Suchoff et al., 2001).  The Centers for Disease 

Control and Prevention (CDC) states that TBI is caused by a bump, blow, or jolt to the 

head, or a penetrating head injury, that disrupts normal function of the brain.  Not all such 

head insults result in a TBI.  Severity of the TBI may range from “mild” (e.g., a brief 

change in mental status or consciousness) to “severe” (e.g., an extended period of 

unconsciousness or amnesia after the injury).  The majority (70-80%) of TBIs that occur 

each year are concussions or other forms of mild TBI (mTBI) (CDC, 2003).    

Another definition of TBI per the Department of Defense (VA/DoD, 2009) refers 

to any structural damage caused by an external force to the brain and its associated 

structures resulting in physiological disruption of brain function.   Immediately following 

the traumatic event, at least one of the following clinical symptoms or signs must be 

present: 

- Any period of altered state (e.g., loss of consciousness, 

confusion, or disorientation) 

-  Any type of memory loss (e.g., anterograde or retrograde) 

- Any sensory, motor, or perceptual neurological defects  

- The presence of any intracranial lesion. 

 

The severity of TBI occurs along a spectrum from mild, moderate, to severe, 

based on the following factors (determined at time of injury):  structural imaging, length 

of loss of consciousness (LOC), length of altered state of consciousness (AOC), length of 
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post-traumatic amnesia (PTA), and Glascow Coma Scale (VA/DoD, 2009).   Table 1.1 

summarizes the classification of TBI severity: 

 

    

Table 1.1: Classification of TBI severity (from VA/DOD, 2009) 

      

Today, TBI is a major medical and public health concern (CDC, 2015).   It is a 

leading cause of death and disability worldwide (Werner & Engelhard, 2007; Greve & 

Zink, 2009). Its prevalence is increasing in a wide array of arenas from the sport-field to 

the battlefield, from civilian motor vehicle accidents (MVAs) to improvised explosive 

devices (IEDs) exploding under/near military vehicles (Suchoff et al., 2001; Guskiewicz 

et al., 2003; Capo-Aponte et al., 2012).  Therefore, there is a greater need for better 

understanding and improved diagnostic tools for TBI.  Furthermore, due to the recent 

commercial and widespread availability of automated pupillometers, there is an 

immediate and great need for exploration of baseline pupillometrics in normal and TBI 

patients, as this may provide additional insight into the related brain damage.    
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   1.1.3  Pathophysiology of TBI 

To understand better the processes of TBI, two phases of injury are usually 

specified, the primary and the secondary (Werner & Engelhard, 2007; Greve & Zink, 

2009; Thiagarajan, 2012).  See Figure 1.1. 

The primary phase is mechanical in nature.  It occurs very rapidly during the 

initiating injury, which generally lasts less than 100 milliseconds (Greve & Zink, 2009).  

During this phase, there is potential deformation and fracturing of the skull, vibration and 

displacement of the brain structures within the skull, and physical separation of cranial 

sutures.   In addition to the direct trauma, there is also trauma from the resulting 

concurrent acceleration, deceleration, and/or rotational forces; these are also known as 

the “coup” and the “contre-coup” injuries. The coup injury occurs at the site of impact, 

while the contre-coup injury occurs on the opposite side (Poirier, 2003).   See Figure 1.3.  

The linear acceleration forces cause superficial gray matter brain injuries, such as cortical 

contusions and hemorrhage (Greve & Zink, 2009), while the rotational forces may cause 

deeper white matter cerebral lesions known as difuse axonal injury (McLean, 1995; 

Thibault & Gennarelli, 1990).    
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Figure 1.3:  Coup and contre-coup injury (from Google images)  

 

It is important to note that in addition to the cerebral injuries, there could be 

damage to the deeper gray and white matter of the midbrain and brainstem by the 

rotational forces (Greve & Zink, 2009).  There are also compressive forces that result 

from the subsequent cortical edema and hematomas.  These compressive forces can cause 

further mechanical distortions of cortical tissues, elevated intracranial pressure, and 

reduced cerebral bloodflow, any of which can lead to ischemia as well as immediate cell 

death and/or eventual cell apoptosis (Werner & Engelhard, 2007; Greve & Zink, 2009).     

The secondary phase commences after the primary phase, which may occur over 

the next several days, weeks, and months, and it is biochemical and physiological in 

nature.  It is progressive and is characterized by a widespread degeneration of neurons, 

glial cells, and axons.  The degeneration is due to alterations in cellular function, such as 

disruption of calcium homeostasis, free-radical generation, and excitotoxicity (Greve & 
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Zink, 2009).   This constitutes a long-term process of neural degeneration and resultant 

adverse effect on brain integrity and neural control.         

 

1.2  THE PUPIL – AN OVERVIEW 

     1.2.1 Anatomy of the Pupil  

The pupil is an aperture approximately centered in the iris that serves as the 

gateway for light entering the eye.  Upon gross observation, it appears to be situated 

centrally; however, when measured precisely, it is actually positioned slightly inferiorly 

and nasally with respect to the center of the cornea.  Therefore, the center of the pupil 

may not correspond perfectly with the optical axis of the eye when viewing a target 

positioned on the fovea (Kaufman et al., 2011), which in turn may adversely affect visual 

quality to some degree.    

In humans, the pupil is approximately circular.  In contrast, in many other species, 

the pupil may be of various shapes and sizes ranging from vertical slits (e.g., in cats) to 

“W” shaped (e.g., in squids and cuttlefish) (Malmstrom, 2006).  Each pupillary shape is a 

result of evolutionary selection, and furthermore confers with it advantages in regards to 

the transmission and focusing of light for that particular species (Malmstrom, 2006).   In 

humans, the advantage of having a circular pupil is that it is optimized for maintaining 

balance between proper light exposure and image quality by way of adjusting for depth-

of-focus, chromatic aberration, and spherical aberration (Kaufman et al., 2011).   

The iris contains two smooth muscles, the dilator and the sphincter.  The dilator 

muscle consists of contractile cells arranged radially around the pupil, while the sphincter 

is a circular muscle encircling the pupil (see Figure 1.4).  The dilator functions to 
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increase pupil size, whereas the constrictor functions to decrease it.  Because both are 

smooth muscles, they are innervated by the autonomic nervous system, and thus are 

involuntary, non-striated, and slower acting then their skeletal counterparts.  The dilator 

muscle is innervated by the sympathetic nervous system, while the constrictor is 

innervated by the parasympathetic nervous system (Kaufman et al., 2011).   

 

Figure 1.4:  Schematic view of the iris sphincter and radial  muscles during the 

pupillary light reflex. (Szczepanowska, 2004) 

 

     1.2.2  Optics of the Pupil  

As mentioned above, the pupil is effectively a void in the center of the iris.  In 

optical terms, the pupil is the aperture, while the iris is the aperture stop.  The iris 

constricts and dilates, which acts primarily to optimize retinal illumination, retinal 

adaptation, and image quality (Kaufman et al., 2011). For example, a smaller pupil 

increases the depth-of-focus and reduces the eye’s natural spherical aberration, which in 

turn improves retinal-image quality.  While the primary stimulus for pupillary 

constriction and dilation is light, there are other stimuli that also contribute to changes in 
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the pupil, such as blur, vergence, emotional state, and pharmacological influence (Ellis, 

1981; Loewenfeld & Lowenstein, 1993).        

      

     1.2.3  The pupillary light reflex (PLR) 

The pupillary light reflex (PLR) is a visual reflex that regulates the diameter of 

the pupil.  It responds primarily to the intensity of light that reaches the retina (Gamlin et 

al., 2007); however, it is also influenced by a number of other factors, including the 

arousal and emotional state of the individual, degree of light/dark adaptation, and age of 

the individual (Ellis, 1981; Loewenfeld & Lowenstein, 1993).   Due to these multiple 

factors, the PLR can vary significantly between individuals, as well within the same 

individual over time (Loewenfeld & Lowenstein, 1993).  However, averaging over many 

trials allows more precise defining of “normal” ranges (Ellis, 1981).    

 

     1.2.4  Development of the PLR   

At full-term birth, the PLR is already present with its characteristic brisk and 

smooth response. Thus, the majority of the development of the PLR occurs while in utero.  

For this reason, study of the PLR developmental processes has been hindered and 

difficult.  However, to circumvent this obstacle, researchers have turned to preterm 

neonates who are in the early developmental stages of their PLR development (Robinson 

& Fielder, 1990; Fielder & Moseley, 2000).  As the development of the PLR in the 

preterm neonates has been observed and recorded, a timeline of PLR development can be 

approximated.  However, it is important to note that in doing so, there is an underlying 
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assumption that development of the PLR in the preterm neonate parallels the 

development of the PLR in the full-term neonate.  This assumption should be made 

cautiously, as some researchers have hinted that early exposure to light that preterm 

neonates experience could affect the normal development of their PLR as compared with 

the normal full-term neonates.    

The results of a study by Robinson and Fielder (Robinson & Fielder, 1990) 

suggested that premature birth and consequently early exposure to light may hasten the 

onset of the pupillary response; however, this trend was not statistically significant.  

Another source of investigation for the PLR development in humans comes from 

the post-mortem anatomical studies of pre-term neonates and young infants (Magoon & 

Robb, 1981).   The results of these studies accumulated and organized over time can also 

allow an assembly of an anatomical developmental timeline.   

Figure 1.5 shows a timeline of the anatomical, developmental, and functional 

milestones that are associated with the development of the pupillary light reflex.  Note 

that ages are in gestational age.   

 

 

See next page for Figure 1.5. 
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Figure 1.5 
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The following is a discussion of the milestones depicted in Figure1.5. 

 At 9 weeks, the melanopsin-mediated, intrinsically-photosensitive retinal 

ganglion cells (ipRGCs) are present in the retina (Kaufman et al., 2011).  Thus, 

the melanopsin-driven ipRGCs become functional many weeks before their 

fellow photosensitive counterparts, the rods and cones.   Conceivably, this photo-

detection system appears earliest because it is evolutionarily the oldest.  

Presumably, this system is used for basic light detection, as well as setting of 

circadian clocks and rhythms (Sekaran et al., 2005).   When stimulated, the 

ipRGC system produces a PLR response that has a longer latency and slower 

kinetics as compared with the PLR responses of the rod and cone systems 

(Gamlin et al., 2007).      

At 21 weeks, the retinal ganglion cells (RGCs) are present in the retina.  

However, they have not yet synapsed with either the midbrain or the lateral 

geniculate nucleus (LGN).  At this time, their axons begin growing toward the 

midbrain and the LGN, and begin topographically mapping out the visual scene 

(Graven & Brown, 2008).  The end result would be that the visual scene, the 

retinal topography, and the visual cortex are all topographically matched and 

correlated neurologically.    

At 22 weeks, the cones are present in the retina (Abramov et al., 1982).  

However, at this time, they are only partially formed, and hence are likely not yet 

functional.   
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At 26 weeks, the blink reflex to light is present (Robinson, 1966).  That is, 

the pre-term neonate blinks when exposed to a sudden, bright change in 

illumination.  One may deduce that at this time a basic light detection system is 

operational.  Most likely, this is the ipRGC system, since it is the first light 

detection system to develop. 

At 30 weeks, the mean pupil diameter is 3.46 mm given a relatively robust 

light stimulus of 512 lux (Robinson & Fielder, 1990).  However, it is important to 

note that at this time, the PLR is not yet present (i.e., the pupil diameter is fixed at 

this approximate diameter regardless of the illumination level).   Also, at this time, 

the eyelids are thin and translucent (Graven & Browne, 2008).  The combination 

of translucent eyelids, fixed and large pupils, and absence of a PLR indicates that 

the pre-term neonate at this stage of development has no functional mechanism 

for controlling the amount of light to which they are exposed.  They are 

completely vulnerable to the external environment in terms of light exposure.  For 

this reason, it is recommended that neonate intensive care units (NICUs) keep 

illumination levels low, so as to not expose neonates to any unnecessary and 

potentially deleterious effects of bright illumination (Graven & Browne, 2008).   

In time, eyelid development continues to progress from being very thin and 

translucent to being thicker and fuller, such that it can adequately limit light and 

serve in a protective role at approximately 36 weeks (Graven & Brown, 2008).   

At 30 to 31 weeks, the PLR first begins to appear in preterm neonates.   

However, it is very slow and rudimentary.  Since it is known that the ipRGC 

system is functional at this time, and that its pupillary light reaction is 
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characteristically slow, it suggests that this slow PLR response is driven primarily 

by the ipRGC system.   

At 34 weeks of age, the PLR is present in 86% of pre-term neonates 

(Robinson & Fielder, 1990).  And, it has progressed to give the characteristic 

brisk and smooth response.    

At 35 weeks of age, a brisk and smooth PLR is present in all neonates 

(Robinson & Fielder, 1990; Graven & Brown, 2008), and thus the mean pupillary 

diameter is decreased to 3.02 mm when exposed to a light stimulus of 512 lux 

(Robinson & Fielder, 1990).  For the first time, the neonate has a certain degree of 

control of the light entering their eyes.    

At full-term (i.e., > 37 weeks   of age), the PLR is present and brisk
 

(Magoon & Robb, 1981; Robinson & Fielder, 1990; Graven & Brown, 2008), and 

the eyelids are developed and less translucent.  Thus, the newborn is able to close 

its eyes and constrict its pupils as needed to restrict the amount of light reaching 

its retinas.    

In general, the development and proper functioning of the PLR depends on 

the appropriate development and functioning of many other subsystems, including 

the retinal photoreceptors, the iris musculature, and the related neuronal circuitry.  

However, it is important to note that these subsystems need not be fully mature 

for the PLR to be effective (Robinson & Fielder, 1990).   

Knowing these developmental milestones of the PLR has practical 

applications.  For example, under certain circumstances, when the exact age of a 

preterm neonate is unclear, knowing the current state of its PLR can help deduce 
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its approximate age.  Studies have been conducted for this precise purpose 

(Robinson, 1966; Finnstrom, 1972; Robinson & Fielder, 1990).   These studies 

have shown that the development of the PLR is highly correlated with the 

neonate’s gestational age.  For example, as previously discussed, any neonate that 

does not have a blink reflex to light is either most likely to be less than 26 weeks 

of age, or abnormal.  If, however, the blink reflex to light is present, but the PLR 

is not present, then it can be assumed that the neonate is greater than 26 weeks, 

but less than 30 weeks, again assuming neurological developmental normalcy.  If 

the PLR is present but slow and minimal, then the neonate is most likely 

approximately between 30-33 weeks old.  And, if the PLR is present, brisk, and 

full, then the neonate is likely to be greater than 34 weeks of age.     

The field of “PLR development” remains open for investigation with 

many questions to be answered.  Until relatively recently, methods for studying 

this phenomenon have not been well developed and were relatively crude.  Today, 

with enhanced technology across fields, including high resolution eye and brain 

imaging and automated pupillometry, this field of study should begin progressing 

forward at a much faster rate.     

 

     1.2.5  Innervation and neural pathway of the PLR 

The amount of light permitted to pass through the pupil to the retina is controlled 

by the autonomic nervous system, which consists of the sympathetic and parasympathetic 

systems (Brodal, 2004; Kardon, 2011).  The sympathetic system innervates the pupillary 

dilator muscle, while the parasympathetic system innervates the pupillary sphincter 
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muscle.  The size of the pupil at any given time is a balance between these two systems.  

To fully dilate the pupils, the dilator muscle must constrict maximally, while the 

sphincter must relax (i.e., reciprocal innervation).  To constrict the pupils fully, the dilator 

must relax, while the sphincter constricts.  The pupil can respond over a wide range of 

light, namely 9 log units (Gamlin et al., 2007).  

A flash of light that passes through the pupil is absorbed by the retina, where it 

undergoes phototransduction by the photoreceptors.  There are two main photoreceptors, 

namely rods and cones, comprising approximately 98% (Berson et al., 2002; Hattar et al., 

2002) of all photoreceptors.  The remaining 2% are comprised of the relatively recently-

found intrinsically photosensitive retinal ganglion cells (ipRGCs).   The photopigment of 

the rods, cones, and ipRGC photoreceptors are rhodopsin, iodopsin, and melanopsin, 

respectively (Park, 2011; Kaufman et al., 2011).    

The majority of the retinal ganglion cell axons travel to the lateral geniculate 

nucleus (LGN), and then onto the striated cortex for processing of light and form 

perception (see Figure 1.6).  However, a minority of the retinal ganglion cells, namely 

the ipRGCs, branch away before reaching the LGN, and they are directed to a number of 

other sites, including the hypothalamus and the pretectal olivary nucleus.   The neurons 

that reach the hypothalamus activate the sympathetic arm of the PLR, while the neurons 

that reach the pretectal nucleus activate the parasympathetic branch of the PLR.    

 



18 

 

 

Figure 1.6:  Afferent branches of the sympathetic and parasympathetic PLR.  

 

 

     1.2.6  The parasympathetic neural pathway of the PLR 

The parasympathetic neural pathway of the PLR is illustrated in Figures 

1.7 and 1.9.   It consists of a four neuron circuit (Kaufman et al., 2011):   

- Neuron 1: begins as the retinal ganglion cells, which 

commences at the retina, with their axons traveling through the 

optic chiasm, with approximately half then decussating into 

each of the two optic tracts.  From the optic tracts, they branch 

off to the pretectal olivary nucleus.     
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- Neuron 2: known as the interneurons, they travel (crossed and 

uncrossed) from the pretectal nucleus to the Edinger-Westphal 

nucleus (EWN).   

- Neuron 3:  known as the preganglionic neurons, they travel 

alongside the oculomotor nerve from the EWN to the ciliary 

ganglion. 

- Neuron 4: known as the postganglionic neurons, they travel 

from the ciliary ganglion to the iris sphincter muscle by way of 

the short ciliary nerve (Kaufman et al., 2011).   

                          

Figure 1.7: the parasympathetic pathway of the pupillary light 

reflex (from Kaufman et al., 2011) 
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     1.2.7  The sympathetic neural pathway of the PLR 

The sympathetic neural pathway of the PLR is illustrated in Figures 1.8 and 1.9.   

It also is comprised of a four neuron circuit (Kaufman et al., 2011):  

- Neuron 1: begins as the retinal ganglion cells which 

commences at the retina, with their axons traveling through the 

optic chiasm, with approximately half decussating into each of 

the two optic tracts.  From the optic tracts, they branch off to 

the hypothalamus.     

- Neuron 2: known as the central neuron, they travel (uncrossed) 

from the hypothalamus, down through the brainstem on each 

side of the spinal cord to the cervicothoracic level of C7-T2. 

- Neuron 3:  known as the preganglionic neuron, they travel 

from the cervicothoracic level, over the apical pleura of the 

lung and up to synapse at the superior cervical ganglion (at the 

level of the carotid artery bifurcation).   

- Neuron 4: known as the postganglionic neuron, it travels a long 

route from the superior cervical ganglion, along the internal 

carotid artery, into the head, through the cavernous sinus, into 

the orbit, running along the long ciliary nerve, to finally 

synapse with the iris dilator muscle (Kaufman et al, 2011).   
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Figure 1.8:  The sympathetic neural pathway of the PLR  

(from Kaufman et al., 2011). 

 



22 

 

To summarize the sympathetic and parasympathetic circuitry of the PLR, the following 

schematic illustration is shown:  

 

Figure 1.9:  Schematic of the afferent and efferent arms of the sympathetic and 

parasympathetic neural pathways circuitry of the PLR. 

 

      

1.3  PUPILLOMETRY 

In the clinical setting, evaluation and measurement of the PLR is relatively gross 

and highly subjective, as it relies on the clinician’s direct observations under relatively 

uncontrolled stimulus conditions (Litvan et al., 2000; Bremner, 2011).  Furthermore, 

there is large inter-examiner variability (Chen et al., 2011).  First, the clinician can only 

directly and carefully observe one pupil at a time.  Second, measurement of pupillary 

diameter is usually performed with relatively crude instrumentation, such as a hemisphere 
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pupillary scale or a millimeter ruler for its diameter, and for illumination (i.e., stimulus) a 

penlight or transilluminator is used.  Third, the observation and analysis of dynamic 

functions, such as the estimated speed of the pupillary reaction, is subjective, crude, and 

viewed under non-ideal conditions, such as with the observation of darker iris pupils in a 

dimly lit room.  Lastly, there is significant inter-observer variability, with as much as 

40% disagreement between observers (Litvan, 2000; Chen et al., 2011).   The advantages 

of automated, binocular, dynamic, objective pupillometry are that it eliminates all of 

these confounding factors.  It is objective (i.e., bias-free), binocular, accurate, rapid, and 

consistent regardless of tester observations and/or tester experience (Chen, 2011). 

Modern objective pupillometry refers to measurement of pupillary dynamics 

using a combination of many technological advances, including infrared illumination, eye 

tracking systems, relatively high-speed videography (~30 Hz), and automated computer 

analyses (Lowenstein & Loewenfeld, 1958; Ellis, 1981; Chen et al., 2011; Park et al., 

2011).   The advantages of automated pupillometry are that it is a rapid, dynamic, 

detailed, quantitative, objective, and repeatable technique for the assessment of pupillary 

function and neurological integrity of the pupillary circuitry.   That is to say, it is 

significantly faster, easier to use, more convenient, and more precise than pupillometry of 

years past, for example when measurements were taken at 10 Hz and calculation of 

response parameters was performed manually (Lowenstein & Loewenfeld, 1958).    For 

these reasons, automated pupillometry is gaining in popularity and is beginning to be 

widely used in both research and clinical settings.   With this new technology, one can 

verify, expand, and delve deeper into pupillometrics (Ellis, 1981; Bremner, 2011; Capo-

Aponte et al., 2013; Thiagarajan & Ciuffreda, 2015) to provide better understanding and 
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development of diagnostic metrics for clinical conditions.   It holds considerable promise 

for many conditions, including TBI.    

Today’s automated pupillometers are either monocular or binocular.  The 

following two figures (Figure 1.10 and 1.11) are examples of a modern automated 

pupillometers and their outputs:  

 

               

Figure 1.10:  (left) a Neuroptics PLR-200 monocular pupillometer (Neuroptics), 

and (right) its dynamic response profile with parameter values on the viewing 

screen. 
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Figure 1.11:  Top: a Neuroptics DP-2000 binocular pupillometer (Neuroptics).  The 

cameras are on the left, and the computer with pupil traces are on the right.   Bottom:  a 

sample pupillary dynamic response profile with parameter values and related automated 

analysis. 
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     1.3.1 Phases of the PLR 

A standard, normal, schematized PLR response is shown in Figure 1.12.  It can 

be dissected into different phases for better understanding and analyses. 

  

Figure 1.12:  Standard pupillary light diameter response (PLR) to a light stimulus.  

 

The first phase is the pre-stimulus, baseline pupillary diameter (Ellis, 1981).  This 

is the diameter of the pupil just prior to onset of the light stimulus, which serves as the 

baseline.  It is usually the maximum pupillary diameter within the examined time frame.  

The second phase is the latency period (i.e., the time between the stimulus onset 

and initiation of the response).  The duration of the latency period is inversely correlated 

with the luminance of the stimulus light, see Figure 1.13; the greater the luminance, the 

shorter the latency period and vice versa.  However, there is a saturation effect as the 
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minimum latency period of approximately 200-210 milliseconds (ms) is attained (Ellis, 

1981; Capo-Aponte et al., 2013; Thiagarajan & Ciuffreda, 2015).  Ellis speculated that 

most of the latency duration is due to the slowness of the iris smooth muscle constrictor, 

with a minority related to actual conduction along the pupillary reflex pathway (Ellis, 

1981).  It is interesting to note that in other species, such as the pigeon, which possesses 

striated iris sphincter muscles, the latency is a mere 60ms (Ellis, 1981).   In the normal 

human population, the latency generally ranges between approximately 500 ms for the 

lowest luminance stimulus to 200-210 ms for the highest luminance stimulus (Ellis, 1981; 

Loewenfeld, 1993; Capo-Aponte et al., 2013; Thiagarajan & Ciuffreda, 2015).   

 

 
 

Figure 1.13:  The relationship between stimulus intensity and PLR latency.  The 

middle line indicates the mean, and the outer 2 lines delineate the 95% confidence 

limits.  (Ellis, 1981).  
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The third phase is the constricting response, which is innervated by the 

parasympathetic system (Lowenstein & Loewenfeld, 1950).  The velocity and amplitude 

of the constricting response are also correlated with the luminance of the light stimulus; 

with increasing luminance, there is a corresponding increase in constriction velocity, see 

Figure 1.14, and amplitude, see Figure 1.15; similarly, with decreasing light luminance, 

there is a decrease in constriction velocity and amplitude. (Loewenfeld 1993; Ellis 1981).  

Once again, there is a saturation effect, as maximum peak constriction velocity is 

approximately 7-8 mm/sec.  Within this constriction phase, calculation for the average 

pupillary constricting velocity, maximum pupillary constricting velocity, and maximum 

amplitude can all be measured and calculated by objective, pupillary instrumentation.   

 

  
 

Figure 1.14:  The relationship between stimulus intensity and PLR maximum(peak) 

constriction velocity.  The middle line indicates the mean, and the outer 2 lines delineate 

the 95% confidence limits.  (Ellis, 1981).  
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Figure 1.15:  The relationship between stimulus intensity and PLR amplitude.  

The middle line indicates the mean, and the outer 2 lines delineate the 95% 

confidence limits.  (Ellis, 1981).  

 

 

The fourth phase involves redilation of the pupil, which is innervated by the 

sympathetic system (Lowenstein & Loewenfeld, 1950). This re-dilation is both a function 

of the re-dilation reflex following the phasic constriction reflex and the degree of rapid 

light adaptation.  The velocity of the redilation is also positively correlated with the 

luminance and duration of the light stimulus, see Figure 1.16.  Again, there is a 

saturation effect, as maximum (peak) velocity of approximately 2.5 mm/sec is attained 

(Ellis, 1981).   Concerning luminance, the greater the luminance of the stimulus, the 

slower the redilation velocity, and vice versa.  With regard to duration, the shorter the 

stimulus duration, the shorter the redilation, and vice versa.   
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Figure 1.16:  The relationship between stimulus intensity and maximum (peak) 

dilation velocity.  The middle line indicates the mean, and the outer 2 lines 

delineate the 95% confidence limits.  (Ellis, 1981).  

 

The fifth and last phase is the steady-state pupillary light response (i.e., the 

sustained pupilloconstriction phase) (Gamlin et al., 2007). This phase is mediated by the 

melanopsin-driven intrinsically photosensitive retinal ganglion cells (ipRGCs) (Du et al., 

2005; Gamlin et al., 2007, Park et al., 2011).   

To compare and contrast the PLR with increasing luminance intensity, 

Loewenfeld (Loewenfeld, 1993) presented the following figure (Figure 1.17): 
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Figure 1.17:  PLR, given a constant stimulus duration but with increasing 

stimulus intensity.    

 

-  In A: with a low intensity flash of light, the PLR is minimal, 

with a long latent period and a constriction velocity that is slow 

and brief.   

- In B and C: with higher intensities of light stimulus, there are 

correspondingly larger PLRs with shorter latency periods and 

stronger and faster constriction amplitudes and velocities.  

 

 

1.4   PUPILLOMETRY IN mTBI 

     1.4.1 Literature review of pupillometry in mTBI 

 Although pupillary abnormalities in severe TBI have been studied and 

documented to some extent (Chestnut et al., 1994; Worthley, 2000; Chen et al., 2011; 

Clusmann et al., 2001; Ritter et al., 1999), this is not the case for either mTBI or 

moderate TBI.  Only a paucity of studies has specifically addressed objectively-based 

pupillometrics in mTBI.  One such study was by Thiagarajan and Ciuffreda (Thiagarajan 
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& Ciuffreda, 2015), and the other earlier study was performed by Capo-Aponte et al. 

(Capo-Aponte et al., 2013).  

 Capo-Aponte et al.’s study (2013) addressed the question of whether automated 

objective pupillometry could be used to assess the pupillary response to white light to 

determine if any of the parameters could be used as an objective marker for early 

identification of blast-induced mTBI.  They performed monocular, objective, infrared 

pupillometry using the NeurOptics PLR-200 system under mesopic test room conditions 

(approximately 3 cd/m
2
) on twenty soldiers [mean age in years (SD): 31.2 (7.4)] with 

blast-induced mTBI, and on twenty age-matched soldiers without mTBI, and furthermore 

who were visually-normal and asymptomatic.  Subjects in the mTBI group were enrolled 

regardless of the level of related visual symptomatology.  There was no mention of 

whether any of the subjects were photosensitive.  They recorded the PLR twice in the 

right eye, and then twice in the left eye, with a 30 second interval between each recording 

for visual adaptation to occur.  Each PLR recording length was 5 seconds.  The mean of 

the two readings for each eye was used in the data analysis.  Note: in all subjects of both 

groups, the PLR was “normal”, with no afferent pupillary defect or other abnormality, per 

the standard clinical manual penlight examination (Zinn, 1972).   For additional details of 

their methodology concerning the light stimulus, stimulus duration, sampling rate, 

recording duration, etc., see Table 1.2 and their paper (Capo-Aponte, 2013).   

The characteristics of the soldiers in their blast-induced mTBI group were as 

follows:  

- injuries incurred included blasts by improvised explosive 

devices (IEDs), rocket propelled grenades (RPGs), and mortars. 
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- all were between 15 to 45 days from the time of their blast 

injury (i.e., in the mTBI subacute
 
phase (Stapert et al., 2006)).  

Capo-Aponte et al. did not specify whether these soldiers may 

have been exposed to previous traumatic head exposures or not.  

Therefore, one does not know if some of these soldiers may 

have been exposed to previous traumatic head injuries. 

- all were diagnosed with mTBI based on meeting the following 

criteria: 

o loss of consciousness of no more than 30 minutes 

o post-traumatic amnesia of no more than 24 hours 

o Glasgow Coma Scale score from 13 to 15 

o alteration of mental state 

  

They assessed eight pupillometric parameters with automated analysis of the 

system: maximum pupil diameter, minimum pupil diameter, constriction latency (or 

reaction time), percent constriction, average constriction velocity, maximum or peak 

constriction velocity, average dilation velocity, and 75% recovery time (i.e., the time for 

the pupil to redilate and recover to 75% of its initial pupil size after reaching peak 

constriction).     A summary of their findings is presented in Table 1.2.       
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Table 1.2:  Between-group comparison of mean PLR parameters.  Minus sign indicates a   

constriction response.  Bold indicates statistically significant differences (Capo-Aponte et 

al., 2013). 

  

Four parameters were significantly different between the two groups: both the 75% 

recovery time and latency were increased, and both the average constriction velocity and 

average dilation velocity were decreased, in mTBI versus the normal controls.   From 

these findings, they concluded that the PLR could “potentially” serve as an objective 

index for the diagnosis of mTBI, at least in blast-induced individuals.   However, a much 

larger sample size would have to be tested, along with assessment of repeatability of 

measurements, to determine with a greater degree of confidence the concept as a 

pupillometric-based objective mTBI “biomarker”.  

Thiagarajan and Ciuffreda’s study (2015) addressed the broader question of 

whether the PLR was different between individuals with non-blast based, mTBI versus 

age-matched, asymptomatic visually-normals without any history of concussion or mTBI.  

Their subject base consisted of 17 individuals with chronic mTBI (>1year post-injury and 
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not subacute) (mean age (SD): 31+6 years), and 15 age-matched visually normal 

individuals (mean age (SD): 26+5 years).  None of the subjects reported the symptom of 

photosensitivity.  They too performed monocular objective infrared pupillometry using 

the NeurOptics PLR-200 system, and thus they too assessed the same eight pupillometric 

parameters using the same device as did the Capo-Aponte et al. group.  However, for test 

room illumination, they used typical photopic room lighting with a fluorescent 

illumination source of approximately 400 lux to simulate more naturalistic viewing 

conditions.  Regarding procedural methodology, they repeated the measurements 3 times 

in each eye alternately, with a 1-minute interval between each recording to allow for light 

adaptation (Birch, 2003).  A summary of Thiagarajan & Ciuffreda’s study results is 

shown here in Table 1.3.   
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Table 1.3:  Between-group comparison of mean PLR parameters in the Thiagarajan & 

Ciuffreda study.   Mean (±1SEM) static and dynamic pupil parameters in the mTBI and 

normal groups.  Significance level: p<0.05, bold.  (Thiagarajan & Ciuffreda, 2015). 

  

Of these eight parameters, statistically significant differences were found between 

the two groups for five parameters: maximum diameter, amplitude of constriction, 

maximum constriction velocity, average constriction velocity, and average dilation 

velocity.  There was a trend for latency to be increased in mTBI, as was found by Capo-

Aponte et al. (2013).  

Since these two studies used the same instrumentation, but differed in their 

subject population (i.e., subacute versus chronic mTBI) and methodology (i.e., test room 

illumination), the discrepancies between them may stem from these important differences.  

First, the two studies used different mTBI populations.  Capo-Aponte et al. studied those 
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with blast-induced mTBI in the subacute phase, while Thiagarajan & Ciuffreda studied 

those with non-blast induced chronic mTBI.  Although there are many commonalities 

between the head injuries incurred by a blast and those by a non-blast, there is one 

obvious difference - in the blast scenario, there is the additional factor of a sudden and 

dramatic increase in atmospheric pressure, which can cause potential additional injurious 

effects, although this notion is controversial and not yet settled (Taber et al., 2006; Capo-

Aponte et al., 2016).  See Figure 1.18. 

 

 

Figure 1.18:  Comparison of blast and non-blast head injuries. 

 

In a blast, the first set of injuries comes from the initial over-pressure-waves that 

emanate from the explosion center (i.e., a wave of excessive barometric pressure).  See 

Figure 1.19 (on next page).   
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Figure 1.19:  The sequence of changes in atmospheric pressure following an explosion 

make up the blast wave.  Prior to the explosion (1), pressure is normal. With the passage 

of the shock front (2), the blast forces are maximal, and the wind flows away from the 

explosion (2, arrow). This is followed by a drop in atmospheric pressure to below normal 

(3), resulting in the reversed blast wind (3, arrow). Atmospheric pressure returns to 

normal after the blast wave subsides (4) (Taber et al., 2006). 

 

The over-pressure from the blast can reach approximately 100 pounds per square 

inch (PSI) and can travel at approximately 1,500 miles per hour (mph) (Jaffin et al., 1987; 

Long et al. 2009).   By comparison, a category-5 hurricane (the highest category of 

hurricane) has a force-wind which travels at approximately 157-200 mph and exerts a 

mere overpressure of approximately 0.25 PSI (National Hurricane Center, 2013).   A 



39 

 

person in the path of a blast can expect to experience severe bodily injuries, especially to 

their air-fluid interface tissues such as their middle ear, lungs, and bowels (Taber et al., 

2006).  Surprisingly, as stated earlier, the specific question of whether this initial over-

pressure blast wave affects the brain remains controversial (Taber et al., 2006; Capo-

Aponte et al., 2016) – indeed, it would be surprising if it did not.  Immediately following 

the initial blast, there is a second set of possible injuries, which result from flying debris.  

The force of the blast causes stationary objects to become dangerous airborne projectiles 

(Taber et al., 2006).  Any person in the vicinity of the blast has a high potential of being 

assailed by these projectiles, which can cause high impact blunt or penetrating trauma, 

along with the accompanying sequelae (e.g., hemorrhages, contusions).  The third set of 

injuries occurs as a result of the people themselves being thrown into motion by the wind-

waves following the initial pressure-waves (Taber et al., 2006).  Immediately following 

the initial blast, the high wind-waves emanate out in concentric circles.  These winds 

travel at extremely high velocities and can easily propel a person into surrounding objects.  

This effect is greater in closed compartments, such as inside an armored Humvee, where 

a soldier’s head can be easily slammed against a solid, hard surface.  The head injuries 

incurred during this third phase produce the “classic” traumatic brain injuries incurred 

during any direct trauma to the head, such as coup contre-coup injuries, contusions, 

hemorrhages, hematomas, and diffuse axonal injuries.    

 

Secondly, the two studies examined individuals at different post-injury times.   

Capo-Aponte et al. assessed them in the early post-injury sub-acute phase (i.e., within 15-

45 days of initiating injury occurrence), while Thiagarajan & Ciuffreda’s subjects were 
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tested in the chronic 12 months or later phase following any natural recovery (Nakamura 

et al., 2009).  The differences between times post-injury are likely significant, although 

this notion is also controversial.  Most studies have demonstrated dramatic differences in 

symptomatology over time post-injury (McCrea et al., 2003; Greenwald et al., 2012; 

Hammeke et al, 2013; Truong & Ciuffreda, 2014), while one recent study shows no 

difference in most visual symptoms and dysfunctions (except eye pain and diplopia) over 

time post injury (Capo-Aponte et al., 2016).   

Third, the two studies differed in their procedural methodologies.  Capo-Aponte 

et al.’s performed their pupillometric measurements under dim room illumination of 

approximately 3cd/m
2
, while Thiagarajan and Ciuffreda’s performed their measurements 

under typical normal room illumination of approximately 400 cd/m
2
.  This could 

potentially be a big differentiator, since the pupillometric dynamics are influenced by the 

degree of light dark adaptation and resultant baseline steady-state pupil diameter.   

 

     1.4.2  Insights into possible neurophysiological etiologies of mTBI based pupillary 

deficits (from the aforementioned two studies) 

The similarities between these two studies (see Table 1.4) provide insight into 

possible underlying neurophysiological etiologies of mTBI pupillary deficits.   First, the 

results from both studies indicate the presence of a neurosensory processing delay in 

response to light on/off stimulation in mTBI patients, as both studies found an increase 

(either with significance or with a trend) in time for the constriction latency, as well as 

the T75 dilation recovery. For constriction latency, Capo-Aponte et al. found a 

statistically significant increase in time in the mTBI individuals versus the normal 
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individuals, while Thiagarajan & Ciuffreda found a trend in the same direction.  

Similarly, for the T75 dilation recovery time, Capo-Aponte et al. found a significant 

increase in time for the mTBI subjects, while the data of Thiagarajan & Ciuffreda had a 

directional trend of the same direction.  Furthermore, the fact that the time is more 

delayed (i.e., increased) in the sub-acute mTBI subjects versus the chronic subjects 

suggests the presence of rapid neural repair and recovery time post-injury.        

Second, both studies suggest a deficit of the sympathetic system in the mTBI 

population, namely a reduction in the sympathetic system’s output (i.e., reduced dilation 

velocity).  Both studies found significantly slower average dilation velocities in their 

mTBI groups versus their normal groups.    
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Study Similarities 

Instrumentation: Neuroptics PLR-200 monocular pupillometer 

Light stimulus: 180 micro Watts for 167 milliseconds 

Sampling rate: 32-frames/second 

Recording Duration: 5 seconds 

Significance level: p<0.05 

Methodology 

Capo Aponte et al., 2013 

Subjects: 20 blast mTBI vs. 20 non-

mTBI 

Mean Age (SD): 31.2 (7.4)  

Room illumination:  dim (i.e., ~3cd/m2)  

Methodology: measurements were 

recorded twice in the right eye then 

twice in the left eye with a 30-second 

interval between each recording 

Thiagarajan & Ciuffreda, 2015 

Subjects: 17 mTBI vs. 15 non-mTBI 

Mean Age (SD):  mTBI-31(6), non-

mTBI-26(5) 

Room illumination:  normal room 

illumination (~400 cd/m2)  

Methodology: measurements were 

repeated 3 times in each eye 

alternately, with a 1-minute interval 

between each recording  

Constriction Latency 
Yes (p=<0.001) No (p=0.07) 

(trend) 

Max. Constriction  Velocity No (p=0.19) Yes (p<0.001) 

Avg. Constriction Velocity Yes (p=0.003) Yes (p<0.001) 

Avg. Dilation Velocity Yes (p=0.001) Yes (p<0.001) 

T75 Dilation Recovery Yes (p=<0.001) No (p=0.16) 

Max. Pupil Diameter No (p=0.29) Yes (p=0.04) 

Min. Pupil Diameter No (p=0.14) No (p=0.39) 

Amplitude of Constriction 
No (p=0.10) 

(trend) 

Yes (p<0.001) 

 

Table 1.4:   A comparison of pupillometric parameters between the Capo-Aponte et al., 

2013 and the Thiagarajan & Ciuffreda, 2015 studies.  “Yes” and “No” signify 

statistically significant differences between mTBI and normal subjects in the respective 

studies.   
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Most of the pupillometric data that has been collected and analyzed thus far from 

visually-normal and mTBI subjects have been in the form of monocular pupillometric 

data.  Thus, the purpose of the present investigation was to fill this gap with more 

naturalistic binocular pupillometric measurements.  The parameter of binocularity should 

be added for analysis, as per the guidelines of the American Association of Neurological 

Surgeons and of the Brain Trauma Foundation, severe TBI patients should all be 

evaluated for asymmetries in pupil diameter as well as PLR kinetics (Chestnut et al., 1994 

& 2000).  Thus, the asymmetries commonly present in severe TBI may also be present in 

mild TBI, but of a more subtle nature, and thus remain unknown.  While traditionally 

(with the use a penlight or transilluminator), these pupillary asymmetries have not been 

detected in the mild TBI population, it is possible that with modern, more sensitive 

automated pupillometry, they could be detected.  Lastly, there are no data on the potential 

influence of photosensitivity on pupillometric findings.     

 

1.5  PHOTOSENSITIVITY 

     1.5.1 Photosensitivity – basic definition and prevalence 

Photosensitivity (PS) can be broadly defined as a symptom of mild to extreme 

visual discomfort in the presence of normal light levels, that is light levels that normally 

do not provoke the sensation of visual discomfort in others (Digre & Brennan, 2012).  Its 

presence and magnitude of effect are conveyed through general patient complaints and/or 

specific visual symptoms.   As of yet, no objective tests have been developed for its 

diagnosis, quantification, and subsequent remediation and/or treatment.   
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The symptom of photosensitivity is common in the mTBI population (i.e., ~10% 

in normals and ~50% in TBI patients) (Capo-Aponte et al., 2012; Truong et al., 2014).   

However, there has been a paucity of studies specifically focusing on the etiology of 

photosensitivity in this diagnostic group.    

While there are multiple possible etiologies for the phenomenon of PS, such as 

tear film disruption, iritis, pupillary trauma, and crystalline lens opacities, to name a few 

(Digre & Brennan, 2012), the etiology for the others is less clear.  For example, there are 

cases in which patients chronically complain of PS, even after the aforementioned causes 

have been treated or ruled out.  In these cases of “idiopathic” PS, the etiology is unknown 

by conventional clinical approaches (Digre & Brennan, 2012). 

 

     1.5.2  Photosensitivity in mTBI 

It is has been speculated that the visual system’s baseline sensitivity, or threshold 

for light, may be altered in some manner subsequent to brain injury (Du et al., 2005).   

Recent discoveries suggest that ipRGCs may play a role in establishing and setting the 

overall brightness level perception (Brown et al., 2010; Lok, 2011).  Fortuitously, a 

recent paper by Park et al. (Park et al., 2011) has delineated a method for isolating the 

ipRGC response through automated pupillometry.  Thus, if the ipRGCs play a role in the 

perception of brightness, then  by isolating and comparing the ipRGC response in PS and 

non-PS subjects, one should see a difference.  And, this difference could serve as an 

objective biomarker of photosensitivity.  This is one of the objectives of the present 

study.    
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Chapter 2 

THESIS PREAMBLE 

2.1  INTRODUCTION 

     2.1.1  Mild traumatic brain injury (mTBI) 

Since time immemorial, humans have suffered from mild traumatic brain injury 

(mTBI).  However, only in relatively recent times has mTBI become a major medical and 

public health concern.   This is in part due to both its rising prevalence and awareness 

worldwide across a breadth of spheres including sports-related injuries (e.g., football and 

boxing), motor vehicle accidents, and battlefield injuries of the military (Suchoff et al., 

2001; Guskiewicz et al., 2003; Capo-Aponte et al., 2012).   mTBI is caused by either a 

direct blow to the head or by acceleration forces, such as a nearby explosion that causes a 

violent shaking of the brain within the cranium in a back-and-forth motion known as 

“coup-contrecoup”.   This rapid, oscillatory motion disrupts normal functioning of the 

brain and leads to a variety of symptoms, such as headache, dizziness, fatigue, 

photosensitivity, cognitive impairment, emotional instability, and sleep disturbances, to 

name a few (CDC, 2003; Thiagarajan, 2012; Truong et al., 2014).  While many of these 

symptoms are transient and resolve within days to weeks, many symptoms are chronic 

and can endure for years, thus causing severe disability and hardship for those affected.  

     2.1.2  The diagnoses of mild traumatic brain injury (mTBI) 

Although mTBI is major worldwide public health and medical concern, at its 

core, the diagnosis of mTBI is frequently a difficult one, because there is no standardized 

objective biomarker for its presence.  As such, current diagnosis for mTBI is based on a 
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history of head trauma and related symptoms, both of which are, at times, difficult to 

ascertain and confirm.  Concerning head trauma, everyone (especially children) has hit 

their head at times, but what “head hit” is considered “a history of head trauma”, and 

what is just an unremarkable passing incident.  The line that separates these two entities 

is fuzzy and dependent on human judgment.  Concerning symptoms, there are many 

associated with mTBI, as mentioned above.  Unfortunately, many of these symptoms also 

occur independent of mTBI.   Patients without a history of head trauma may experience 

headache, dizziness, and fatigue, etc., in isolation.  Thus, a diagnoses of mTBI based 

solely on these symptoms may be difficult.  To add further confusion to the mTBI 

diagnostic dilemma, the resolution time of mTBI varies significantly from individual to 

individual.  While many with mTBI may appear to resolve relatively quickly, that is 

within weeks (Anderson, 2006), many others suffer for longer periods of time.  It is not 

uncommon for mTBI symptoms to persist for months to years (Anderson, 2006).  Thus, 

mTBI is a condition that can greatly benefit from a precise method of objective detection, 

diagnosis, and monitoring, as it would greatly assist in the successful treatment and 

management of the condition.    

     2.1.3  The search for an objective mTBI visual biomarker 

The search for an mTBI visual biomarker has been ongoing for years.  Much of 

the early work seeking to find mTBI diagnostic biomarkers has focused on oculomotor 

deficiencies, such as accommodative, convergence, fixation, saccadic, and pursuit deficits 

(Kapoor & Ciuffreda,  2002; Ciuffreda et al., 2007; Green et al., 2010).  While these 

results produced very useful oculomotor-based mTBI biomarkers, there exists a few 

unfortunate shortcomings:  1) oculomotor deficiencies can exist independently of mTBI, 
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such as convergence insufficiency, or accommodative insufficiency, 2) the detection of 

these oculomotor deficiencies frequently requires advanced training and skilled 

practitioner abilities; that is, it is contingent upon the observer’s experience and 

observational skills,  and 3)  an uncooperative patient could complicate the testing.   

Thus, a convenient, easily attained, objective test for the diagnosis of mTBI is still 

needed and desired. 

 

     2.1.4   Potential role for pupillometry as an objective mTBI visual biomarker  

Pupillometry is the science of pupillary measurements.   The human pupil has 

been a source of fascination for observation and reflection for millennia.  Many ancient 

people, as well as contemporaries, believed it to be “the window to the soul”.   However, 

only relatively recently has technology advanced sufficiently to allow precise study of 

pupillary dynamics, thus converting the field of pupillometry into a true scientific 

endeavor.  In the last century, great technological advancements have been made, thus 

allowing physicians and researchers more precise measurements of the pupil for accurate 

study and analysis (Reeves, 1920; Lowenstein & Loewenfeld, 1958; Zinn, 1972;  

Loewenfeld, 1977; Loewenfeld & Lowenstein, 1993).   Today, with state-of-the-art 

technology in eye tracking, infra-red videography, and high-speed computer analysis and 

automation, pupillometry has greater resolution and preciseness than ever before.   
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     2.1.5  Pupillometry and mTBI 

Pupillometry has the potential to be the ideal vehicle for serving as an objective 

biomarker for mTBI.  mTBI is a condition which results from violent shaking of the brain 

within the cranium, which then leads to diffuse damage of the brain circuitry, as 

described earlier.  Given the extensive neural network of the human pupillary system, 

including its binocularity, and its sympathetic and parasympathetic innervation pathways, 

a mild traumatic brain injury (mTBI) is likely to compromise precise pupillary control, 

thus possibly causing pupillary asymmetry and pupillary dysfunction.  Therefore, what is 

needed is an instrument to detect these changes.  However, considering that the pupillary 

changes in mTBI are apparently subtle in nature, the instrumentation would need to be 

highly sensitive to detect these subtle changes.   Modern pupillometry may prove to be 

that instrument.    Pupillometry has unique and special characteristics that allow it to 

bypass many of the concerns related to oculomotor deficiency-based biomarkers.  For 

example, the pupillary light reflex (PLR) is controlled by the autonomic system, and as 

such, it lies below the level of consciousness, and thus is free of patient intention and 

interference.   A patient cannot purposefully refuse to constrict or dilate his or her pupils, 

since the PLR is an automatic/involuntary reflexive response to light.  Pupillometry is a 

true objective test of neuronal circuitry integrity.    

Furthermore, modern pupillometry is easy, convenient, and quick to perform.  

Very little training is required to obtain reliable data for much of the available 

instrumentation.   For these reasons, pupillometry has the potential to be the perfect 

visual biomarker for mTBI.   
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     2.1.6   Prior work in pupillometry in mTBI 

There have only been two studies in the area of pupillometry in mTBI, and they 

both incorporated monocular pupillometry (Capo-Aponte et al., 2013; Thiagarajan & 

Ciuffreda, 2015).  These studies attempted to find objective pupillometric differences 

between normal individuals and those with mTBI.  However, they yielded equivocal 

results for some key parameters.  Furthermore, most of the data involved monocular 

pupillometric recordings.  As such, there remain many gaps in the basic and clinical 

science of pupillometry.   For example, very little is known regarding pupillary symmetry 

(or lack thereof) in mTBI.  Another gap in the literature concerns one of mTBI’s most 

prominent and prevalent conditions, namely photosensitivity.  Thus far, there have not 

been any studies which have investigated whether the PLR per se can be used in the 

objectively-based, differential diagnosis for photosensitivity.  It is plausible that there 

should be evidence of photosensitivity in the PLR of those who are photosensitive, since 

photosensitivity is a subjective response to light, while the PLR is the objective response 

to light.  Pupillometrics may be the ideal vehicle for comparing these two phenomena. 

 

2.2  GENERAL RATIONALE AND AIM OF THE DISSERTATION 

 The general aim of this dissertation is to explore binocular pupillometry 

comprehensively in normal healthy, mTBI, and photosensitive individuals of both groups.    
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2.3   OBJECTIVES 

1. To assess binocular, static and dynamic, objectively-based, automated 

pupillometrics in the visually-normal adult population under low photopic test 

room conditions.  This has never been performed before in a controlled 

laboratory setting.  In addition, this data base will serve as the comparison 

normative group for the present study in the mTBI population.  Three stimulus 

characteristics will be assessed: light intensity, duration, and color/wavelength. 

     

2. To assess binocular, static and dynamic, objectively-based, automated 

pupillometrics in the adult mTBI population under low photopic test room 

conditions for determination of abnormal parameters, with these having the 

potential for being objective biomarkers for detecting the presence of mTBI.  

This has never been performed before in this population under binocular-

testing conditions.  This information will also provide insight into the possible 

neural sites and mechanisms underlying these deficits.  Lastly, these data will 

be compared statistically with our normative data base in #1 above.    

 

2.4  HYPOTHESES 

Primary:  Due to the mild traumatic brain injury, especially diffuse axonal 

injury, the pupillometric findings in the mTBI population will be slowed and 

reduced as compared to the visually-normal cohort. 
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Secondary: Due to the traumatic brain injury and to the symptom of 

photosensitivity in a subset of this population, the pupillometric findings in 

those with photosensitivity will be different than in those without 

photosensitivity.   
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Chapter 3 

METHODS 

3.1.  Overview 

This dissertation is comprised of four studies.  They are in chapters 8-11 with 

each comprising its own chapter.    While all of the studies share the overarching goal of 

comprehensively examining and investigating the two phenomena of mTBI and 

photosensitivity, each had its own unique questions to answer.  Thus, each study had its 

own unique methodological attributes and peculiarities to accomplish the intended task.   

However, beyond their individual distinctiveness, there were many commonalities.   Of 

the four studies, the three studies in chapters 9, 10, and 11 endeavored to investigate the 

pupillary light reflex (PLR) in the two conditions of interest, namely mTBI and 

photosensitivity, in the research laboratory.  The fourth study (chapter 8) was a separate 

endeavor of a retrospective nature to investigate the natural history of photosensitivity in 

mTBI (i.e., whether photosensitivity changes over time, and if so, what factors may be 

related to the change).  The detailed methodology of each paper is included in its 

respective chapter.  The purpose of the present methods section is to provide an overview 

of the general methodology of the entire dissertation, its concepts, and the rationale 

behind them. 

 

3.2.  Methodology for the three pupillometric studies 

In the three laboratory-based pupillometric studies (chapters 9-11), a 

comprehensive investigation of the PLR parameters was assessed in both the normal and 

the mTBI populations, both with and without photosensitivity, using light stimuli varying 
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in luminance, duration, and color.  This was done to maximize the potential for eliciting 

the optimal test condition(s) and PLR parameter(s) for possible differentiation between 

normal and mTBI, as well as photosensitive versus non-photosensitive.   On one extreme, 

brief (i.e., 100 ms), low-intensity (i.e., 4 lux), white light stimuli were used to elicit 

threshold-type responses in an attempt to reveal mild/subtle deficits, which might 

otherwise be embedded, and thus masked, with more intense stimuli due to their more 

robust responses and possible saturation effects.   On the other extreme, relatively long-

duration (i.e., 1,000 ms), high-intensity (i.e., 251 lux), white light stimuli were used to 

elicit near peak, or maximum, responses to reveal possible deficits in optimum 

performance following a strong drive to the pupillary system.    Furthermore, with the 

desire to investigate possible melanopsin ganglionic cell involvement, long-duration, 

high-intensity, red and blue stimuli were used to assess the melanopsin cell response, 

known as the “sustained constriction response” (Park et al. 2011; Kuburas et al. 2014).  

 

     3.2.1  Subjects 

The three laboratory-based pupillometric studies shared the same subject base, 

which was comprised of normal (non-mTBI) subjects, with and without photosensitivity, 

and individuals with mTBI, again both with and without photosensitivity.   There were 

thirty-two individuals medically diagnosed with mTBI (mean age: 37+11 years, range 21-

60 years, mean refractive error: -1.42  +  2.42 diopters), and forty normal, control 

subjects (mean age: 33 + 12 years, range 22-56 years,  mean refractive error: -2.33 + 2.85 

diopters).  The mean age and refractive error between these two groups were not 

statistically different (p > 0.05).  The age range and the gender distribution of the two 
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groups were also similar.  In the normal control group, six (15%) reported 

photosensitivity, while it was 22 (65%) in the mTBI group.   These photosensitivity 

prevalence values agree with the literature (Capo-Aponte et al., 2012; Truong et al., 

2014).  

All subjects were required to have a recent comprehensive vision examination 

(refractive, binocular, and ocular health status) within the past year prior for participation 

in the study.  All had corrected visual acuity of 20/25 or better in each eye. All had stable 

general health, that is, all were ambulatory and living independent lives.  None had any 

ocular opacity that could reduce the amount of light entering the pupil.  Furthermore, 

none were taking any medications, nor had any neurological, systemic, or ocular 

condition that could affect their pupillary responsivity.  Lastly, none had a relative 

afferent pupillary defect (RAPD) as determined by the conventional clinical swinging 

flashlight test (Zinn, 1972).   

All with mTBI were medically documented in local New York City hospitals 

(e.g., NYU Medical Center) by professionals, such as neurologists and physiatrists, using 

standard clinical criteria, such as the Glascow Coma Scale 5 (Teasdale & Jennett, 1974).  

A history of head trauma was based on one or more of the following:  1. loss of 

consciousness of less than 30 minutes; 2. alteration of consciousness or mental state of 

less than 24 hours; and 3. post-traumatic amnesia of events immediately before or after 

the trauma (American Congress of Rehabilitation Medicine, 1993; McAllister, 2005).  

Those with visual signs and/or visual symptoms related to their mTBI were referred to 

the Raymond J. Greenwald Vision Rehabilitation Center at the State University of New 

York (SUNY), College of Optometry, for a comprehensive vision evaluation.  This 
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included refractive, binocular, and health status.  Their visual symptoms were typical of 

those with mTBI (Kapoor & Ciufreda, 2002; Ciuffreda et al., 2007), including 

oculomotor dysfunctions, such as accommodative and/or convergence problems leading 

to reading problems, blur, headaches, and photosensitivity, to name a few.   All with 

mTBI were in the chronic phase of recovery (i.e., greater than 45 days post-injury) 

(Capo-Aponte et al., 2012; Stapert et al., 2006; Capo-Aponte et al., 2016). 

All normal subjects were recruited from the SUNY college population.  They 

comprised of students, staff, and friends.  None had a history of either TBI or eye trauma, 

or any ocular/systemic/neurological disorder.   

The study was approved by the SUNY Institutional Review Board (IRB).  Written 

informed consent was obtained from all individuals prior to their participation.   
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     3.2.2  Apparatus 

The Neuroptics DP-2000 binocular pupillometer (http://www.neuroptics.com) 

was used to assess the static and dynamic pupillary states in the laboratory.  See Figure 

3.1.    

 

Figure 3.1:  Subject being tested in the Neuroptics DP-2000 laboratory-based binocular 

pupillometer. The device is comprised of an infrared illumination source, an optical 

scanner, a computer, and dual cameras.  The dynamic pupillary diameters of each eye 

are displayed on the computer screen for on-line visual inspection and recorded for 

subsequent off-line quantitative data and statistical analysis.  (Used with permission, 

Neuroptics Inc.) 

 

This system is commercially-available and is FDA waived for research.   It has 

four major components: an infrared illumination source, an optical scanner, a laptop 

computer, and dual video cameras for simultaneous binocular tracking, recording, 

display, and data analyses.  It has a sampling rate of 30Hz (i.e., 33 samples/sec), which 

satisfies the Nyquist sampling criterion to yield high-fidelity dynamic response 



57 

 

trajectories (Stark, 1968).  Resolution is 0.05 mm per the manufacturer’s data sheet.  Its 

main advantages are: 1) it can readily change from monocular to binocular stimulus 

mode, as well as monocular to binocular recording mode, and 2) its stimulus 

characteristics are wide-ranging and readily customizable.   Background illumination can 

range from 0.2 – 3.2 log lux (i.e., 1.58 - 1,585 lux), and stimulus intensity can range from 

0.2 – 3.2 log lux.  The test stimulus can be either broad spectrum white light, or narrow 

spectrum red, green, or blue light, with spectral peaks of 622, 528, and 463 nanometers, 

respectively.  In the present studies, the green light was not used.   

The stimulus illumination was emitted through a diffusing screen that had a visual 

angle of approximately 50
0
 horizontally and 35

0
 vertically.  Thus, the light stimulus 

encompassed the subject’s entire central and near peripheral visual field.  Due to the 

diffuse stimulus nature, the wearing of a refractive correction was not necessary, as the 

PLR would be the same with or without refractive correction (Orr et al., 2015).  Thus, 

individuals were positioned within the apparatus without their spectacle correction in 

place, which allowed for better alignment within the apparatus.  Contact lenses were not 

worn during testing to avoid possible dry eye complications, which would impair the 

quality of the video image of the pupils and degrade the integrity of the recordings.     

The pupillometer’s software automatically measured and quantitatively analysed 

the following seven parameters: baseline pupil diameter (i.e., steady-state diameter before 

the light stimulus is presented), minimum pupil diameter (i.e., diameter at maximum 

constriction following the stimulus presentation), response amplitude (i.e., the difference 

between the maximum and the minimum pupillary diameters), response latency (i.e., the 

time between the stimulus onset and initiation of the constriction response; reaction 
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time), mean constriction and dilation velocities, and maximum (or peak) constriction 

velocity.  In addition, the pupillometer also provides a raw numeric data stream of 

pupillary diameter over time, thus allowing for calculations of non-standard/more unique 

parameters as needed for the specific study requirements.  Examples of these other 

parameters, which were used in this dissertation, were peak dilation velocity (PDV), the 6 

second post-stimulus pupil diameter (6PSPD), and redilation recovery times (i.e., T50, 

T63, and T75 times, that is the time to recover/redilate to 50%, 63%, and 75% of the 

initial baseline diameter, respectively).   Microsoft Excel 2010 was used to make these 

calculations.    

 

     3.2.3  Experimental Procedures 

There were four general steps to the experimental procedure which the three 

studies shared:   

1) First, subjects sat in the dim laboratory room of approximately 5 lux for 

10 minutes to allow for visual adaptation to occur (Birch, 2003).  This low 

illumination was also used to allow the pupils to dilate to a considerable diameter, 

and hence result in a large dynamic pupillary response subsequent to light 

stimulation.   All testing was performed under the same dim room illumination.     

2) The subject was aligned within the pupillometer as shown in the Figure 

3.1 and was instructed to gaze straight ahead.  They were also directed to blink 

minimally to reduce response artifacts during the recording period, which if 

present were deleted from the data analysis; this accounted for less than 5% of the 
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test trials.  Blinking was also controlled by the experimenter as needed during 

testing.     

3)  The test trials were then initiated.  The stimulus was presented to both 

eyes, and the response was recorded.   In total, there were six stimulus conditions: 

dim white pulse, dim white step, bright white pulse, bright white step, bright red 

step, and bright blue step.  The sequence of stimulus presentation was randomized 

to minimize response order effects.  There were three trials for each stimulus 

condition, which were then averaged in the analysis for each subject.  

Specification of stimulus intensity was: dim = 4 lux, bright = 251 lux.   

Specification of stimulus duration was:  pulse = 100ms, and step = 1,000ms.  A 

labeled schematic pupillary response is presented in Figure 3.2 depicting (A) the 

tested pupillary parameters and (B) the six stimulus conditions.   By definition, a 

pulse represents a stimulus duration considerably shorter than the particular 

system’s mean latency, whereas a step represents a stimulus duration considerably 

longer than the particular system’s latency (Ciuffreda & Tannen, 1995). 

 

4)  After each individual test trial, the subject rested and remained in the 

dim illumination of the laboratory room to regain and obtain a similar pre-test 

visual adaptation level and baseline pupil diameter.  Duration of this inter-trial 

period varied depending on the stimulus; it was one minute after either a white or 

red stimulus presentation, and two minutes after a blue stimulus presentation, 

which was dependent on receptor properties (Park et al., 2011).   For example, 

bright blue light stimulates the ipRGCs, and thus longer recovery time is required 
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(Park et al., 2011).  These visual adaptation times were found to be more than 

sufficient for the present test conditions (Park et al., 2011).  Additional rest 

periods were incorporated as requested by the subject.    
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Figure 3.2:  Top: Schematic representation of a pupil response profile and the associated pupil 

parameters assessed as indicated by the open circles.  The prestimulus time is 0.5 seconds, and 

the post-stimulus time is 6.0 seconds.  Bottom: Schematic representation of the six experimental 

test stimulus conditions.  The x-axis represents the relative time, and the y-axis represents the 

relative stimulus intensity.  Dim = 4 lux, Bright = 251 lux, Pulse = 100ms, and Step = 1,000ms. 
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3.2.4  Statistical Analyses 

Three trials were performed for each parameter per each condition.  The three 

trials were averaged for each subject.  Then, subject means in each group were averaged 

for each parameter per each condition.  For each test parameter and each condition, the 

two-tailed, independent t-test was performed comparing the two groups.  The alpha level 

for significance was set at p < 0.05.   Power calculations revealed that our sample size for 

each group exceeded the typical power requirement of 80%.    

 

     3.2.5  Repeatability 

 Repeatability was assessed in four subjects (two from the mTBI group and two 

from the normal group) with respect to all parameters across all conditions using the 

coefficient of variation (CV) analysis (Brown, 1998).   

 

3.3  Methodology for the retrospective study of photosensitivity in mTBI 

 For this retrospective study, a computer query was conducted using convenience 

sampling for all adult patients between 18 and 40 years of age, who were examined at the 

SUNY College of Optometry clinics, Optometric Center of New York, within an eight 

year period (between January 1
st
, 2004 to December 31

st
, 2011).  Older individuals (>40 

years of age) were not included to avoid possible confounding diagnoses, such as 

presbyopia, macular degeneration, and cataracts.  The following codes were initially used 

in the probe: ICD-9-CM code 368.13 (photosensitivity) and/or the local SUNY optometry 

codes V2744, V2745 and V2762 (in-house ordering of tinted lenses).  However, only 

patients with medically-documented mTBI and with clinically-documented 
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photosensitivity were selected for the final analyses based on the presence of this 

symptom in their detailed case history.   All vision examinations were performed by 

optometrists in the Raymond J. Greenwald Rehabilitation Center (RJGRC) at the SUNY 

College of Optometry.  All were clinic outpatients.  The majority were referred from 

rehabilitation professionals at local hospitals, as well as the college’s clinics. Patients 

having obvious anatomical and related etiologies for their photosensitivity, such as post-

lasik photosensitivity, significant dry eye, iritis, aniridia, cataract, and central serous 

retinopathy, were excluded.   

This query produced 62 patient charts.  Each spanned the entire period of the 

patient’s care at the clinic, with an average of 2.33 + 2.50 years, and a range of 1 month 

to 10 years.  The average time since the brain injury producing the symptom of 

photosensitivity was 3.08 + 2.23 years, with a range of 2 months to 18 years.  All charts 

were reviewed by one individual (i.e., the author of this dissertation), who is a licensed 

optometrist with 16 years of optometric clinical experience (including mTBI).  The 

patient charts were tabulated for the following factors: gender, age at the provocative 

brain injury, refractive status, dry eye, medications, contact lens usage, tinted 

lenses/sunglass usage, change in tint density over time, visual field defect type, 

photosensitivity type, photosensitivity changes over time, number of brain injuries, types 

of therapy received, other sensory hypersensitivities (e.g., visual motion), and other 

visual dysfunctions (e.g., accommodative, vergence, general oculomotor).  Once 

tabulated, the data were analyzed with respect to frequency, percentage, and trends over 

time.  All factors were compared with respect to a decrease in photosensitivity using the 

binomial test for statistical significance at the level of p<0.05.   
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Chapter 4 

RESULTS – AN OVERVIEW 

 

4.1  REPRESENTATIVE BINOCULAR PUPILLARY RESPONSES 

Representative binocular (right and left eye) dynamic pupil responses in a sample 

subject for the three bright step stimulus conditions are presented in Figure 4.1:      

      

Figure 4.1:  Shown are the pupillary response traces for each eye after presentation of a 

1 second bright step stimulus.  x-axis: time in seconds, y-axis: pupil diameter in mm. 
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Overall, the global trajectories of the dynamic pupil responses for the bright white 

and bright red step stimuli were similar, whereas they were both notably different from 

that of the bright blue step stimulus, in both groups.  The pupil responses to both the 

white and red stimuli were consistent with the classic/traditional pupil response profile 

(Lowenfeld & Lowenstein, 1993), wherein there is a fast constriction phase, followed by 

an initially fast dilation phase, which then transitions into a slower dilation phase.    In 

contrast, while the response to the bright blue step stimulus also exhibits a fast 

constriction phase, it is followed by a very slow dilation phase known as the “sustained 

constriction response” (Park et al., 2011).    

 

4.2  OCULAR SYMMETRY 

     4.2.1  Static inter-ocular pupillary asymmetry (IOPA) 

Static inter-ocular pupillary asymmetry (IOPA) refers to the steady-state 

difference in pupillary diameter between the two eyes under constant illumination 

conditions.  This is also known clinically as anisocoria.  The data for static IOPA in the 

two populations are presented in Table 4.1.  In the normal population, the average static 

IOPA was 0.26 + 0.20mm or 3.93 + 3.03%.  In the mTBI population, the average was 

0.26mm + 0.19 mm or 4.48 + 3.57%.   While the mTBI average was numerically larger 

by percentage, it was not statistically different than that found in the normal group (p > 

0.05).  Thus, combining the two groups together for a better global parameter estimate, 

the average static IOPA was 0.26 + 0.20 or 4.17 + 3.29%. 
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Table 4.1:   The average static inter-ocular pupillary asymmetry (IOPA) for the normal 

(top) and mTBI (middle) groups is shown.  The average between the normal and mTBI 

groups were not statistically different (p > 0.05).  Thus, the two data groups were 

combined (bottom) for a better global parameter estimate.   Δ mm = millimeter difference, 

and Δ% = percentage difference.   

  

     4.2.2  Dynamic inter-ocular pupillary asymmetry (IOPA) 

Dynamic inter-ocular pupillary asymmetry (IOPA) refers to the difference in 

amplitude of constriction following monocular light stimulation (with binocular 

recording).  The findings for dynamic IOPA are presented in Table 4.2.  The data are 

presented for the 4 test conditions, as well as the combined average across all four 

conditions.   The dynamic IOPA was not statistically different between the two groups (p 

> 0.05) under any of the four test conditions.  Thus, for a better global parameter 

 

 
 

    
     

   
Δ mm Δ % 

Normals (n=40) 
 

Average 0.26 3.93% 

  
SD 0.20 3.03% 

  
SEM 0.03 0.48% 

     mTBI (n=32) 
 

Average 0.26 4.48% 

  
SD 0.19 3.57% 

  
SEM 0.03 0.63% 

   
    Combined:               

normal & mTBI 
(n=72) 

 
Average 0.26 4.17% 

 
SD 0.20 3.29% 

 
SEM 0.02 0.39% 
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estimate, the data from the two groups were combined for each of the four test 

conditions.  The largest average dynamic asymmetry of 0.16mm (or 2.67%) occurred 

under the dim step condition, while the smallest average dynamic asymmetry of 0.09mm 

(or 1.36%) occurred under the bright step condition.  Lastly, when the data across all 4 

test conditions were combined across both groups, the “grand” average dynamic inter-

ocular asymmetry was 0.11mm (or 1.84%), with a standard deviation of 0.10mm (or 

1.70%).   

 

Table 4.2:  The dynamic inter-ocular pupillary asymmetry (IOPA) for the normal (A) and 

mTBI (B) groups are shown across the four conditions, as well as the combined average 

for both groups in each condition (C), and both groups across all conditions (D).     

Δ mm = millimeter difference, and Δ% = percentage difference.   
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4.2.3  Binocular pupillary response symmetry with binocular stimulation  

When the stimulus was presented to both eyes, there were no significant 

differences (p > 0.05) in binocular (or inter-ocular) pupillary response symmetry between 

the two eyes of any of the groups, namely normal, mTBI, and photosensitive.  That is, in 

each group, there was excellent binocular response symmetry, as demonstrated in Figure 

4.1.  Hence, for the binocular studies of this thesis, the mean response values between the 

two eyes were averaged and used as the basis for the statistical analyses. 

      

4.3  PLR DIFFERENCES BETWEEN THE NORMAL AND THE MTBI GROUPS 

The results show that there were many statistically significant differences (p < 

0.05) in the PLR parameters of the mTBI group versus the normal group.   Summary of 

the results is presented in two formats, in tabulated data form in Table 4.3, and in 

schematic form in Figure 4.2.   
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Table 4.3 (on previous page):  The results for each parameter (rows) are shown for each 

condition (columns).  Highlighted cells signify that the PLR parameter was statistically 

different (p < 0.05) between the two groups (normal and mTBI) under the specified test 

condition.   

 

 

Figure 4.2:  The same data summary as in Table 4.3, but in a schematic representation 

form.   The solid line represents the typical normal response, and the broken line 

represents the typical mTBI response.  The arrows depict the abnormal parameters found 

in the mTBI group as compared statistically to the normal group.    

 

 

The data revealed that different test conditions allowed for discrimination of 

different PLR parameters between the two groups.  For any of the given six test 
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conditions, 5 to 8 of the 9 pupillary parameters were statistically different (p < 0.05) 

between the two groups.  The overall trends show that the mTBI cohort had longer 

constriction latency times, slower velocities, and smaller pupil diameters (baseline, 

minimum, and 6PSPD).   The most consistent test condition was the bright red step 

stimulus, in which 8 of the 9 pupil parameters were significantly different between the 

two groups; only constriction amplitude was not.  The most consistent pupil parameters 

that differentiated between the two groups were the pupillary diameters (maximum, 

minimum, and 6SPSD; p < 0.01 under all 6 test conditions), and peak dilation velocity (p 

< 0.02, under all applicable conditions).  

Another approach for discerning these results is through the main sequence.   The 

main sequence plots the relation between response amplitude and its correlated velocity 

(Ellis, 1981; Bremner, 2011); Figure 4.3 presents the “main sequence” results for the 

normal and mTBI groups for the average and peak constriction velocities (A) and dilation 

velocities (B) under the optimal condition of a bright red step stimulus; the larger the 

response amplitude, the greater its velocity describes the basic relationship.  While the 

slope values of the main sequence profiles for both peak and average velocities were 

similar between the two groups, the mTBI group responses were typically below (i.e., 

offset) the normal group (p < 0.05 for all four velocity parameters under this optimal test 

condition). That is, for any given response amplitude, on average, the mTBI group 

exhibited slower velocities as compared to the normal group.   Furthermore, mean 

response variability (i.e., standard error) was always numerically larger in the mTBI 

group for all conditions. 
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Figure 4.3:  a) The main sequence for peak constriction velocity (top), and average 

constriction velocity (bottom), under the optimal test stimulus condition (bright red step),  

b) The main sequence for peak dilation velocity (top), and average dilation velocity 

(bottom)], under the optimal test stimulus condition (bright red step).  The solid line 

represents the normal group, and the broken line represents the mTBI group.    All four 

velocity parameters were significantly different (p < 0.05) under this condition, being 

slower in the mTBI group.  Avg CV = average constriction velocity, Peak CV = peak 

constriction velocity,  Avg DV = average dilation velocity, and Peak DV = peak dilation 

velocity.     
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For easier global visualization of all results, Figure 4.4 was produced.   It 

portrays a schematic pupil response summary of all findings across all conditions 

comparing the normal and mTBI groups.  Overall, the mTBI group had smaller pupil 

diameters and slower pupillary dynamics.   The smaller pupil diameters and peak dilation 

velocities were observed across all test conditions.  In contrast, the slower peak and 

average constriction and average dilation velocities, as well as the response amplitude, 

were only observed under some of the conditions.  See Figure 3.2 for specification of 

each parameter.     

 

 

Figure 4.4:  Schematic pupil response summary of all parameter findings across all 

conditions comparing normal (solid line) and mTBI (broken line) groups.   The solid 

circles represent those parameters which were different across all conditions, and the 

broken circles represent those parameters which were different across some conditions. 

See Figure 3.2 for specification of each parameter.      
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     4.3.1  Repeatability 

Repeatability was assessed in four subjects (two from the mTBI group and two 

from the normal group) with respect to all parameters across all conditions using the 

coefficient of variation (CV) analysis (Brown, 1998).  CV values can range from 0.00 to 

1.00; the smaller the value, the better the repeatability.  Across all parameters, the CV 

values in the mTBI group were small, with a mean of 0.07 and a range of 0.03 to 0.1.  In 

the normal control group, they were also very small, with a mean of 0.05 and a range of 

0.01 to 0.09.  Across all test conditions, the CV values in the mTBI group were small, 

with a mean of 0.07 and a range of 0.06 to 0.09.  In the normal group, they were also 

small, with a mean of 0.05 and a range of 0.03 to 0.09.    The average CV value of both 

groups across all parameters and across all conditions was 0.06.  These very low values 

across all parameters and conditions suggest excellent repeatability (Brown, 1998). 

 

 

4.4  PLR DIFFERENCES BETWEEN THE PHOTOSENSITIVE AND NON- 

       PHOTOSENSITIVE GROUPS 

The results show that there were several statistically significant differences (p < 

0.05) in the PLR of those with and without photosensitivity in each diagnostic group.   

However, these differences depended upon whether the photosensitivity was mTBI 

related.  MTBI subjects with photosensitivity manifested six significant differences (p < 

0.05) as compared with their non-photosensitive cohort: larger baseline diameter, larger 

minimum diameter, faster peak dilation velocity, faster T50 and T75 recovery times, and 

a larger pupil diameter at 6 seconds post-stimulus.   Normal subjects with 
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photosensitivity exhibited four significant differences (p < 0.05) as compared with their 

non-photosensitive cohort: larger constriction amplitude, faster average constriction 

velocity, faster peak constriction velocity, and slower recovery time.   

Summary of these results is presented in the following two formats, in tabulated 

form in Table 4.4, and in schematic form in Figure 4.5. 
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Table 4.4:  Combined subject data for mTBI and normal subjects (with versus without 

photosensitivity) (A) across all white and red conditions in mTBI subjects, (B) across the 

blue condition in mTBI subjects,  (C) across all white and red conditions in normal 

subjects, (D) across the blue condition in normal subjects.  Top value: average.  Lower 

value: standard error of the mean.  Highlighted cells indicate statistical significance (p < 

0.05).    

A.

age Rx

 Max Diam   

  (mm)

  Min Diam   

  (mm)

Amplitude 

(mm)              

     CLAT     

(sec)

    avgCV     

(mm/s)

maxCV 

(mm/s)

     avgDV    

 (mm/s)

    maxDV     

  (mm/s)

     T50       

(sec)

    T63.2      

(sec)

      T75       

(sec)

6 SPSD 

(mm)

37.77 -1.61 5.99 3.47 2.52 0.201 2.23 5.75 0.78 1.72 1.27 2.06 3.16 5.21

2.31 0.56 0.08 0.07 0.06 0.003 0.04 0.08 0.02 0.03 0.05 0.09 0.12 0.11

36.5 -1.00 5.64 3.16 2.49 0.207 2.16 5.58 0.76 1.59 1.45 2.36 3.65 4.84

3.86 0.59 0.12 0.09 0.08 0.003 0.06 0.12 0.03 0.05 0.07 0.14 0.19 0.17

T-Test 0.769 0.514 0.022 0.011 0.727 0.185 0.370 0.226 0.674 0.027 0.045 0.071 0.028 0.063

B.

age Rx

 Max Diam   

  (mm)

  Min Diam   

  (mm)

Amplitude 

(mm)              

     CLAT     

(sec)

    avgCV     

(mm/s)

maxCV 

(mm/s)

     avgDV    

 (mm/s)

    maxDV     

  (mm/s)

     T50       

(sec)

    T63.2      

(sec)

      T75       

(sec)

6 SPSD 

(mm)

37.77 -1.61 5.91 2.76 3.15 0.201 1.96 5.88 0.39 1.04 n/a n/a n/a 3.93

2.31 0.56 0.19 0.09 0.14 0.005 0.09 0.18 0.04 0.08 n/a n/a n/a 0.13

36.5 -1.00 5.58 2.55 3.04 0.199 1.87 5.55 0.30 0.85 n/a n/a n/a 3.39

3.86 0.59 0.27 0.12 0.2 0.004 0.11 0.25 0.05 0.11 n/a n/a n/a 0.17

T-Test 0.769 0.514 0.334 0.169 0.655 0.894 0.549 0.287 0.125 0.156 n/a n/a n/a 0.019

C.

age Rx

 Max Diam   

  (mm)

  Min Diam   

  (mm)

Amplitude 

(mm)              

     CLAT     

(sec)

    avgCV     

(mm/s)

maxCV 

(mm/s)

     avgDV    

 (mm/s)

    maxDV     

  (mm/s)

     T50       

(sec)

    T63.2      

(sec)

      T75       

(sec)

6 SPSD 

(mm)

25.17 -2.04 6.64 3.68 3.01 0.198 2.62 6.59 0.86 1.89 1.43 2.30 3.50 5.68

1.45 0.43 0.12 0.13 0.10 0.005 0.05 0.10 0.03 0.06 0.10 0.16 0.15 0.24

34.32 -2.38 6.49 3.85 2.64 0.190 2.36 5.95 0.83 1.92 1.19 2.03 3.27 5.79

2.11 0.22 0.07 0.07 0.04 0.002 0.03 0.07 0.01 0.03 0.03 0.06 0.08 0.13

T-Test 0.080 0.540 0.370 0.330 0.001 0.103 0.000 0.000 0.230 0.657 0.003 0.090 0.281 0.720

D.

age Rx

 Max Diam   

  (mm)

  Min Diam   

  (mm)

Amplitude 

(mm)              

     CLAT     

(sec)

    avgCV     

(mm/s)

maxCV 

(mm/s)

     avgDV    

 (mm/s)

    maxDV     

  (mm/s)

     T50       

(sec)

    T63.2      

(sec)

      T75       

(sec)

6 SPSD 

(mm)

25.17 -2.04 6.68 2.91 3.77 0.192 2.22 6.50 0.40 1.14 n/a n/a n/a 4.10

1.45 0.43 0.28 0.14 0.17 0.019 0.17 0.23 0.08 0.16 n/a n/a n/a 0.34

34.32 -2.38 6.33 3.03 3.30 0.188 2.12 6.06 0.40 1.11 n/a n/a n/a 4.27

2.11 0.22 0.16 0.09 0.10 0.004 0.05 0.13 0.03 0.05 n/a n/a n/a 0.11

T-Test 0.080 0.540 0.389 0.582 0.057 0.703 0.467 0.194 0.911 0.793 n/a n/a n/a 0.570

Statistically Significant (P < 0.05)

Photosensitive

Photosensitive vs nonPhotosensitive - in mTBI subjects across ALL White & Red conditions

Photosensitive vs nonPhotosenstive - in mTBI subjects across the Blue condition

Photosensitive

Not 

Photosensitive

Photosensitive

Not 

Photosensitive

Not 

Photosensitive

Photosensitive

Not 

Photosensitive

Photosensitive vs nonPhotosensitive - in Normal subjects across White & Red conditions

Photosensitive vs nonPhotosensitive - in Normal subjects across Blue condition
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Figure 4.5 :  Plotted is pupil diameter as a function of time.  (A) Schematic representation of the 

global average of white and red condition pupil response for the mTBI group.  (B) Schematic 

representation of the average bright blue step condition pupil responses for the mTBI group.  (C) 

Schematic representation of the global average of white and red condition pupil response for the 

normal group.  (D) Schematic representation of the average bright blue step condition pupil 

responses for the normal group.    The open circles indicate the statistically significant pupil 

parameters that differentiated those with versus without photosensitivity.   The triangles show 

the T50 and T75 response differences in the two profiles. 
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The results for the photosensitive and non-photosensitive subjects in each 

diagnostic group were initially evaluated across each of the 12 PLR parameters within 

each of the 6 test conditions using parametric t-test statistical analysis.  However, 

statistical significance was not achieved in most comparisons for the twelve individual 

parameters within each of the six test conditions, although several trends were noted (p < 

0.1).   Less powerful, non-parametric analysis could have been used, but it was decided 

not to do so in favor of the following.  To make the comparisons more robust and use the 

more powerful parametric analysis (t-test), data from some of the individual test 

conditions were combined and compared for a more global perspective. Specifically, data 

from the red and white conditions were combined, while data from the blue condition 

were evaluated separately.  The rationale for this lies within the underlying retinal 

receptor responses to the three stimuli and their associated PLR profiles.  All three 

stimuli elicited reasonably similar and rapid constriction responses, and thus produced 

very similar PLR profiles in this initial response phase.  However, they were distinctly 

different on the subsequent re-dilation phase.  Both the red and white stimuli produced a 

similar rapid re-dilation phase, whereas the blue stimuli produced a very slow re-dilation 

phase.  The reason for the difference is that the long, bright, blue light specifically 

stimulates the melanopsin cells, which when activated, invokes a strong sustained 

constriction response.  This in turn leads to a very slow re-dilation back to the baseline 

diameter (Hattar et al., 2002, Dacey et al., 2005, Brown et al., 2010, Park et al., 2011).  In 

contrast, both the red and the white light only marginally stimulate the melanopsin cells, 

and thus the sustained constriction response is minimally invoked, and a subsequent rapid 

re-dilation ensues (Park et al., 2011).         
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4.5  Other significant findings 

Aside from the pupillary data findings, there were other important findings.  They 

are as follows: 

4.5.1  Prevalence of photosensitivity as a function of mTBI diagnosis 

 The prevalence of photosensitivity was found to be 4.5 times greater in 

individuals with mTBI as compared to normal individuals.    Using the chi-square test, 

this was significant at the p < 0.01 level. 

4.5.2  Prevalence of photosensitivity as a function of time post-mTBI 

 Detailed case history results revealed that the prevalence of photosensitivity 

decreased slowly but considerably over time post-TBI injury.  Within this study’s 32 

mTBI subject cohort, all (100%) of the subjects that were queried and were within their 

1
st
 year since injury, were experiencing photosensitivity.  In contrast, only 67% of those 

queried within years 2 and 3 of their injury were experiencing photosensitivity, while 

only 54% of those at or greater than 4 years since their injury were experiencing 

photosensitivity.    

4.5.3  Prevalence of photosensitivity as a function of irides color 

 The prevalence of photosensitivity was 2.0 times greater in individuals with blue 

or hazel irides as compared to those with brown irides.   Using the chi-square test, this 

was significant at the p < 0.05 level. 
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4.6  Results from the retrospective study of photosensitivity in mTBI 

Sixty two charts of patients with the symptom of photosensitivity were analyzed.  

The majority (83%) were adults (18 years and over) at the time of the relevant brain 

injury (i.e., the specific injury which first led to their symptom of photosensitivity).  

There were 34 females and 28 males; see Table 4.5.   

 

Demographics of the 62 Subjects 

 
Gender Number Percentage 

Females 34 55% 

Males 28 45% 

 
Age at first 

brain injury Number Percentage 

< 18 years old 10 17% 

18-29 years old 30 48% 

30-40 years old 22 35% 
 

Table 4.5:  Demographics of the subjects.   Age in years at first brain injury which 

resulted in the symptom of  photosensitivity. 

 

The most common etiologies of the mTBI were motor vehicle accidents (44%), 

assaults (19%), sports injuries (16%), and falls (8%).   Table 4.6 provides a breakdown of 

the types of photosensitivity experienced based on the provocative light source.  Twenty-

six percent of the patients were specifically sensitive to fluorescent lighting, and 21% to 

all types of lighting. Ten percent were sensitive to outdoor lighting, while 6 percent were 
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sensitive to indoor lighting.  In approximately 35% of the cases, either the patient could 

not specify the light source, or the clinician did not ask and/or document this specific 

factor.   

 

Type of Problematic Lighting Condition Number Percentage 

Non-Specific 22 35% 
Fluorescent Lights 16 26% 

All Lighting Conditions 13 21% 
Outdoor Lighting 6 10% 
Indoor Lighting 4 6% 

Difficulty with Adaptation to New Light Levels 1 2% 

Total: 62 100% 
 

Table 4.6:  Light source provoking photosensitivity. 

 

For the purposes of the present study, refractive error was defined and categorized 

as follows:  emmetropia (-0.50 to +0.50 diopters), low myopia (-0.75 to -6.00 diopters), 

low hyperopia (+0.75 to +4.00 diopters), high myopia (>-6.00 diopters), high hyperopia 

(>+4.00 diopters), and astigmatism (>0.25 diopters).  The refractive error percentages 

found were: 55% emmetropia, 39% low myopia, 6% low hyperopia, 0% high myopia, 0% 

high hyperopia, and 26% astigmatism.      

Three questions probed specific aspects of photosensitivity.  1. Does 

photosensitivity change over time?;  2.  If so, what factors may be associated with these 

changes in photosensitivity?;  and, 3. Is there any perceptual/neural adaptation to tint 

density over time?  
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Question 1:  The data revealed that photosensitivity changed over time in 50% of 

the individuals, in most cases occurring after the first year post-injury.  See Figures 4.6 

and 4.7.   Figure 4.6 shows the course of photosensitivity over the first year versus over 

the subsequent years.  In the first year, 85% of the patients maintained the same degree of 

photosensitivity, while 10% decreased, 3% waxed and waned, and 1% reported an 

increase.  After the first year, however, only 42% maintained the same degree of 

photosensitivity, while 40% decreased in photosensitivity, 5% waxed and waned, and 2% 

reported an increase.  For 11% of the patients, no data were available past the 1st year.    

In summary, the present results showed that over time (i.e., years), a total of 50% of the 

patients reported reduced photosensitivity (i.e., 10% in the 1st year plus 40% after the 1st 

year), while 42% remained the same, 3% increased, and 5% waxed and waned.  
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Figure 4.6:  Course of photosensitivity over the 1
st
 year post-injury.  

 

 

 

Figure 4.7:  Course of photosensitivity after the 1
st
 year post-injury. 

 

 

 



84 

 

Question 2:  Several factors were associated with the aforementioned changes in 

photosensitivity; see Table 4.7.  First, regarding spectacle-based tinted lenses, 71% 

(p=0.01) of those who did not wear tinted lenses reported a decrease in PS, while only 36% 

(p=0.06) of those who did reported a decrease in PS.  Second, regarding soft contact lens 

usage (all non-tinted), 72% (p=0.03) of the patients who wore contact lenses reported a 

decrease in PS, while  43% (p=0.20) of those who did not reported a decrease in PS.  

Third, several specific comorbid factors of mTBI were associated with hindering, or 

inhibiting, PS reduction.  These included the presence of dry eye, migraines, hyperacusis, 

and loss of consciousness at the time of the provocative injury.  The percentage of 

patients with reported dry eye and who decreased in PS over time was 25% (p=0.04), in 

contrast to 57% (p=0.15) for those who did not report dry eye.  The percentage of patients 

with migraines who decreased in PS over time was 0% (p=0.03), in contrast to 53% 

(p=0.30) for those who did not report migraines.  The percentage of patients who 

experienced loss of consciousness at the time of the provocative brain injury and who 

decreased in light sensitivity over time was 32% (p=0.05), in contrast to 67% (p=0.09) 

for those who did not.   The percentage of patients with reported hyperacusis and who 

decreased in PS over time was 21% (p=0.03), in contrast to 56% (p=0.16) for those who 

did not report hyperacusis.  Lastly, there was a suggestion that tint usage also inhibited 

PS reduction (p=0.06).   All other factors were not statistically significant (i.e., they 

showed equal distribution (~50%) in PS reduction versus non-reduction over time). These 

factors were  gender, age at injury, number of brain injuries, refractive status, 

medications taken, visual field defect type, type of provocative illumination, types of 
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therapy received, and presence of other specific ocular dysfunctions (e.g., 

accommodative, vergence, oculomotor) and other sensory hypersensitivities.  

Question 3:  With regards to tint, 41 out of the 62 subjects (66%, p=0.004) wore 

tinted lenses initially.  Of this initial 41, the majority (71%, p=0.002) maintained the 

same tint density over time, while the minority (27%, p=0.002) decreased in tint density 

over time.  No subjects increased in tint density over time.  One subject  waxed and 

waned.  The average initial tint density was 27% (range 10-75%), in contrast to the 

average final tint density of 18% (range 0-50%).    
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Table 4.7:   Factors associated with change in photosensitivity. Note: although tint usage 

was not statistically significant (p > 0.05), at p < 0.06, it suggests a possible trend.  

* denotes statistical significance, p < 0.05.   
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Chapter 5 

DISCUSSION 

 

5.1  The benefit and utility of these findings to the field of mTBI 

Mild traumatic brain injury is a condition with rising prevalence and recognition.   

While it is accepted that the trauma in mTBI causes a disturbance in brain activity, what 

those precise disturbances are and how to objectively detect, track, and monitor them, is 

still relatively unknown.   Thus, mTBI is a condition that could benefit from 

identification of an objective biomarker. 

The integrity of the pupillary system has been shown to be an indicator of specific 

neurological conditions, as well as an overall indicator of neurological well-being (Zinn, 

1972; Loewenfeld & Lowenstein, 1993).   Since mTBI is a diffuse neurological 

disturbance, it stands to reason that there should be signs of pupillary responsivity deficits 

in mTBI.  Although previous studies on pupillometry in mTBI are sparse, they have 

demonstrated that the pupillary system is adversely affected in mTBI in many ways, per 

careful, quantitative, and objective documentation.   

The present findings supplement this small body of knowledge by providing a 

wealth of new data/information on the effects of mTBI on the pupillary system.  

Specifically, it provides new insights into: 1) pupillary symmetry in mTBI, 2) pupillary 

deficiencies in mTBI, and 3) pupillary findings in a very common sequelae of mTBI, 

namely photosensitivity.  Furthermore, it provides a means by which to implement these 
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results into service in the clinical setting through the use of receiver operating 

characteristics (ROC) curves (see later discussion).  

    

5.2  The pupillary light reflex (PLR) in mTBI 

Clinicians are trained to perform pupillary evaluations in all patients, especially in 

those with a history of brain injury.  In severe brain injury, clinicians are taught to be 

vigilant for common pupillary findings, such as gross pupillary asymmetry (in pupillary 

size or constriction amplitude), or dilated, fixed, and/or non-reactive pupils.  However, 

the same vigilance is not standard in the diagnoses and treatment of mTBI, as there is a 

paucity of information on this topic in mTBI.  The scant amount of pupillary information 

that is available for mTBI is fragmentary and not yet applied for clinical use.  As such, 

clinicians do not know what to expect in terms of pupillary findings in the mTBI 

population.   This dissertation was designed to address these shortcomings.  The findings 

of this dissertation should provide new information and insight for this topic.     

Present results and those of the two aforementioned previous studies (Capo-

Aponte et al., 2013; Thiagarajan & Ciuffreda, 2015) reveal that overall, the mTBI cohort 

had longer pupillary constriction latency, slower constriction and dilation pupillary 

velocities, and smaller pupillary diameters.  The etiologies of these deficits most likely 

involve a neurosensory processing delay in the PLR pathway and deficits of the 

autonomic nervous system, specifically involving the two autonomic subsystems, namely 

the parasympathetic and sympathetic systems. 
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     5.2.1  Pupillary symmetry in mTBI 

One of the key assessments of any comprehensive neurological and/or visual 

examination is evaluation of the pupillary system.  During this testing, clinicians 

generally check for its interocular symmetry.  The two specific types of pupillary 

asymmetry that they should be vigilant for are: 1) an asymmetry of pupillary diameters, 

clinically known as an anisocoria, and 2) an asymmetry of relative constriction 

amplitude, known as a relative afferent pupillary defect (RAPD).  Most clinicians have 

been taught that pupillary diameter asymmetry of less than 0.3-0.4 mm is considered 

normal (Loewenfeld, 1977; Lam et al., 1987), while an asymmetry of greater than this 

amount would be a cause for concern.  They also know that any detectable asymmetry in 

relative constriction is a cause for concern.  However, they do not know what to expect 

for pupillometric symmetry in the mTBI population.   The findings of this dissertation 

help clinicians to know “what to expect” in terms of pupillometric symmetry in the mTBI 

population.   It begins to provide a “conceptual model” of expectations in pupillary 

responsivity for this population.   

The present results reveal that while the presence of mTBI typically adversely 

affects the pupillary light reflex, these affects appear to be symmetrical rather than 

asymmetrical in nature.  That is, mild traumatic brain injury per se typically does not 

cause asymmetric pupillary damage and related asymmetric responsivity.  The present 

findings show that most mTBI patients have negligible pupillary asymmetry (i.e., 

anisocoria or a difference in constriction amplitude), similar to that which is found in the 

normal population.   
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From a physiological and anatomical perspective, these results “make sense”/ “are 

logical”.   Since the majority of the neural circuitry of the PLR is the same on both 

hemispheres of the brain (Loewenfeld & Lowenstein, 1993), it follows that both the 

direct and consensual response of the PLR are typically symmetrical. The small section 

of the neural circuitry that is exclusive to one hemisphere is the region anterior to the 

optic chiasm (i.e., the section from the retina to the optic chiasm).  At the chiasm, 

approximately 50% of the pupillary fibers decussate, and thus any defect or damage  

posterior to the chiasm should affect both pupils equally.   Since baseline pupillary 

diameter is primarily a function of the sympathetic system, and its primary innervation is 

the Edinger-Westphal nucleus, which ALL occurs post-chiasmal, it is not logical for most 

diffuse head trauma alone to cause an increase in the pupillary asymmetry per se.  Indeed, 

this is what was found.  Post-chiasmally, the circuitry of the PLR is the same on both 

hemispheres of the brain, and thus any defect posterior to the chiasm should affect both 

pupils equally.    

 

5.2.2  Neurosensory processing delay of the PLR in mTBI 

 

The finding of increased mean constriction latency in mTBI in the present study, 

as well as in the Capo-Aponte study (Capo-Aponte et al., 2013), suggests an afferent-

based, neurosensory processing delay in the PLR pathway.  Constriction latency was 

significantly slower in the mTBI group as compared with the normal group.  In the 

present study, this was found in 5 of the 6 test conditions; only under the most intense 

stimuli of a bright white step was there no statistical difference in latency between the 
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two groups.  Thus, the presence of increased latency was detected more readily and 

consistently for the less intense stimuli.   Constriction latency ranged, on average and 

across conditions, from 194 to 214 ms in mTBI as compared to 182 to 199 ms in the 

normals.    Neurophysiologically, it is well established that there is an inverse relation 

between stimulus intensity and response latency (Alpern & McCready, 1963; Loewenfeld 

& Lowenstein, 1993; Ellis, 1981) that is, as the intensity of the stimulus is reduced, the 

latency is increased, and vice versa.   This effect appears to be exacerbated in mTBI.    

Under the more intense stimuli, in which the corresponding responses would presumably 

be more rapid and robust, the more subtle latency deficiency was less evident.  This 

might be due to a response saturation effect that would, in effect, mask any transient and 

subtle response differences.  With a less intense stimulus, response saturation would not 

be predicted, and therefore the subtle latency deficiency would more likely become 

evident.   For example, under the least intense stimulus condition (i.e., dim pulse), the 

average group latency in the mTBI group was slower by 15 msecs (p = 0.008); under a 

more intense stimulus condition (i.e., bright pulse), the average group latency was slower 

by 13 msecs (p = 0.013); and under the most intense stimulus condition (i.e., bright step), 

the average latency was only delayed by 9 msec (p = 0.204) and was not significant.   

This stimulus intensity versus latency trade-off represents a general neurophysiological 

phenomenon (Ellis, 1981).  This result is also consistent with the more general finding in 

humans that a neurologically diseased/damaged visual pathway will demonstrate 

exacerbated and large response abnormalities when the stimulus luminance is reduced , 

for example in functional amblyopia with an organic overlay (Von Noorden & 

Maumenee 1967;  Ciuffreda et al. 1991).   
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5.2.3 Reduced parasympathetic pupillary innervation in mTBI 

The present results, and those of previous studies (Capo-Aponte et al., 2013; 

Thiagarajan & Ciuffreda, 2013), found that average constriction velocity (ACV), a 

parasympathetically-driven parameter, was significantly reduced in the mTBI group.  In 

the present study, this parameter deficiency was most statistically evident under the more 

intense stimuli conditions, but not in the least intense condition (i.e., dim pulse).  See 

Table 4.3.   This suggests that a greater stimulus drive is needed to generate higher 

response velocities to differentiate between the two groups.  Yet, peak constriction 

velocity (PCV) was not different between the two groups.   A possible explanation is that 

PCV is a reflection of the initial and rapid pre-programmed, neurological response 

portion to a stimulus (open-loop), while the ACV is more a reflection of the remaining 

slower response component averaged over time under visual feedback control (closed-

loop), with this latter aspect perhaps also reflecting, and thus being influenced by, a rapid 

visual adaptation effect (Loewenfeld & Lowenstein, 1993).  This dual-mode response and 

redilation mechanism is consistent with findings from other related oculomotor systems, 

such as accommodation (Hung & Ciuffreda, 1988) and vergence (Semmlow et al., 1986).  

That is, for these two systems, there is an initial pre-programmed response (i.e., the first 

150-200msec) that is followed by the remaining response (i.e., 600-800 msec) under 

visual feedback control.  Thus, a deficiency in the ACV only suggests deficiency in the 

second component, i.e., the neural feedback loop/mechanism of the PLR.   

Correspondingly, in the earlier two mTBI pupillometry studies (Capo-Aponte et al., 

2013; Thiagarajan & Ciuffreda, 2015), ACV was also found to be decreased, while the 
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findings for PCV were equivocal.  Hence, abnormal ACV was a consistent finding across 

the 3 studies, while PCV was not.   

 

5.2.4  Reduced sympathetic pupillary innervation in mTBI 

The present results revealed that pupil diameter was decreased and peak dilation 

velocity was slowered in mTBI.   These findings suggest abnormal efferent-based, 

sympathetic innervation of pupillary control in mTBI.   

Normal pupillary diameter and normal pupillary dilation are both functions of the 

sympathetic system, and they are likely both the result of two integrated sympathetic 

processes (Loewenfeld & Lowenstein, 1993; Kardon, 2011).  See Figure 5.1 (A and B) 

for normal sympathetic innervation and normal resulting pupillary states.  At rest, for 

example when asleep, the Edinger-Westphal Nucleus (EWN) spontaneously fires, thus 

continuously stimulating the iris sphincter to contract thereby resulting in pupillary 

constriction, and hence a smaller pupillary diameter.  When awake and aroused, the 

sympathetic system performs two complementary actions, which results in a large pupil 

and rapid dilation: (1) it inhibits the EWN, thus allowing the pupil sphincter to relax, 

thereby resulting in pupillary dilation, and (2) it stimulates the iris dilator to contract 

which further dilates the pupil.  Combined, these two complementary actions allow for a 

large pupillary diameter and quicker pupillary dilation in the normal awake state.   

In mTBI, the present findings reveal that pupil diameter is slightly smaller and 

pupillary dilation is slightly slower.  This suggests that while the sympathetic innervation 

is still present, it is reduced, and not as effective as a result of the trauma from mTBI (i.e., 
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a defect in sympathetic innervation involving these two processes).  See Figure 5.1 (C).  

Likely, the damaged mTBI sympathetic system can only partially inhibit the EWN, thus 

the EWN can still slightly stimulate the iris sphincter leading to a smaller pupillary 

contraction, thus resulting in a smaller pupil.  Furthermore, due to the mTBI, the 

damaged mTBI sympathetic system can less effectively innervate the iris dilator muscle, 

thus again resulting in only partial iris dilation, and thus a less large pupil diameter. 

 

Figure 5.1:  Sympathetic neuronal pathway for the PLR and likely effects of mTBI.    
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5.3  The pupillary light reflex (PLR) in photosensitivity 

 Photosensitivity, like mTBI, can be a vague diagnosis.   Hence, it too can benefit 

from an objective marker for its detection and monitoring.  The present results revealed 

several pupillary parameters that differed significantly between those with and without 

photosensitivity in both the normal non-mTBI and the mTBI groups.  Based on these 

results, a flowchart was developed to depict the possible interaction of possible neural 

substrates and selected pupillary parameters involved in photosensitivity.   See Figure 

5.2.   It proposes that photosensitivity may be a result of two types of neural 

dysfunctions: a dysfunction in the baseline light sensor, and/or a dysfunction in the neural 

perceptual gain of light.   

In contrast, the present results suggest that the photosensitivity in individuals with 

mTBI is more likely attributed to a dysfunction in baseline light sensor, since they 

manifested a larger pupil diameter throughout the entire dynamic PLR profile, as well as 

a more rapid return to baseline diameter as reflected in the faster peak dilation velocity, 

and related faster T50 and T75 times.    

The present results suggests that the photosensitivity in individuals without mTBI 

is more likely attributed to a dysfunction in the neural perceptual gain of light, since they 

exhibited more robust constriction in their PLR when exposed to light as reflected in their 

larger constriction amplitudes, faster constriction velocities, and more prolonged relative 

constriction time (i.e., slower T50 recovery time).   
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Figure 5.2:  Proposed photosensitivity flowchart to describe the possible mechanisms 

that may underlie the findings of the present study.  See text for details. 

 

The left side of Figure 5.2 depicts the baseline light sensor component.  This 

likely resides in the suprachiasmic nucleus within the hypothalamus (Klein et al., 1991; 

Ruby et al., 2002; Markwell et al., 2010).  An unaffected baseline light sensor would 

result in normal pupil diameters and normal constriction/dilation responses.  However, if 

dysfunctional/damaged, it could lead to a baseline pupil diameter offset or bias, which 

would offer a possible pupil-based reason for the photosensitivity, at least in part.  The 
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present data reveal that those with mTBI and photosensitivity exhibited a larger overall 

pupil diameter and a decreased sustained constriction response (i.e., more rapid re-

dilation).  This suggests that the pupil diameter offset is due to the presence of the mTBI.   

The larger pupil diameter and the more rapid re-dilation both have the effect of allowing 

more light into the eye, and subsequent related neural pathways, hence likely contributing 

to the symptom of photosensitivity.  Regarding the proposed affected baseline light 

sensor, there are two points that merit discussion.  First, dysfunction of the baseline light 

sensor would most likely involve the intrinsically-photosensitive retinal ganglion cells 

(ipRGCs).  IpRGCs are a relatively new class of photoreceptors which do not transmit 

image-forming information akin to their fellow rods and cones, but rather they transmit 

more global information regarding the ambient light level of the visual environment over 

time.  Hence, ipRGCs effectively play a role in establishing and setting the overall 

perception (i.e., gain) of light (Hattar et al., 2002; Dacey et al., 2005; Brown et al., 2010; 

Lok, 2011; Do & Yau, 2013).  The present 6SPSD results suggest that trauma from mTBI 

may decrease the robustness of the ipRGC system, as reflected in the decreased sustained 

constriction response, thus perhaps leading to the common symptom of photosensitivity 

in many with mTBI.   Second, this notion of an affected baseline light sensor is consistent 

with that of a previous study by Du et al., which found an apparent paradoxical increase 

in dark adaptation thresholds in many of the photosensitive, mTBI population (Du et al., 

2005).  That is, many individuals with mTBI and photosensitivity required more light 

before the detection of any light was perceived (i.e., elevated dark adaptation threshold).  

They speculated that this elevated neuro-sensory gain for threshold light perception then 
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carried over to all light levels, including suprathreshold light conditions, such that normal 

light levels would now yield a heightened brightness perception (i.e., photosensitivity).    

The right side of Figure 5.2 depicts the neural perceptual gain component. This 

may reside in the lateral geniculate nucleus (Gove et al., 1995; Cudeiro & Sillito, 2006).  

An unaffected neural perceptual gain would result in the normal perception of light, 

normal parasympathetic innervation when exposed to light, and hence normal pupillary 

constriction.  However, if dysfunctional/damaged, it could lead to a heightened sensation 

to light (i.e., photosensitivity).  This would result in a more robust constriction response 

when exposed to light, that is, a constriction response that is faster, of greater amplitude, 

and of longer duration.  This characteristic response was observed in the present PLR 

data of the normal individuals with photosensitivity.  However, this robust response was 

not found in those with mTBI and photosensitivity.  We speculate that those with mTBI 

may be incapable of exhibiting a robust constriction response, as their overall 

parasympathetic system is frequently adversely affected by the brain trauma (Capo-

Aponte et al., 2013; Thiagarajan & Ciuffreda, 2015).  That is, due to their head injury, 

there is a decrease in the effective innervation to the parasympathetic system, and thus 

their PLR is not robust, but in fact reduced, and hence contributing to their 

photosensitivity.   In summary, due to an affected neural perceptual gain, photosensitive 

individuals perceive light as being brighter; however, only the visually-normal individual 

can respond per their PLR in a robust manner, while those with mTBI cannot.                
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5.4  The potential of pupillometrics as objective visual biomarkers for mTBI  

     5.4.1  Receiver operating characteristic (ROC) curves 

In this section, signal detection theory and its graphical representation of a 

receiver operating characteristic (ROC) curve (Marcum, 1947; Green & Swets, 1966; 

Metz, 1978) were employed in an exploratory manner using selected pupillary parameters 

to develop and test for potential optimal objective biomarkers for mTBI and 

photosensitivity as suggested earlier (Capo-Aponte et al., 2013; Ciuffreda et al., 2014; 

Thiagarajan & Ciuffreda, 2015).  The present findings demonstrate that mTBI adversely 

affects the PLR in many ways.  Is it possible to use pupillometrics as an objective 

diagnostic indicator of mTBI?  The ROC curve is a graph which plots the true positive 

rate (TPR) against the false positive rate (FPR) using a range of different possible criteria 

in a particular diagnostic test.   It is a useful approach, as it quantitatively and graphically 

depicts the criterion-based trade-off between sensitivity and specificity: an increase in 

sensitivity is generally accompanied by a decrease in specificity.   The area under the 

curve (AUC) represents, or reflects, the predictive power of the parameter tested, with a 

range of AUC values from zero to one; the bigger the area/value, the better predictive 

ability.   

     

 5.4.2 Application of ROC curves for an objective mTBI diagnosis 

The first step in applying ROC curves for the objective diagnosis of mTBI was to 

determine which pupillary parameters would have the greatest potential for serving in 

such a capacity.  Thus, it was logical to select those parameters that had among the 
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smallest statistical p-values and also exhibited among the most consistency across test 

conditions in differentiating mTBI from normal.  Also, it was sensible to restrict the 

stimulus conditions to only white light conditions, as this is what clinicians have 

traditionally used and have the greatest familiarity.  Furthermore, white light is available 

in all automated pupillometer systems.  The selected parameters were latency, peak 

dilation velocity, and maximum diameter.  Figures 5.3 present ROC curves for these 

three selected individual pupillary parameters.  The AUC values ranged from 0.69 to 0.74 

(all values representing good predictive power), with PDV having the largest value of 

0.74.   Thus, under the stated condition, PDV would have the greatest potential to serve 

as a pupillary biomarker screening test parameter.  Depending on whether the emphasis is 

on sensitivity or specificity, the criterion can be varied accordingly.  For example (see 

Figure 5.3 table), if the PDV criterion value were set at 1.30 mm/sec, the specificity 

would be 95%, while the sensitivity would be 78.1%.   That is, approximately 78% of 

those with suspected mTBI would be correctly identified as having mTBI, while 95% of 

the normals would be correctly identified as being normal.     
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Figure 5.3:  ROC curves for the selected optimal pupillary parameters.  (a) parameter: 

latency, condition: dim pulse, (b) parameter: PDV, condition: bright step, (c) parameter: 

maximum diameter, condition: dim pulse.   



102 

 

5.4.2.1  Combining parameters for greater predictive value with an ROC  

  curve  

In an attempt to achieve an even higher AUC value, and thus a potentially better 

predictor, two parameters were combined to produce an ROC curve.  The two selected 

parameters were PDV and constriction latency.  See Figure 5.4.    In this combination 

and configuration, the latency criterion was set and fixed at 1 standard deviation higher 

than the normal mean, while the criterion for PDV was varied.  This resulted in a slightly 

higher AUC value of 0.78 (as compared to the 0.69 - 0.74 range for the aforementioned 

single parameter predictors).  This suggests that by combining two parameters, the 

overall predictive value may be slightly improved as compared with the use of only one 

parameter.  This concept of ROC deserves further exploration in the future, as the clinical 

ramifications are so important in mTBI patient care. 

 

 

 

 



103 

 

 

Figure 5.4.:  ROC curve for two selected parameters under different test conditions.  

Cutpoints for PDV and constriction latency were combined to produce this ROC curve.  

The latency cutpoint was set at 1 standard deviation longer than the normal mean, while 

the cutpoint for PDV was varied.    

 

     5.5  The potential of pupillometrics as objective visual biomarkers for  

              photosensitivity 

 

The results of the present studies suggest the potential use of pupillometrics as 

objective biomarkers for the presence of photosensitivity.   Interestingly, the specific 

parameters that have the potential to make this differentiation depend on whether there is 

a history of mTBI.    As discussed earlier, mTBI patients appear to be more prone to 
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dysfunctions in baseline light sensor thus leading to photosensitivity, while non-mTBI 

patients appear to be more prone to dysfunctions of neural perceptual gain thus leading to 

their photosensitivity. 

On average, photosensitive individuals with mTBI exhibited larger pupil 

diameters, more rapid re-dilation velocities, and more rapid recovery times.   Among 

these parameters, the one likely parameter with good potential for being an objective 

biomarker for photosensitivity is the 6SPSD, as its p value for differentiating 

photosensitivity from non-photosensitivity was small (p > 0.019).   Thus, an ROC curve 

was constructed to ascertain its power for prediction of photosensitivity in those with 

mTBI.  See Figure 5.5 (A).   This figure presents an ROC plot for the proposed 

diagnostic 6SPSD pupillary parameter having an AUC of 0.76, which represents 

reasonably good predictive power.   For example, if the 6SPSD criterion value were set at 

3.6 mm, there would be a TPR of 76.2% and a FPR of 36.4%.   Furthermore, the 

proposed ROC approach would serve as an adjunct to other clinical approaches, thereby 

improving the diagnostic value. 
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Figure 5.5:   (A) Receiver operating curve (ROC) plot for photosensitivity in mTBI for the optimal 

pupil parameter of 6SPSD under the bright blue step condition.   (B) ROC plot for photosensitivity 

in normal subjects for the optimal pupil parameter of constriction amplitude under the dim step 

condition.   
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Considering that no objective test for photosensitivity currently exists, these 

results offer promise to fill this critical gap in both the military and civilian worlds, 

perhaps initially as an adjunct screening test for photosensitivity.  More work in this 

critical area is necessary to refine and expand upon these findings.      

 

5.5.2  Potential biomarker for photosensitivity in non-TBI individuals 

On average, normal individuals with photosensitivity exhibited larger constriction 

amplitudes, more rapid constriction velocities, and longer T50 recovery times.  Among 

these parameters, the one with the best potential for differentiation between the 

photosensitivity and non-photosensitivity is constriction amplitude (p > 0.018).  For this 

parameter, an ROC plot was constructed yielding an AUC value of 0.81, which again 

suggests reasonably good predictive power for such differentiation.  See Figure 5.5 (B).  

For example, if the constriction amplitude criterion value were set at 2.80 mm, there 

would be a TPR of 83.33%, and a FPR of 35.3%.     

 

5.6 A discussion of the retrospective study on photosensitivity in mTBI  

  

As mentioned earlier, in addition to the three laboratory-based studies of this 

dissertation, there was also another study performed to better understand the phenomenon 

of photosensitivity in mTBI.    This fourth study was a retrospective analysis of 62 

medical charts of adult mTBI patients experiencing photosensitivity over an extended 
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period of time (up to 7 years).    This study provides new information related to the long-

term, natural course of recovery from the symptom of photosensitivity in mTBI, as well 

as those factors that appeared to be associated with the process.   This information 

provides valuable insights into this relatively mysterious/uncharted phenomenon known 

as photosensitivity.    

 

     5.6.1  Abatement of photosensitivity over time and possible related 

                neurological etiology 

The present findings suggest that reduction in photosensitivity appear to be a 

long-term process, in many cases taking years.  Despite this lengthy period of 

abatement/recovery, it was only partial, with it occurring in 50% of this sample 

population over the time period for which they were assessed.   The decrease in 

photosensitivity may be a result of neural repair, neural adaptation, and/or compensatory 

mechanisms.  Although neither neural adaptation nor neural compensation to 

photosensitivity per se has been investigated, neural adaptation and compensatory 

mechanisms to other possibly-related visual phenomena (e.g., adaptation to color tints) 

have been studied (Dowling, 1967; Reeves, 2004; Du et al., 2005; Hammeke et al., 2013).  

These ideas should now be extended and tested in the laboratory in those with mTBI and 

photosensitivity.    

 

     5.6.2  Tint density and photosensitivity 

A common palliative treatment for photosensitivity (PS) is tinted lenses, with the 

rationale being that if a patient is sensitive to light, then decreasing their light exposure 
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level should alleviate, at least in part, this specific symptom.  While this rationale is 

correct for immediate relief, which is clinically important, the question of whether tint 

usage is beneficial over an extended time frame has remained unknown.    

The present results revealed that 36% (p=0.06) of individuals who wore tinted lenses 

reported a decrease in PS.   In contrast, 71% (p=0.01) of individuals who did not wear 

tinted lenses reported a decrease in PS.  This suggests two possibilities.  First, it could be 

that individuals who decreased in PS felt less need for tinted lenses, and therefore 

stopped using them.  Or second, the use of tinted lenses may actually interfere with, or 

inhibit, the natural neural adaptive processes.  That is, by markedly reducing the 

incoming light flux to the eye with use of a high density tint (e.g., 75%), the process of 

neural adaptation to light may not occur, at least to any great extent, as the residual light 

flux is too low to either require or promote the adaptive process.  If this second 

explanation is correct, it would have important clinical implications.  It would suggest a 

paradigm shift in one of the most common treatments for photosensitivity, namely tint.  

As such, clinicians may wish to be more conservative in their approach to prescribing 

densely-tinted lenses for the photosensitive mTBI patient.  This conservative proposal is 

not novel, as some clinicians have been suggesting this for years (Lebensohn, 1934; 

Digre & Brennan, 2012).  Clinicians may consider prescribing less dense tints, or even 

reserving tint usage only for the more extreme cases.  Furthermore, the clinician may 

consider reducing and/or titrating tint density over time, thus transitioning from initially 

denser tints for the patient to obtain immediate symptomatic relief to subsequent less 

dense tints, and perhaps even to their eventual discontinuation over an extended time 

frame.  This tentative proposal awaits careful testing, including a clinical trial.  
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     5.6.3  Tint density over time 

 The present findings revealed that over time, the prescribed tint density either 

remained the same or decreased (i.e., became less dense).  A plausible explanation may 

be that in some individuals there is a continuing perceptual/neural adaptive process to 

normal light levels and that the use of tinted lenses, although perhaps slowing down the 

adaptive process, does not cause its complete cessation.  Thus, as the adaptive process 

progresses, there would be a shift from more dense to less dense tints being prescribed.       

 

     5.6.4  Contact lenses and photosensitivity 

The most surprising and possible most interesting finding of this retrospective 

study was the finding that patients who wore contact lenses (all non-tinted) exhibited 

decreased photosensitivity over time, with a considerably greater frequency than those 

who did not.  The precise mechanism is unclear.   However, there are three possibilities 

for consideration:  

a. the biomechanical aspects of the contact lens on the cornea, conjunctiva, and 

eyelid fostered the adaptive process via trigeminal nerve desensitization,  

b. those who wore non-tinted contact lenses invoked the same neural adaptive 

process as those who wore non-tinted  spectacle lenses,  

c. patients who wore contact lenses perceived themselves to “look and feel better”, 

and thus a transference of this more “positive” psychological state regarding the  

photosensitivity led to a lessening of their perceived degree of symptoms (Walline et al.,  

2007). 
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     5.6.5  Conclusions 

  The retrospective analysis of photosensitivity in mTBI individuals provided new 

basic and clinical information into the natural time course for reduction in 

photosensitivity, its related factors, and the effects of its different treatment modalities.  

This is critical knowledge for mTBI patients and doctors to understand and apply with 

respect to short- and long-term clinical expectations for these three entities, namely, 

photosensitivity, its related factors, and its treatment modalities.  
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Chapter 6 

CONCLUSION 

 

This dissertation’s exploratory studies provide new and important insight into the 

neurological consequences of mild traumatic brain injury.  The violent jolting of the jello-

like brain within the rigid cranium following a coup, contre-coup injury causes diffuse 

injury across multiple neurological control systems, including both branches of the 

relevant autonomic system, namely the sympathetic and parasympathetic systems.  This 

leads to attenuated pupillary responses, abnormally-high perceptual gain, and deficiencies 

in baseline light sensing, hence resulting in abnormal perceptual hypersensitivities, such 

as photosensitivity.  Furthermore, these findings demonstrate that the deficits are subtly 

manifested within the pupillary light reflex, and that with state-of-the-art, highly accurate 

dynamic pupillometry, these deficits can be detected and used as objective biomarkers for 

mTBI.   

Pupillary dynamics are ideal biomarkers, as the data can be acquired in an 

automated manner that is objective and rapid.  Once an optimal test protocol is 

established, and the algorithms installed into modern pupillometers, the entire test session 

would require only a few minutes and can be performed by medical technicians, coaches, 

or doctors alike.  Furthermore, many modern pupillometers are portable, and thus could 

be invaluable in acute and limited environments, such as at sport-playing arenas, military 

theaters, and emergency rooms/urgent care clinics.  Considering that currently no 

objective biomarker for mTBI exists, the present findings are promising, as they offer 
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potential fulfillment of this large and critical gap in our knowledge for both the civilian 

and military establishments.   
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ABSTRACT 

 

Primary objective:  To determine whether photosensitivity (PS) changes over time, and if 

so, what factors may be related to the change; furthermore, to determine whether tint 

density changes over time, all in mild traumatic brain injury (mTBI). 

 

Design and methods:  A retrospective analysis of 62 patient records (ages 18-40 years) 

with mTBI and PS was conducted. All charts were obtained from the SUNY/College of 

Optometry clinics from 2004 to 2011.   

 

Results:  50% demonstrated reduced PS over time, with most occurring after year 1 post-

injury (40%).  Promotion of PS reduction appears to be associated with the lack of 

spectacle tint usage (p=0.01) and the use of  contact lenses (p=0.03).  .     Inhibition of  

PS reduction appears to be associated with tinted lenses (p=0.06), hyperacusis (p=0.03), 

dry eye (p=0.04),  migraines (p=0.03), and loss of consciousness at the time of injury 

(p=0.05).  Concerning tint density changes over time, 71% (p=0.002) maintained the 

same degree over time, while 27% (p=0.002) reduced, and 2% waxed and waned.     

 

Conclusion:  Neural adaptation to PS appears to be  a long-term process.  Tint  usage may 

act to  inhibit this adaptive process, while the use of  contact lenses may act to promote it.  

These findings may provide guidance in the clinical management of photosensitivity in 

the mTBI population.   
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Introduction 

The Centers for Disease Control and Prevention (CDC) state that traumatic brain injury 

(TBI) is caused by a bump, blow, or jolt to the head, or a penetrating head injury, that 

disrupts normal function of the brain.   Severity of the TBI may range from “mild” (i.e., a 

brief change in mental status or consciousness) to “severe” (i.e., an extended period of 

unconsciousness and amnesia after the injury).  The majority of TBIs that occur each year 

are concussions or other forms of mild TBI (mTBI) (70-80%) [1].    

TBI is a leading cause of death and disability worldwide [2,3].  Its prevalence is 

increasing in a wide array of arenas ranging from the sport-field to the battlefield [4,5].  

Therefore, there is a need for better understanding of TBI.  

A common and predominant feature of TBI is the rapidity with which it typically occurs 

[6].  In a very short time (e.g., several hundred milliseconds), biomechanically-based, 

neurological deficits can arise and subsequently adversely affect cognitive, emotional, 

behavioral, physical, physiological, and/or ocular/visual functioning.   

Since there are more than 30 brain areas associated with visual functioning [7], as well as 

7 of the 12 cranial nerves, it is not surprising that a constellation of visual dysfunctions 

and related symptoms may eventuate following a TBI.  Such visual deficits can manifest 

as visual field defects, acquired strabismus, visually-based headaches, oculomotor 

insufficiencies, and others [4,8,9,10,11].   More specific to the present study, the visual 

system’s sensitivity to light [6] may be altered subsequent to a TBI, thus leading to the 

symptom of light sensitivity, or “photosensitivity”.  

Photosensitivity can be broadly defined as a visual symptom of mild to extreme visual 

discomfort experienced by an individual in the presence of normal light levels (i.e., light 
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levels that normally do not provoke visual discomfort in others) [12,13].  In the literature, 

this visual symptom is often also referred to by other names, such as photophobia and 

photo-oculodynia [13].   Its presence and magnitude of effect are conveyed through 

general visual complaints and specific visual symptoms.   Unfortunately, as of yet, 

neither standardized subjective nor objective vision-based tests have been developed for 

its diagnosis, quantification, and subsequent treatment and possible remediation.   

Photosensitivity is not an uncommon problem [4,7,12,13].  It has a wide range of 

etiologies that may arise from an abnormality anywhere along the visual pathway, from 

the tear film to the retina, through the thalamus, and on to  visual cortical areas [13, 14].  

Hence, common causes of photosensitivity may include tear film disruption, iritis, 

pupillary trauma, and crystalline lens opacities [13], to name a few.  It can be diagnosed, 

managed, and treated with several current modalities, such as artificial tears, medications, 

tinted lenses, and surgery [13].  In addition, in some the etiology may be unknown per 

conventional clinical diagnostic approaches [13]. 

One condition in which the symptom of photosensitivity appears to be common is TBI.  

Unfortunately, there has been a paucity of studies specifically focusing on the 

phenomenon of photosensitivity in this diagnostic group.   Studies on TBI have 

frequently addressed the issue of photosensitivity and its prevalence (i.e., ~10% in 

normals and ~50% in TBI patients [4]), but only as a general survey of the overall visual 

sequelae and related factors.     

Similarly, with regard to the use of tinted lens for reduction of photosensitivity, no study 

has investigated the effects of its usage on photosensitivity changes per se over extended 

periods of time (e.g., months or years).  However, there have been studies which 
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examined the effects of visual adaptation following relatively long-term (i.e., days) 

exposure to color tints [15,16,17,18].  They found that prolonged exposure to color tints 

led to significant changes in one’s color vision perception.  Furthermore, they found that 

these changes were sustained and could only be explained in terms of post-retinal neural 

mechanisms.   

Thus, the purpose of the present retrospective study was to investigate the phenomenon 

of photosensitivity in an mTBI sample population.  The investigation was three-fold: (1) 

to explore the natural time course of photosensitivity, (2) to determine those factors, 

visual or otherwise, which may be associated with photosensitivity over time, and (3) to 

assess the success of current treatment efforts, all in a sample mTBI population.   

 

Methods 

A computer query was conducted using convenience sampling for all patients between 18 

and 40 years of age (as of query date January, 2013), who were examined at the SUNY 

College of Optometry clinics, Optometric Center of New York, between January 1
st
 2004 

to December 31
st
 2011.  Older individuals (>40 years of age) were not included to avoid 

possible confounding diagnoses, such as presbyopia, macular degeneration, and cataracts.  

The following codes were initially used in the probe: ICD-9-CM code 368.13 

(photosensitivity) and/or the local SUNY optometry codes V2744, V2745 and V2762 (in-

house ordering of tinted lenses).  However, only patients with medically-documented 

mTBI and with clinically-documented photosensitivity were selected for the final 

analyses based on the presence of this symptom in their detailed case history.   All vision 

examinations were performed by optometrists in the Raymond J. Greenwald 
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Rehabilitation Center (RJGRC) at the SUNY College of Optometry.  All were clinic 

outpatients with TBI of the “mild” form [19,20].  The majority of patients were referred 

from rehabilitation professionals at local hospitals, as well as the college’s clinics. 

Patients having obvious anatomical and related etiologies for their photosensitivity, such 

as post-lasik photosensitivity, significant dry eye, iritis, aniridia, cataract, and central 

serous retinopathy were excluded.   

This query produced 62 patient charts.  Each spanned the entire period of the patient’s 

care at the clinic, with an average of 2.33 years (SD = 2.50 years; range = 1 month to 

10.5 years).  The average time since the relevant injury producing the symptom of 

photosensitivity was 3.08 years (SD = 2.23 years; range = 2 months to 18 years).  All 

charts were reviewed by one individual (i.e., the 1
st
 author), who is a licensed optometrist 

with 16 years of optometric clinical experience (including mTBI).  The patient charts 

were tabulated for the following factors: gender, age at the provocative injury, refractive 

status, dry eye, medications, contact lens usage, tinted lenses/sunglass usage, change in 

tint density over time, visual field defect type, photosensitivity type, photosensitivity 

changes over time, number of brain injuries, types of therapy received, other sensory 

hypersensitivities (e.g., visual motion), and other visual dysfunctions (e.g., 

accommodative, vergence, general oculomotor).  Once tabulated, the data were analyzed 

with respect to frequency, percentage, and trends over time.  All factors were compared 

with respect to a decrease in PS using the binomial test for statistical significance at the 

level of p<0.05.   
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Results 

Sixty two charts of patients with the symptom of photosensitivity were analyzed.  The 

majority (83%) were adults (18 years and over) at the time of the relevant brain injury 

(i.e., the specific injury which first led to their symptom of photosensitivity).  There were 

34 females and 28 males; see Table 1.  The most common etiologies of the mTBI were 

motor vehicle accidents (44%), assaults (19%), sports injuries (16%), and falls (8%).  

Table 2 provides a breakdown of the types of photosensitivity experienced based on the 

provocative light source.  Twenty-six percent of the patients were specifically sensitive to 

fluorescent lighting, and 21% to all types of lighting. Ten percent were sensitive to 

outdoor lighting, while 6 percent were sensitive to indoor lighting.  In approximately 

35% of the cases, either the patient could not specify the light source, or the clinician did 

not ask and/or document this specific factor.   

For the purposes of the present study, refractive error was defined and categorized as 

follows:  emmetropia (-0.50 to +0.50 diopters), low myopia (-0.75 to -6.00 diopters), low 

hyperopia (+0.75 to +4.00 diopters), high myopia (>-6.00 diopters), high hyperopia 

(>+4.00 diopters), and astigmatism (>0.25 diopters).  The refractive error percentages 

found were: 55% emmetropia, 39% low myopia, 6% low hyperopia, 0% high myopia, 

0% high hyperopia, and 26% astigmatism.      

Three questions probed specific aspects of photosensitivity.  1. Does photosensitivity 

change over time?;  2.  If so, what factors may be associated with these changes in 

photosensitivity?;  and, 3. Is there any perceptual/neural adaptation to tint density over 

time?  
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Question 1:  The data revealed that photosensitivity changed over time in 50% of the 

individuals, in most cases occurring after the first year post-injury.  Figure 1 shows the 

course of photosensitivity over the first year versus over the subsequent years.  In the first 

year, 85% of the patients maintained the same degree of photosensitivity, while 10% 

decreased, 3% waxed and waned, and 1% reported an increase.  After the first year, 

however, only 42% maintained the same degree of photosensitivity, while 40% decreased 

in photosensitivity, 5% waxed and waned, and 2% reported an increase.  For 11% of the 

patients,  no data were available past the 1
st
 year.    In summary, the present results 

showed that over time (i.e., years), a total of 50% of the patients reported reduced 

photosensitivity (i.e., 10% in the 1
st
 year plus 40% after the 1

st
 year), while 42% 

remained the same, 3% increased, and 5% waxed and waned.  

Question 2:  Several factors were associated with the aforementioned changes in 

photosensitivity; see Table 3.  First, regarding spectacle-based tinted lenses, 71% 

(p=0.01) of those who did not wear tinted lenses reported a decrease in PS, while only 

36% (p=0.06) of those who did reported a decrease in PS.  Second, regarding soft contact 

lens usage (all non-tinted), 72% (p=0.03) of the patients who wore contact lenses 

reported a decrease in PS, while  43% (p=0.20) of those who did not reported a decrease 

in PS.  Third, several specific comorbid factors of mTBI were associated with hindering, 

or inhibiting, PS reduction.  These included the presence of dry eye, migraines, 

hyperacusis, and loss of consciousness at the time of the provocative injury.  The 

percentage of patients with reported dry eye and who decreased in PS over time was 25% 

(p=0.04), in contrast to 57% (p=0.15) for those who did not report dry eye.  The 

percentage of patients with migraines who decreased in PS over time was 0% (p=0.03), in 
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contrast to 53% (p=0.30) for those who did not report migraines.  The percentage of 

patients who experienced loss of consciousness at the time of the provocative brain injury 

and who decreased in light sensitivity over time was 32% (p=0.05), in contrast to 67% 

(p=0.09) for those who did not.   The percentage of patients with reported hyperacusis 

and who decreased in PS over time was 21% (p=0.03), in contrast to 56% (p=0.16) for 

those who did not report hyperacusis.  Lastly, there was a suggestion that tint usage also 

inhibited PS reduction (p=0.06).   All other factors were not statistically significant (i.e., 

they showed equal distribution (~50%) in PS reduction versus non-reduction over time). 

These factors were  gender, age at injury, number of brain injuries, refractive status, 

medications taken, visual field defect type, type of provocative illumination, types of 

therapy received, and presence of other specific ocular dysfunctions (e.g., 

accommodative, vergence, oculomotor) and other sensory hypersensitivities.  

Question 3:  With regards to tint, 41 out of the 62 subjects (66%, p=0.004) wore tinted 

lenses initially.  Of this  initial 41, the majority (71%, p=0.002) maintained the same tint 

density over time, while the minority (27%, p=0.002) decreased in tint density over time.  

No subjects increased in tint density over time.  One subject  waxed and waned.  The 

average initial tint density was 27% (range 10-75%), in contrast to the average final tint 

density of 18% (range 0-50%).    
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 Discussion 

Photosensitivity over time 

The present findings provide new information related to the long-term, natural course of 

recovery from the symptom of photosensitivity in mTBI, as well as   those factors that 

appeared to be  associated with the process.   Change in photosensitivity  appears to be a 

long-term process, in many cases taking years.  Despite this lengthy period of recovery, it 

was only partial, with it occurring in  50% of this sample population  over the time period 

for which they were assessed.   The decrease in  photosensitivity may be a result of neural 

repair, neural adaptation, and/or compensatory mechanisms.  Although neither neural 

adaptation nor neural compensation to photosensitivity per se has been investigated, 

neural adaptation [6,21,22,23,24] and compensatory [25] mechanisms to other possibly-

related visual phenomena (e.g., adaptation to color tints) have been studied.  These ideas 

should now be extended and tested in the laboratory in those with mTBI and PS.    

 

Tint density and photosensitivity 

A common palliative treatment for photosensitivity is tinted lenses, with the rationale 

being that if a patient is sensitive to light, then decreasing their light exposure level 

should alleviate, at least in part, this specific symptom.  While this rationale is correct for 

immediate relief, which is clinically important, the question of whether tint usage is 

beneficial over an extended time frame has remained unknown.    

The present results revealed that 36% (p=0.06)  of individuals who wore tinted lenses 

reported a decrease in PS.   In contrast, 71% (p=0.01) of individuals who did not wear 

tinted lenses reported a decrease in PS.  This suggests two possibilities.  First, it could be 



139 

 

that individuals who decreased in PS felt less need for tinted lenses, and therefore 

stopped using them.  Or second,  the use of tinted lenses may actually interfere with, or 

inhibit, the natural neural adaptive processes.  That is, by markedly reducing the 

incoming light flux to the eye with use of a high density tint (e.g., 75%), the process of 

neural adaptation to light may not  occur, at least to any great extent, as the residual light 

flux is too low to either require or promote the adaptive process.      

If this second explanation is accurate, it would have  important clinical implications.  It 

would  suggest a paradigm shift in one of the most common treatments for 

photosensitivity, namely tint.  Clinicians may wish to be more conservative in their 

approach to  prescribing  densely-tinted lenses for the photosensitive mTBI patient.  This 

proposal is not novel, however, as clinicians have suggested this more than 80 years ago 

[13,26]   Clinicians may consider prescribing less dense tints, or even reserving tint usage 

only for the more extreme cases.  Furthermore, the  clinician may consider reducing 

and/or titrating tint density over time, thus transitioning from initially denser tints for the 

patient to obtain immediate symptomatic relief to subsequent less dense tints, and 

perhaps even to their eventual discontinuation over an extended time frame.  This 

tentative proposal awaits careful testing, including a clinical trial.  

 

Tint density over time 

 The present findings revealed that over time, the prescribed tint density either 

remained the same or decreased (i.e., became less dense).  A plausible explanation may 

be that in some there is a continuing perceptual/neural adaptive process to normal light 

levels, and that the use of tinted lenses, although perhaps slowing down the adaptive 
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process, does not cause its complete cessation.  Thus, as the adaptive process progresses, 

there would be a shift from more dense to less dense tints being prescribed.       

 

 

 Contact lenses and photosensitivity over time 

Surprisingly and most interestingly, it was found that patients who wore contact lenses 

(all non-tinted) exhibited decreased photosensitivity over time, with a considerably 

greater frequency than those who did not.  The precise mechanism is unclear.   However, 

there are three possibilities for consideration:  

a. the biomechanical aspects of the contact lens on the cornea, conjunctiva, and eyelid 

fostered the adaptive process via trigeminal nerve desensitization,  

b. those who wore non-tinted contact lenses invoked the same neural adaptive process as 

those who wore non-tinted  spectacle lenses,  

c. patients who wore contact lenses perceived themselves to “look and feel better”, and 

thus a transference of this more “positive” psychological state regarding the  

photosensitivity led to a lessening of their perceived degree of symptoms [27]. 

 

Photosensitivity remediation 

 Photosensitive patients experience visual discomfort under light levels that are not 

problematic to others.  Thus, the ideal treatment for photosensitive patients is to reduce 

their degree of light sensitivity.  Paradoxically, this phase toward reduction may take the 

form of increased light exposure (e.g., light therapy).  Gallin et al. “surprisingly” found a 

significant decrease in light sensitivity following bright light therapy in patients with 
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seasonal affective disorder [28].    This suggests a habituation phenomenon, whereby the 

baseline level of light that initially produced photosensitivity has increased.  This area 

warrants further careful investigation in the photosensitive mTBI population. 

Study limitations 

 There were several potential study limitations.  First, it was a retrospective rather 

than a prospective experimental design.  Second, sample size was relatively small and 

restricted to a single clinic.  Future studies should include a larger and more diverse 

sample from multiple clinic sites.  Third, only those with mTBI were considered.  

Individuals with moderate and severe TBI having the symptom of PS should be 

considered in future studies.  Fourth, it was not a randomized design but rather one of 

convenience sampling.  Lastly, it cannot account for those individuals who might have 

had the symptom of PS, but did not require the help of a specialty clinic.   

 

Conclusions 

 The present investigation has provided new basic and clinical information  into the 

natural time course for reduction in photosensitivity and its related factors, as well as the 

effects of its different treatment modalities. .  Reduction in photosensitivity  appears to be 

a long-term process, with most occurring after the first year.  If true, this is critical 

knowledge for patients and doctors to understand and apply with respect to short- and 

long-term clinical expectations for the mTBI population having the symptom of 

photosensitivity.   
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Tables and Figures 

 

 
 

Table 1:  Subject demographics.   Age in years at first brain  

 

injury which resulted in the symptom of photosensitivity. 
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Type of Problematic 

Lighting Condition Number Percentage 

Non-Specific 22 35% 

Fluorescent Lights 16 26% 

All Lighting 

Conditions 13 21% 

Outdoor Lighting 6 10% 

Indoor Lighting 4 6% 

Difficulty with 

Adaptation to New 

Light Levels 
1 2% 

Total: 62 100% 
 

Table 2:  Light source provoking photosensitivity 
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Table 3: Factors associated with change in photosensitivity.  

 

              * denotes statistical significance, p < 0.05.    
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Figure 1:  Change in photosensitivity over time.     
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Abstract 

Introduction:  Little is known about human inter-ocular pupillary asymmetry (IOPA).  Thus, 

the purpose of the present investigation was to assess objectively static and dynamic IOPA 

in normals and in individuals with mild traumatic brain injury (mTBI).     

Methods:  The pupillary light reflex (PLR) was assessed in an adult population of normals 

and in those with mTBI using the Neuroptics DP-2000 binocular pupillometer.   Four 

stimulus conditions were used to optimize the assessment.  Two aspects of the pupil were 

assessed: baseline diameter prior to light stimulation, and the dynamic amplitude of 

constriction following light stimulation. 

Results:  There was no statistical difference in the either static or dynamic IOPA between 

the two groups.  Thus, the data were combined for a better global parameter estimate.  The 

mean average static IOPA was 0.26mm (SD + 0.20mm) or 4.17% (SD + 3.29%).  The mean 

average dynamic IOPA was dependent on the light stimulus condition, with the  average 

across all  four test conditions being 0.11mm (SD + 0.10mm) or 1.84%  (SD + 1.70%).   

Discussion:  The inter-ocular pupillary effects of mTBI appear to be symmetrical rather than 

asymmetrical in nature.  The findings provide clinicians and researchers a useful 

quantitative guideline to assess normal versus abnormal static and dynamic inter-ocular 

pupillary asymmetry (IOPA) in these two populations.   
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Introduction  

The human pupillary system is an important indicator of one’s neurological status *1, 2+. 

There are a range of factors that can influence the pupillary system, such as age [3], 

pharmacological agents [2], arousal state [4], and head trauma [5,6].   Furthermore, 

there are a range of pupillary parameters that have been used to describe and quantify 

its response characteristics *2+, such as pupillary diameter and “briskness” of response.  

An important aspect of the pupil is the presence of any inter-ocular pupillary asymmetry 

(IOPA).  This is true both with respect to its baseline diameter (or static state) and its 

dynamic response state.  That is, the pupils should be evaluated for both static and 

dynamic asymmetries in response to light [7, 8, 9].  However, what degree of 

asymmetry is considered to be “normal”?  Biological systems have an inherent level of 

physiological noise [10], such that perfect response symmetry within any system is likely 

rare.  More specifically, concerning the human pupillary system, while the limits have 

been defined [10], the metric of average static and dynamic IOPA has not been 

considered and precisely quantified.    

There has been a paucity of papers that address normal static pupillary asymmetry.  

Among the first was by Loewenfeld [11].  The main objective was to characterize the 

normal upper limit of the static IOPA (i.e., any asymmetry of the two pupils in their 

baseline state in normal individuals).   Infrared photography was used to obtain 

simultaneous images of the two pupils in the dark, which were then analyzed and 

compared manually.   The majority (~70%) had static asymmetry of < 0.3 mm.  She 
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hypothesized that this asymmetry stemmed from normal inter-ocular variation of 

central neural control (i.e., neural noise-related asymmetries of the supranuclear 

inhibitory control of the Westphal-Edinger nucleus).  Thus, Loewenfeld coined the term 

“simple central anisocoria”.  However, she did not calculate a precise average for this 

asymmetry within her normal population, but rather identified an upper limit cut-off for 

“normalcy”.    

A more recent paper was by Lam et al [10].  Their objective was to determine the 

prevalence of simple anisocoria in the general population.  Infrared photography was 

again used to obtain simultaneous images of the two pupils in darkness.  The prevalence 

of anisocoria was contingent upon the criteria used for the degree, or magnitude, of 

static asymmetry. Using the criterion of 0.4mm or greater asymmetry, which reflected 

the minimum degree of asymmetry that is “readily visible” by the unaided eye of the 

clinician [10], they concluded that the prevalence of anisocoria was approximately 19% 

in the general normal population.  However, a precise average of the static asymmetry 

within the population was again not calculated.    

Quantification of the dynamic IOPA (i.e., the difference in constriction amplitude 

between the two pupils) remains relatively unexplored.  Most address this issue of 

dynamic asymmetry in a relative manner [1, 12].  That is, clinicians typically compare the 

two pupils for asymmetry by gross visual observation using the clinical swinging 

flashlight test [1].  When dynamic asymmetry is present in this test, it is either simply 

denoted, or it is quantified using neutral density (ND) filters in logarithmic increments 
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typically ranging from 0.3 to 1.0 log units.  The ND filter magnitude is increased, until it 

nulls the perceived inter-pupillary asymmetry.  For example, if the asymmetry is 

neutralized with a 0.3 ND, then the asymmetry is documented as a 0.3 ND difference.  It 

should be noted that a 0.3 ND filter reduces the amount of light entering the eye by 

50%, which represents a large magnitude.  With present day technology in automated 

pupillometry, this clinical neutralization manner of quantification can hardly be 

considered precise.   It would be beneficial to ascertain the actual average dynamic IOPA 

in the normal population using precise, automated, binocular pupillometry.  To the best 

of our knowledge, this has not been done.     

Concerning the important medical condition of mild traumatic brain injury (mTBI) [13, 

14], it represents a diffuse type of head trauma.  Much of the global damage is derived 

from the coup/contre-coup motion of the brain within the cranium [15].  Previous 

studies using monocular automated pupillometry in both military and civilian 

populations have demonstrated that mTBI adversely affects the pupillary system in both 

its static and dynamic states [5, 6].  Statically, presence of mTBI decreases the overall 

pupil size [6], while dynamically it delays and slows the pupillary light reflex (PLR) with 

respect to both latency and velocity, respectively [5, 6].  However, an important aspect 

of the pupillary system that has not been formally addressed and objectively quantified 

in the mTBI population is the degree of static and dynamic IOPA.   

To fill these important gaps in our knowledge of the human pupillary system, the 

present study sought to address the following three questions: 1) what is the normal 
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average and range of static IOPA?,  2) what is the normal average and range of dynamic 

IOPA?,  and 3) does presence of mild traumatic brain injury (mTBI) affect the static 

and/or dynamic IOPA?   

 

 

Methods 

Overview 

The pupillary light reflex (PLR) was assessed in two populations, normal and mTBI, using 

white light stimuli varying in luminance and duration.  This was done to determine 

whether different stimulus conditions produced different levels of IOPA, as well as to 

maximize the potential for eliciting the optimal test condition(s) for possible 

differentiation between normal and mTBI.  Brief (i.e., 100 ms), low-intensity (i.e., 4 lux) 

stimuli were used to elicit threshold-type responses in an attempt to reveal mild subtle 

deficits, which might otherwise be masked by response saturation, and thus missed with 

the more intense stimuli and their more robust responses.  In contrast, relatively long-

duration (i.e., 1,000 ms), high-intensity (i.e., 251 lux) stimuli were used to elicit near 

peak, or maximum, responses to reveal possible deficits in optimum performance.   

Subjects 

Two groups of subjects participated in the study.  Thirty-two individuals diagnosed with 

mTBI (mean age: 37 [+] 11 years, range 21-60 years, mean refractive error: -1.42 [+] 2.42 

diopters), and forty normal, control subjects (mean age: 33 [+] 12 years, range 22-56 
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years,  mean refractive error: -2.33 [+] 2.85 diopters), were tested.  The mean age and 

refractive error of the two groups were not statistically different (p > 0.05).  The age 

range and the gender distribution of the two groups were also similar.  They were all 

required to have a recent comprehensive vision examination (refractive, binocular, and 

ocular health status) within the past year prior to participation in the study.  All had 

corrected visual acuity of 20/25 or better in each eye.  All were in good general health. 

None had any ocular opacity that could reduce the amount of light entering the pupil.  

Furthermore, none were taking any medications, nor had any neurological, systemic, or 

ocular condition that could affect their pupillary responsivity.  Lastly, none had a relative 

afferent pupillary defect (RAPD) as determined by the conventional clinical swinging 

flashlight test [1].  The study was approved by the SUNY Institutional Review Board.   All 

subjects provided written informed consent.    

All individuals with mTBI were medically documented (e.g., by neurologists, physiatrists) 

in local New York City hospitals (e.g., NYU Medical Center).  Those with visual signs 

and/or visual symptoms were referred to the Raymond J. Greenwald Vision 

Rehabilitation Center at the State University of New York (SUNY), College of Optometry, 

for a vision evaluation.    All individuals with mTBI were  in the chronic mTBI phase of 

recovery (i.e., greater than 45 days post-injury) [5, 16]. 

All normal subjects were recruited from the SUNY college population comprising of 

students, staff, and friends.  None had a history of either TBI or eye trauma, or any 

ocular/neurological disorder.   
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Apparatus 

The Neuroptics DP-2000 binocular pupillometer (http://www.neuroptics.com) was used 

to assess the static and dynamic pupillary states.  See Figure 1.  The instrument has four 

major components: an infrared illumination source, an optical scanner, a laptop 

computer, and dual video cameras for simultaneous binocular tracking, recording, 

display, and data analyses.  It has a sampling rate of 30Hz (i.e., 33 samples/sec), which 

satisfies the Nyquist sampling criterion to yield high-fidelity, dynamic response 

trajectories *17+.  Resolution is 0.05 mm per the manufacturer’s data sheet.  Its main 

advantages are that its stimulus characteristics, such as background illumination, 

stimulus intensity, and color are wide-ranging and easily customizable.   In addition, it 

can readily change from monocular to binocular stimulus mode, as well as monocular to 

binocular recording mode.    

The stimulus illumination was emitted through a diffusing screen that had a visual angle 

of approximately 500 horizontally and 350 vertically.  Thus, the light stimulus 

encompassed the subject’s entire central and near peripheral visual field.  Due to the 

diffuse stimulus nature, the wearing of a refractive correction was not necessary, as the 

PLR would be the same with or without refractive correction [18].  Thus, individuals 

were positioned within the apparatus without their spectacle correction in place, which 

allowed for easier and better alignment within the apparatus.  Contact lenses were not 

worn during testing to avoid possible dry eye complications, which would impair the 

quality of the video image of the pupils and degrade the integrity of the reading.     
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Two aspects of the pupil were assessed: (1) baseline diameter (i.e., “static”, or steady-

state diameter prior to the light stimulus); and (2) the dynamic amplitude of constriction 

(i.e., the difference between the maximum and the minimum pupillary diameters 

following light stimulation). Both parameters were automatically obtained by the 

pupillometer’s inherent analysis software.  These parameter values were then averaged 

and evaluated using Microsoft Excel 2010.   

 

Experimental Procedures 

Subjects were initially light adapted for 10 minutes in the dim laboratory testing room 

set at approximately 5 lux.   This allowed the pupils to dilate to a relatively large baseline 

diameter, as well as constrict with a greater and more robust response to light 

stimulation.   All testing was performed under the same dim laboratory room 

illumination.     

Following this 10 minute period of visual adaptation, subjects were aligned within the 

pupillometer and instructed to gaze straight ahead.  In addition, they were instructed to 

maintain blinking to a minimum to reduce response artifacts during the recording period.  

Deleted trials due to blinks or gaze changes accounted for less than 2% of all test trials.   

The test trials were then initiated.  For assessment of static IOPA, the baseline pupillary 

diameters were measured, and the difference was calculated.    For dynamic IOPA, the 

full pupillary constriction amplitudes were measured, and the difference was calculated.  

For each trial, the stimulus was presented monocularly, whereas the pupil responses 
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were recorded binocularly.  That is, on each trial, the stimulus was presented to either 

the right eye or the left eye, and the pupillary responses were recorded from both eyes 

simultaneously over a 6 second recording period.   Four white light stimulus conditions 

were used: dim pulse, dim step, bright pulse, and bright step.  Stimulus specifications 

were:  dim = 4 lux, bright = 251 lux, pulse = 100ms, and step = 1,000ms.  The sequence 

of stimulus presentations was randomized to minimize response order effects.    

Three trials were performed and averaged for each test condition for each subject. The 

individual subject means were then averaged for each parameter for each condition in 

each group.  Two-tailed, independent t-tests were performed to compare each test 

parameter for each test condition between the two groups using Microsoft Excel 2010.  

The alpha level for statistical significance was set at p < 0.05.   

After each individual test trial, the subject rested and remained in the dim illumination 

of the laboratory room for one minute to return to a similar pre-test visual adaptation 

level.  This visual adaptation time was found to be satisfactory for the pupils to return to 

their baseline diameter under these specific photopic test conditions [19].  Additional 

rest periods were provided as requested by the subjects to minimize and/or prevent 

fatigue or dry eyes.   
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Results 

Static inter-ocular pupillary asymmetry (IOPA) 

The data for static IOPA in the two populations are presented in Table 1.  In the normal 

population, the average static IOPA was 0.26mm (or 3.93%), with a standard deviation 

of 0.20mm (or 3.03%).  In the mTBI population, the average was 0.26mm (or 4.48%), 

with a standard deviation of 0.19mm (or 3.57%).   While the mTBI average was 

numerically larger, it was not statistically different than that found in the normal group 

(p > 0.05).  Thus, combining the two groups together for a better global parameter 

estimate, the average static IOPA was 0.26mm (or 4.17%), with a standard deviation of 

0.20mm (or 3.29%). 

 

Dynamic inter-ocular pupillary asymmetry (IOPA) 

The findings for dynamic IOPA are presented in Table 2.  The data are presented for the 

4 test conditions, as well as the combined average across all four conditions.   The 

dynamic IOPA was not statistically different between the two groups (p > 0.05) under 

any of the four test conditions.  Thus, again, for a better global parameter estimate, the 

data from the two groups were combined for each of the four test conditions.  The 

largest average dynamic asymmetry of 0.16mm (or 2.67%) occurred under the dim step 

condition, while the smallest average dynamic asymmetry of 0.09mm (or 1.36%) 

occurred under the bright step condition.  Lastly, when the data across all 4 test 

conditions were combined across both groups, the “grand” average dynamic inter-



164 

 

ocular asymmetry was 0.11mm (or 1.84%), with a standard deviation of 0.10mm (or 

1.70%).   

Discussion 

Pupillary system responsivity is an indicator of specific neurological conditions, as well 

as an overall indicator of neurological well-being [1, 2].  Mild traumatic brain injury 

(mTBI) has been shown to adversely affect the pupillary system in both its static and 

dynamic states with monocular testing.  Statically, it decreases the overall pupil 

diameter [6], while dynamically the pupillary light reflex is slower in its response time, 

and response and recovery velocities [5, 6].   However, an important aspect of the 

human pupillary system that had not been formally addressed was its binocularly-based, 

inter-ocular pupillary asymmetry (IOPA), both with respect to its static and dynamic 

response states.  

The objectives of the present investigation were three-fold:   1) to determine the normal 

average and range of static IOPA, 2) to determine the normal average and range of 

dynamic IOPA, and 3) to determine whether mTBI affects the static and/or dynamic 

IOPA in a significant manner.   The present results answered these three critical 

questions:  1) the normal average static IOPA was 0.26mm + 0.20mm (or 4.17% + 

3.29%), 2) the average dynamic IOPA was dependent on the light stimulus 

characteristics, with the “grand” average (average across both diagnostic groups and the 

four test conditions) being 0.11mm + 0.10mm (or 1.84% + 1.70%), and 3) mTBI did not 

affect the static or dynamic IOPA when compared to the normals.  This last finding 
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suggests that while the presence of mTBI adversely affects the pupillary light reflex 

statically and dynamically [5, 6], these affects appear to be symmetrical rather than 

asymmetrical in nature.  That is, mild traumatic brain injury typically does not cause 

asymmetric pupillary damage and related asymmetric pupillary responsivity.   

Traditionally, assessment of pupillary asymmetry, whether in a research or clinical 

setting, has been either qualitatively assessed or grossly quantitatively assessed per 

human observation, measurement, and judgment.   However, this represents a 

relatively crude manner with a detection discrimination (i.e., just noticeable difference) 

of at best 0.3 mm and likely greater (e.g., 0.5-1.0mm) [11]. Furthermore, it is contingent 

upon the individual’s experience, observational skill, and the ambient room illumination 

level [9].  Thus, it should be noted that the small mean asymmetric inter-ocular 

differences found in the present study would not be detectable by the conventional 

clinical swinging flashlight test and clinical human observation: they would only be 

detectable with infra-red, automated, objective, and quantitative pupillometry.  Thus, 

clinicians with access to automated pupillometry can use the present findings as a 

guideline to assess normal versus abnormal static and dynamic inter-ocular pupillary 

asymmetry.   

 

Static inter-ocular pupillary asymmetry (IOPA) and anisocoria 

Anisocoria is a diagnostic condition of unequal pupil sizes [2].  Normal physiological 

anisocoria has traditionally been accepted to reflect an inter-pupillary diameter 
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asymmetry in the range of 0.3mm to 1mm [10, 11, 20].  Traditionally, any asymmetry of 

greater than this would be considered abnormal (i.e., an indicator of a potential 

underlying neurological disorder).  The present investigation in which static IOPA was 

assessed at finer levels of resolution defines a quantitative average, with standard 

deviation values, for anisocoria in the general population rather than just an upper limit 

per the earlier studies [10, 11].  Thus, armed with this new information, clinicians can 

now more confidently assess for pupillary abnormality.  For example, if one defines 

suspicion of abnormality as any asymmetry that exceeds two standard deviations above 

the present average findings, then static IOPA/anisocoria of greater than 0.66mm (i.e., 

average + two standard deviations = 0.26 mm + 0.40 mm = 0.66 mm) might be 

considered “suspect”.   

 

Dynamic inter-ocular pupillary asymmetry (IOPA): possible relation to a relative afferent 

pupillary defect (RAPD) 

Relative afferent pupillary defect (RAPD) refers to an asymmetry between the two eyes 

in their relative dynamic pupillary constriction to light, whereby one eye constricts less 

than the other eye [1, 2].  Traditionally, a RAPD is detected with the swinging-flashlight 

test using rapid alternations between the two eyes [1, 2].  While this theoretically allows 

for virtually simultaneous comparison between the two pupils, any perceived difference 

is relative.  In the present investigation, the full constriction amplitude was 

simultaneously compared between the two eyes, namely the dynamic IOPA.   While it 
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may not be a perfect analogy, dynamic IOPA is comparable to the RAPD test in that both 

are comparing constriction amplitude between the two pupils.    

Related to the above notion, the results demonstrated that the greatest dynamic IOPA 

occurred under the dim step condition, while the least asymmetry occurred under the 

bright step condition.  This is an interesting result, since the swinging flashlight test as 

used clinically to reveal an RAPD typically uses a bright step of light as the stimulus.  

Ideally, based on the present findings, clinicians may wish to use a very dim light 

stimulus when performing the swinging flashlight test for elicitation of the greatest 

dynamic IOPA; however, in so doing, observation of the pupils may become very difficult 

at this reduced light level.  Thus, clinicians may opt to replace the clinical swinging 

flashlight test for automated infra-red pupillometry, at least in selected cases when 

suspected asymmetries are small.  This technique is far superior in its accuracy, 

reliability, and capability for creating the most conducive stimulus conditions for best 

detection of pupillary deficiencies.  Using this higher resolution pupillometry, the ability 

to detect more subtle aspects of inter-ocular pupillary asymmetry would be possible, 

and perhaps provide an earlier diagnosis and/or more accurate monitoring of abnormal 

pupillary conditions.        

Armed with modern pupillometry and with this investigation’s data, clinicians can now 

confidently assess for abnormality in dynamic IOPA.  For example, if one defines 

suspicion of abnormality as any asymmetry that exceeds two standard deviations of the 

present mean findings, then dynamic IOPA of greater than approximately 0.30mm (or 
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approximately 6%) (i.e., average + two standard deviations) may be considered as 

“suspect”.   

 

Physiological and anatomical considerations  

The direct and consensual response of the PLR are typically symmetrical, as the majority 

of the neural circuitry of the PLR is the same on both hemispheres of the brain [2]. The 

small section of the neural circuitry that is exclusive to one hemisphere is the region 

anterior to the optic chiasm (i.e., the section from the retina to the optic chiasm).  At the 

chiasm, approximately 50% of the pupillary fibers decussate, and thus any defect 

posterior to the chiasm should affect both pupils equally.   Since baseline pupillary 

diameter is primarily a function of the sympathetic system, and its primary innervation 

is the Edinger-Westphal nucleus, which ALL occurs post-chiasmal, it is not logical for 

most diffuse head trauma alone to cause an increase in the pupillary asymmetry per se.  

Indeed, this is what was found.  Post-chiasmally, the circuitry of the PLR is the same on 

both hemispheres of the brain, and thus any defect posterior to the chiasm should 

affect both pupils equally.    

 

Study limitations and future considerations 

Subjects in the present study were all in the chronic phase of mTBI (i.e., >45 days post-

injury).   The question of whether these results would be different in a subject 



169 

 

population in the earlier phases of mTBI recovery, such as the acute or subacute phases 

(i.e., < 45 days post-injury), is important.   In considering this issue, it helps to remember 

that the majority of the neural circuitry of the PLR reflex lies posterior to the chiasm, 

and thus most head trauma should cause bilaterally-symmetrical damage, regardless of 

time post-injury.  However, if the trauma occurs anterior to the chiasm, such as direct 

trauma to an eye and orbit, then asymmetric neural damage and abnormal pupillary 

responsivity might occur.  Furthermore, in the early stages of recovery, such as in the 

acute and subacute phases, it is plausible that any asymmetry would be exacerbated, 

since the injuries are still “fresh” (i.e., have not had sufficient time to heal/resolve).  

Future studies may elect to consider the acute / subacute population base, as this may 

unmask new findings on this topic.   If functional asymmetry were evident, then it would 

likely take the form of slowed, afferent signal conduction, hence resulting in a latency 

asymmetry.  The damage could also take the form of a weakened afferent signal, but 

again, as discussed earlier, this weakened signal would decussate at the chiasm, hence 

resulting in a bilaterally-symmetrical and overall weakened response.      

Could other pupillary parameters, such as constriction latency and/or recovery time, 

exhibit response asymmetries in individuals with mTBI?  In considering this question, 

one must consider that all pupillary parameters (except for constriction latency) are a 

function of the autonomic system, namely its two branches, the sympathetic and 

parasympathetic systems.  For example, the pupillary parameters which are associated 

with the parasympathetic system are constriction velocity and constriction amplitude, 

while the pupillary parameters which are associated with the sympathetic system are 



170 

 

baseline pupillary diameter, dilation velocity, and dilation recovery time.    Since the 

present results showed that constriction amplitude (a function of the parasympathetic 

system) and baseline pupillary diameter (a function of the sympathetic system) are not 

asymmetrically affected in individuals with mTBI, it stands to reason that the other 

pupillary diameters (except for constriction latency) should also not be asymmetrically 

affected in individuals with mTBI.    

Lastly, the one pupillary parameter that exists apart from the autonomic system is 

constriction latency.  This pupillary parameter is more a function of the afferent 

pupillary pathway integrity.  An affected/injured afferent pathway would likely affect 

the speed and strength of signal conduction.  Thus, if a patient experiences a localized 

trauma to one side of the head anterior to the chiasm, this may result in an afferent 

pupillary defect on the ipsilateral side.  This warrants further investigation in individuals 

with mTBI.   

 

Conclusion  

Incorporating automated pupillometry into habitual use for clinical pupillary analyses 

would be a considerable step forward in preciseness of the measurements and the 

diagnosis of pupillary dysfunction.   Based on the results of the present study, clinicians 

and researchers now have a useful quantitative guideline to assess normal versus 

abnormal pupillary asymmetries in both normals and those with mTBI.  This knowledge 
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and insight should aid in the overall management and treatment of pupillary disorders 

and their relevant diagnoses.   
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Tables and Figures 

 

 

 

      

 

Figure 1.   Subject being tested in the Neuroptics DP-2000 laboratory-based binocular 

pupillometer. The device is comprised of an infrared illumination source, an optical 

scanner, a computer, and dual cameras.  The dynamic pupillary diameters of each eye 

are displayed on the computer screen for on-line visual inspection and recorded for 

subsequent off-line quantitative data and statistical analysis.  (Used with permission, 

Neuroptics Inc.)  
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Δ mm Δ % 

 

 
Normals (n=40) 

 
Average 0.26 3.93% 

 

   
SD 0.20 3.03% 

 

   
SEM 0.03 0.48% 

 

       

 
mTBI (n=32) 

 
Average 0.26 4.48% 

 

   
SD 0.19 3.57% 

 

   
SEM 0.03 0.63% 

 

       

 
Combined:               

normal & mTBI 
(n=72) 

 
Average 0.26 4.17% 

 

  
SD 0.20 3.29% 

 

  
SEM 0.02 0.39% 

 

       

       

 

 

 

  

  

  

  Table 1.   Summary of results for static inter-ocular pupillary asymmetry (IOPA) in 

normal, mTBI, and combined.  Δmm = millimeter difference between the two pupils, 

and Δ% = percentage difference between the two pupils. 

Static inter-ocular pupillary asymmetry (IOPA)  
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Table 2.   Summary of results for dynamic inter-ocular pupillary asymmetry (IOPA) in 

normal, mTBI, and combined within the four test stimulus conditions.  Δmm = millimeter 

difference between the two pupils, and Δ% = percentage difference between the two 

pupils. 
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Abstract 

Purpose:  To determine if mTBI adversely affects the pupillary light reflex (PLR).  

Methods:   The PLR was evaluated in mTBI, and compared to normal individuals, under a 

range of test conditions.  Nine pupil parameters (maximum, minimum, and final pupil 

diameter, latency, amplitude, and peak and average constriction and dilation velocities) 

and 6 stimulus conditions (dim pulse, dim step, bright pulse, bright step, bright red step, 

and bright blue step) were assessed in 32 adults with mTBI (21-60 years of age) and 

compared to 40 normal (22-56 years of age).  The Neuroptics, infrared, DP-2000 

binocular pupillometer was used (30Hz sampling rate; 0.03mm resolution) with 

binocular stimulation and recording.   

Results:  Different test conditions allowed for discrimination of different parameters.  

For any of the given 6 test conditions, 5 to 8 of the 9 pupillary parameters were 

statistically different (p < 0.05) between the two diagnostic groups.  The most promising 

parameters for diagnostic differentiation were constriction latency, all pupillary 

diameters, average constriction velocity, and peak dilation velocity.   

Conclusions:  MTBI adversely affects the PLR.  This suggests an impairment of the 

autonomic nervous system.  The findings suggest the potential for quantitative pupillary 

dynamics to serve as an objective mTBI biomarker.   

  



181 

 

Introduction  

There are several definitions and concepts regarding the condition of traumatic brain 

injury (TBI).   The Centers for Disease Control and Prevention (CDC) states that 

“traumatic brain injury (TBI) is caused by a bump, blow, or jolt to the head, or a 

penetrating head injury that disrupts normal function of the brain”*1+.  The Department 

of Defense refers to it as “any structural damage caused by an external force to the 

brain and its associated structures resulting in physiological disruption of brain function” 

[2].   Immediately following the traumatic event, at least one of the following clinical 

symptoms or signs must be present: a period of altered state (e.g., loss of 

consciousness, confusion, or disorientation), memory loss (e.g., anterograde or 

retrograde), any sensory, motor, or perceptual neurological defect, and presence of an 

intracranial insult.  Severity of the TBI occurs along a spectrum from mild, moderate, to 

severe, with the majority (~75%) being of the mild (mTBI) form [3, 4].  Classification of 

severity is based on the following factors determined at the time of injury, namely 

structural imaging, duration of loss of consciousness (LOC), duration of altered state of 

consciousness (AOC), duration of post-traumatic amnesia (PTA), and the Glascow Coma 

Scale (GCS) score [5].    

TBI is a major medical and public health concern.  The CDC states that: “Traumatic brain 

injury (TBI) is a serious public health problem in the United States. Each year, traumatic 

brain injuries contribute to a substantial number of deaths and cases of permanent 

disability.  In 2010, 2.5 million TBIs occurred either as an isolated injury or along with 

other injuries”*1+.   TBI is also a leading cause of death and disability worldwide [6, 7].  
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The prevalence of TBI is increasing in a wide array of arenas from the sports-field to the 

battlefield, from motor vehicle accidents (MVAs) to improvised explosive devices (IEDs) 

detonating under/near military vehicles [8, 9].  For example, in the nine-year period of 

2001 to 2009, the rate of emergency room visits for sports and/or recreational injuries 

with a diagnosis of TBI rose 57% among those 19 years of age or younger [1]. 

A common and predominant feature of TBI is the rapidity with which it typically occurs 

[10, 11].  In a very short time frame (e.g., several hundred milliseconds), 

biomechanically-based, neurological deficits can arise, and immediately adversely affect 

cognitive, emotional, behavioral, physical, physiological, and/or ocular/visual 

functioning.  After this initial biomechanical insult, there is a sequelae of secondary 

physiological and biochemical adverse events [12, 13].  Resultant visual deficits can then 

become manifest as visual field defects, binocular dysfunctions, visually-based 

headaches, oculomotor deficits, and others, which may occur over the next days, weeks, 

months, and even years [8, 14, 15, 16].  More specific to the present study, the dynamic 

pupillary reflex to light (PLR) may be altered subsequent to a TBI, due to its relatively 

long and circuitous overall neural pathway [17, 18, 19].     

Two previous studies have investigated the potential of objective dynamic pupillometry 

for the diagnosis of mTBI [20, 21].  In 2013, Capo-Aponte et. al. [20] investigated 

individuals (n = 20) with blast-induced mTBI in the subacute phase (15 to 45 days after 

the brain insult), and in 2015, Thiagarajan & Ciuffreda [21] investigated non-blast 

induced individuals with mTBI (n= 17) in the chronic phase (> 45 days after the brain 

insult).   Both studies used the Neuroptics PLR-200 handheld, automated, monocular 
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pupillometer (Neuroptics, Irvine, CA; www.neuroptics.com) and investigated the PLR to 

a single stimulus of 154 milliseconds duration and 180 microWatts intensity.     While 

the results of the two studies were equivocal in some respects, as might be expected 

due to their population differences, there was notable similarity: both found that the 

PLR was slowed in mTBI.  Specifically, both found a decrease in average pupillary 

constriction velocity and average dilation velocity in their mTBI cohorts as compared to 

normal individuals.  They both concluded that dynamic pupillometry could potentially 

serve as an objective biomarker of mTBI, as has been recently suggested elsewhere [22].   

There were two objectives for the present investigation.  The primary objective was to 

explore more comprehensively the presence of pupillometric deficiencies in mTBI under 

naturalistic binocular-viewing conditions, and furthermore, to extrapolate from these 

findings the possible anatomical and physiological substrates of the mTBI-based deficits.    

A second purpose was to determine if the results from objective, binocular, dynamic, 

automated infrared (IR) pupillometry could serve as a biomarker for mTBI.  Thus, the 

PLR was evaluated in mTBI and compared to normal individuals, under a wide range of 

test conditions, and in a relatively large number of subjects, to maximize the potential 

for eliciting the optimal test condition(s) and parameter(s) for differentiation between 

the two groups.  A spectrum of test stimuli was chosen.  On one extreme, short 

duration, low intensity stimuli were used to invoke relative threshold-type responses, 

with the hope of revealing very subtle defects which may otherwise be embedded, and 

thus masked, with more intense stimuli due to response saturation.  On the other 

extreme, relatively long duration, high intensity stimuli were used to invoke peak (or 
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near maximal) responses, and thus reveal possible deficits in optimum performance 

following maximum drive to the system.   

 

Methods 

Subjects 

Thirty-two subjects with a diagnosis of mTBI (mean age: 37 [+] 11 years, range 21-60 

years) and 40 normal control subjects (mean age: 33 [+] 12 years, range 22-56 years), 

participated in the study.   The mean age of the two groups was not statistically 

different (p > 0.05), and the age ranges were similar.   All subjects had stable general 

health, that is all were ambulatory and living independent lives.  None were taking any 

drugs/medications, or had any systemic/neurological diseases or ocular opacities, that 

could adversely affect the pupillary response.  None had an APD as assessed by the 

swinging flashlight test [17].  All had received a comprehensive vision examination (i.e., 

refractive, binocular/motility, and ocular health status) within the previous 12 months 

prior to participation within the study.   

Those with mTBI were medically diagnosed and documented with it in local New York 

City hospitals (e.g., NYU Medical) by licensed practitioners (e.g., neurologists and 

physiatrists) using standard clinical criteria (e.g., Glascow Coma Scale).  Their visual 

symptoms were typical of those with mTBI [15], including considerable oculomotor 

insufficiencies, such as accommodative and/or convergence dysfunctions leading to 

reading problems, blur, headaches, as well as photosensitivity, to name a few.  They 
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were then referred to the Raymond J. Greenwald Vision Rehabilitation Center at the 

State University of New York (SUNY), SUNY College of Optometry, University Optometric 

Center of New York (OCNY) for evaluation and remediation of their visual symptoms.  

The most common cause of their mTBI was a motor vehicle accident (n=11), followed by 

sports-related injuries (n=8).  Many (n=18, 56%) had experienced multiple brain injuries, 

with the frequency ranging from two to greater than seven occurrences.  All were in the 

chronic (> 45 days post injury) mTBI phase [8] when tested.    

All normal subjects were recruited from the student/staff/friends population at the 

college.  None had a history of concussion/mTBI, or blunt eye trauma, nor any ocular 

opacity (e.g., cataract) that could reduce the amount of light impinging on the retina.    

The study was approved by the SUNY Institutional Review Board (IRB).  Written 

informed consent was obtained from all subjects prior to their participation.   

 

Apparatus 

The Neuroptics DP-2000 human binocular pupillometer was used to assess the pupillary 

light response (PLR) (http://www.neuroptics.com).  This research-based system is 

comprised of an infrared illumination source, an optical scanner, a computer, and dual 

cameras which track, record, and analyze both pupils simultaneously.  See Figure 1.   

Resolution is 640 X 480 pixels (i.e., 0.03mm).   Its sampling rate is 30Hz (i.e., 33 

samples/sec), which satisfies the Nyquist sampling criterion to yield high-fidelity 
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dynamic response trajectories [23].  The device is commercially available and is FDA 

waived for clinical research.  Its main advantages are: 1) it has binocular viewing and 

stimulation capacity, and 2) its stimulus characteristics are wide-ranging and readily 

customizable.   Background illumination can range from 0.2 – 3.2 log lux (i.e., 1.58 - 

1,585 lux), and stimulus intensity can range from 0.2 – 3.2 log lux.  The test stimulus can 

be either broad spectrum white light, or narrow spectrum red, green, or blue light, with 

spectral peaks of 622, 528, and 463 nanometers, respectively.  In the present study, the 

green light was not used.   

The stimulus light is emitted through a diffusing screen with a visual angle of 

approximately 500 horizontally and 350 vertically, thus encompassing all of the central 

and near peripheral visual field.  Since the stimulus is diffuse (i.e., non-patterned) and 

encompasses a large retinal area, wearing of a refractive correction is not critical; the 

PLR will be the same with or without refractive correction [24].  Thus, subjects did not 

wear their spectacle correction during testing, since this also allowed for an easier and 

more accurate fit into the binocular pupillometer apparatus, and hence more accurate 

alignment of the optical image with greater clarity.  Contact lenses were also removed 

prior to testing to reduce the occurrence of dry eye that could potentially be 

encountered over each 1 hour test session and impair the video image of the pupils.  

The pupillometer’s software automatically measured and quantitatively analysed the 

following parameters: baseline pupil diameter (i.e., steady-state diameter before the 

light stimulus is presented), minimum pupil diameter (i.e., diameter at maximum 
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constriction following the stimulus presentation), response amplitude (i.e., the 

difference between the maximum and the minimum pupillary diameters), response 

latency (i.e., the time between the stimulus onset and initiation of the constriction 

response; reaction time), mean constriction and dilation velocities, and maximum (or 

peak) constriction velocity.  The two parameters calculated using Microsoft Excel 2010 

from the raw numeric data were peak dilation velocity and the 6 second post-stimulus 

pupil diameter (6PSPD).  

 

Experimental Procedure 

There were four steps to the experimental procedure:   

1) Subjects sat in the dim laboratory room of approximately 5 lux for 10 minutes to 

allow for visual adaptation to occur [9].   This low illumination was also used to allow the 

pupils to dilate to a considerable diameter, and hence result in a large dynamic pupillary 

response subsequent to light stimulation.   All testing was performed under the same 

dim room illumination.     

2) The subject was aligned within the pupillometer as shown in Figure 1 and instructed 

to gaze straight ahead.  They were also directed to blink minimally to reduce response 

artifacts during the recording period, which if present were deleted from the data 

analysis; this accounted for less than 5% of the test trials.  Blinking was also controlled 

by the experimenter as needed during testing.     
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3)  The test trials were then initiated.  The stimulus was presented to both eyes, and the 

response was recorded.   In total, there were six stimulus conditions: dim white pulse, 

dim white step, bright white pulse, bright white step, bright red step, and bright blue 

step.  The sequence of stimulus presentation was randomized to minimize response 

order effects.  There were three trials for each stimulus condition, which were then 

averaged in the analysis for each subject.  Specification of stimulus intensity was: dim = 

4 lux, bright = 251 lux.   Specification of stimulus duration was:  pulse = 100ms, and step 

= 1,000ms.  A labeled schematic pupillary response is presented in Figure 2 depicting 

the nine pupillary parameters (A) and six stimulus conditions (B).   By definition, a pulse 

represents a stimulus duration shorter than the particular system’s latency, whereas a 

step represents a stimulus duration longer than the particular system’s latency *25+. 

4)  After each individual test trial, the subject rested and remained in the dim 

illumination of the laboratory room to regain and obtain a similar pre-test visual 

adaptation level [26].  Duration of the inter-trial period varied depending on the 

stimulus; it was one minute after either a white or red stimulus presentation, and two 

minutes after a blue stimulus presentation, which was dependent on receptor 

properties [26].   For example, bright blue light stimulates the ipRGCs, and thus longer 

recovery time is required [26].  Further elaboration of this phenomenon is provided in 

the first paragraph of the Results section.   These visual adaptation times were found to 

be more than sufficient for the present test conditions [26].  Additional rest periods 

were incorporated as requested by the subject.    
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Data Analysis 

Statistical Analysis 

 Three trials were performed for each parameter per each condition.  The three 

trials were averaged for each subject.  Then, subject means in each group were 

averaged for each parameter per each condition.  For each test parameter and each 

condition, the two-tailed, independent t-test was performed comparing the two groups.  

The alpha level for significance was set at p < 0.05.   Power calculations revealed that 

our sample size for each group exceeded the typical power requirement of 80%.    

 

Results 

Representative binocular (right and left eye) dynamic pupil responses in a sample 

subject for the three bright step stimulus conditions are presented in Figure 3.  Overall, 

the global trajectories of the dynamic pupil responses for the bright white and bright 

red step stimuli were similar, whereas they were both notably different from that of the 

bright blue step stimulus, in both groups.  The pupil responses to both the white and red 

stimuli were consistent with the classic/traditional pupil response profile [18], wherein 

there is a fast constriction phase, followed by an initially fast dilation phase, which then 

transitions into a slower dilation phase.    In contrast, while the response to the bright 

blue step stimulus also exhibits a fast constriction phase, it is followed by a very slow 

dilation phase (i.e., the “sustained constriction response” *26+).   Moreover, in both the 

normal and in the mTBI groups, there were no significant differences (p > 0.05) in any 

parameter between the two eyes during the binocular viewing and stimulation 
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conditions, thus showing excellent interocular response symmetry.  Hence, for the 

present study, the mean response values between the two eyes were averaged and 

used as the basis for the statistical analyses.  In addition, concerning subjects with single 

versus multiple mTBI episodes, originally the data were assessed for single versus 

multiple mTBI events separately.  However, there was no statistical difference (p > 0.05) 

between them.  Thus, for ease of analysis and understanding, the data were combined 

into one group, namely mTBI.   Differentiation of the two groups (normal versus mTBI) 

was established per independent t-tests at a probability level of p < 0.05 for each test 

stimulus condition and each pupil parameter.      

Summary of the results is presented in two formats, in tabulated data form (Table 1), 

and in schematic form (Figure 4).   In Table 1, the results for each parameter (rows) are 

shown for each condition (columns).  Highlighted cells signify that the parameter was 

statistically different (p < 0.05) between the two groups under the specified test 

condition.  Figure 4 presents the same data summary but in a schematic representation 

form.   The solid line represents the typical normal response, and the broken line 

represents the typical mTBI response.  The arrows depict the abnormal parameters 

found in the mTBI group as compared statistically to the normal group.   Different test 

conditions allowed for discrimination of different parameters between the two groups.  

For any of the given six test conditions, 5 to 8 of the 9 pupillary parameters were 

statistically different (p < 0.05) between the two groups.  The overall trends of Table 1 

show that the mTBI cohort had longer constriction latency times, slower velocities, and 

smaller pupil diameters (baseline, minimum, and 6PSPD).   The most consistent test 
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condition was the bright red step stimulus, in which 8 of the 9 pupil parameters were 

significantly different between the two groups; only constriction amplitude was not.  

The most consistent pupil parameters that differentiated between the two groups were 

the pupillary diameters (maximum, minimum, and 6SPSD; p < 0.01 under all 6 test 

conditions), and peak dilation velocity (p < 0.02, under all applicable conditions).  

Figures 5 presents the “main sequence” (i.e., the relation between response amplitude 

and its correlated velocity [21, 27, 28]) results for the normal and mTBI groups under 

the optimal condition of a bright red step stimulus; the larger the response amplitude, 

the greater its velocity.  Figure 5a presents a comparison of peak and average 

constriction velocity versus respective response amplitude between the two groups.  

Conversely, Figure 5b presents a comparison of peak and average dilation velocity 

versus the respective response amplitude between the two groups.  Table 2a shows the 

main sequence key findings for the four velocity parameters associated with Figures 5a 

and 5b.   While the slope values of the main sequence profiles for both peak and 

average velocities were similar between the two groups, the mTBI group responses 

were typically below (i.e., offset) the normal group (p < 0.05 for all four velocity 

parameters under this optimal test condition). That is, for any given response 

amplitude, on average, the mTBI group exhibited slower velocities as compared to the 

normal group.   Furthermore, mean response variability (i.e., standard error) was always 

numerically larger in the mTBI group for all conditions (Table 2). 
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The test condition and parameter for which the main sequence results exhibited the 

largest slope offset  between the two groups was peak dilation velocity under the bright 

white step test stimulus condition (Figure 6).  For the same response amplitude, the 

mTBI group, on average, exhibited slower peak dilation velocities as compared to the 

normal group (p < 0.0004).   Table 2b presents the main sequence findings associated 

with Figure 6.    

Figure 7 presents a schematic pupil response summary of all findings across all 

conditions comparing the normal and mTBI groups.  Overall, the mTBI group had smaller 

pupil diameters and slower pupillary dynamics.   The smaller pupil diameters and peak 

dilation velocities were observed across all test conditions.  In contrast, the slower peak 

and average constriction and average dilation velocities, as well as the response 

amplitude, were only observed under some of the conditions.  See Figure 2 for 

specification of each parameter.     

 Repeatability 

Repeatability was assessed in four subjects (two from each diagnostic group) with 

respect to all parameters across all conditions using the coefficient of variation (CV) 

analysis [29].  CV values can range from 0.00 to 1.00; the smaller the value, the better 

the repeatability.  Across all parameters, the CV values in the mTBI group were small, 

with a mean of 0.07 and a range of 0.03 to 0.1.  In the normal control group, they were 

also very small, with a mean of 0.05 and a range of 0.01 to 0.09.  Across all test 

conditions, the CV values in the mTBI group were small, with a mean of 0.07 and a range 
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of 0.06 to 0.09.  In the normal group, they were also small, with a mean of 0.05 and a 

range of 0.03 to 0.09.    The average CV value of both groups across all parameters and 

across all conditions was 0.06.  These very low values across all parameters and 

conditions suggest excellent repeatability [29]. 

 

Discussion    

The present investigation uncovered several important pupillary deficiencies in the mTBI 

population as compared with the normal population.  These involved both the afferent 

and efferent aspects of the parasympathetic and sympathetic systems.    

Afferent Pathway   

The finding of increased mean constriction latency in mTBI suggests an afferent-based, 

neurosensory processing delay in the PLR pathway (Table 1).  Constriction latency was 

significantly slower in the mTBI group as compared with the normal group.  This was 

found in 5 of the 6 test conditions; only under the most intense stimuli of a bright white 

step was there no statistical difference in latency between the two groups.  Thus, the 

presence of increased latency was detected more readily and consistently for the less 

intense stimuli.   Constriction latency ranged, on average and across conditions, from 

194 to 214 ms in mTBI as compared to 182 to 199 ms in the normals.    

Neurophysiologically, it is well established that there is an inverse relation between 

stimulus intensity and response latency [18, 27, 30]; that is, as the intensity of the 
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stimulus is reduced, the latency is increased, and vice versa.   This effect appears to be 

exacerbated in mTBI.    Under the more intense stimuli, in which the corresponding 

responses would presumably be more rapid and robust, the more subtle latency 

deficiency was less evident.  This might be due to a response saturation effect that 

would in effect mask any transient subtle response differences.  While with a less 

intense stimulus, response saturation would not be predicted, and therefore the subtle 

latency deficiency would become evident.   For example, under the least intense 

stimulus condition (i.e., dim pulse), the average group latency in the mTBI group was 

slower by 15 msecs (p = 0.008); under a more intense stimulus condition (i.e., bright 

pulse), the average group latency was slower by 13 msecs (p = 0.013); and under the 

most intense stimulus condition (i.e., bright step), the average latency was only delayed 

by 9 msec (p = 0.204), and was not significant.   This stimulus intensity versus latency 

trade-off represents a general neurophysiological phenomenon [27].  This result is also 

consistent with the more general finding in humans that a neurologically 

diseased/damaged visual pathway will demonstrate exacerbated and large response 

abnormalities when the stimulus luminance is reduced [31, 32].   

Efferent Pathway 

The findings also suggest abnormal efferent-based pupillary control in both the 

parasympathetic and sympathetic systems in mTBI.   First, in regards to the 

parasympathetic system, average constriction velocity (ACV), a parasympathetically-

driven parameter, was significantly reduced in the mTBI group.  This parameter 
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deficiency was most evident statistically under the more intense stimulus conditions, 

but not in the least intense condition (i.e., dim pulse).  See Table 1.   This suggests that a 

greater stimulus drive is needed to generate higher response velocities to differentiate 

between the two groups.  Yet, peak constriction velocity (PCV) was not different 

between the two groups.   A possible explanation is that PCV is a reflection of the initial 

and rapid pre-programmed, neurological response portion to a stimulus (open-loop), 

while the ACV is more a reflection of the remaining slower response component 

averaged over time under visual feedback control (closed-loop), with this latter aspect 

perhaps also reflecting, and thus being influenced by, a rapid visual adaptation effect 

[18].  This dual-mode response and redilation mechanism is consistent with findings 

from other related oculomotor systems, such as accommodation [33] and vergence [34].  

That is, for these two systems [33, 34], there is an initial pre-programmed response (i.e.; 

the first 150-200msec) that is followed by the remaining response (i.e., 600-800 msec) 

under visual feedback control.  Thus, a deficiency in the ACV only suggests deficiency in 

the second component, i.e., the neural feedback loop/mechanism of the PLR.   

Correspondingly, in the earlier two mTBI pupillometry studies [20, 21], ACV was also 

found to be decreased, while the findings for PCV were equivocal.  Hence, abnormal 

ACV was a consistent finding across the 3 studies, and PCV was not.   

Second, several findings suggest abnormal efferent-based, sympathetic innervation of 

pupillary control in mTBI.  Pupillary diameters (maximum, minimum, and 6SPSD) were 

decreased in mTBI.   Since pupillary diameter is a function of the degree of midbrain 

supranuclear inhibition of the Edinger-Westphal nucleus (EWN) [19], the presence of a 
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smaller pupillary diameter in mTBI under the present test conditions suggests a 

decrease in inhibition of the EWN.  Moreover, peak dilation velocity was found to be 

slower in mTBI.  Pupillary dilation is a function of the sympathetic system, and it is likely 

a result of two integrated processes [18, 19], as follows:  we propose the following 

scenario.  See Figure 8.  First, the sympathetic system inhibits the EWN, which allows 

the iris sphincter to relax, thus resulting in pupillary dilation.  Second and related, the 

sympathetic system innervates the iris dilator muscle to contract, which also results in 

pupillary dilation.  Since there is a decrease in dilation velocity in mTBI, this suggests a 

defect in sympathetic innervation involving these two processes.   Furthermore, this 

notion is consistent with the suggestion of abnormal and reduced sympathetic influence 

in the two recent studies of the pupil dynamic response in mTBI [20, 21].  

 Receiver operating characteristic (ROC) curves 

In this section, ROC curves are used in an exploratory manner using selected pupillary 

parameters to develop and test for potential optimal objective biomarkers for mTBI.  

The findings of the present study demonstrate that mTBI adversely affects the PLR in 

many ways.  Is it possible to use the PLR as an objective diagnostic indicator of mTBI?  

That is, can the results from the technique of objective pupillometry serve as a clinical 

biomarker for mTBI?  Signal detection theory and its graphical representation of a 

receiver operating characteristic (ROC) curve were employed to address this important 

issue [36, 37, 38]; specific to the present study is the ability to discern between the mTBI 

and normal groups.   The ROC curve is a graph which plots the true positive rate (TPR) 
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against the false positive rate (FPR) using a range of different possible criteria in a 

particular diagnostic test.   It is a useful approach, as it quantitatively and graphically 

depicts the criterion-based trade-off between sensitivity and specificity: an increase in 

sensitivity is generally accompanied by a decrease in specificity.   The area under the 

curve (AUC) represents, or reflects, the predictive power of the parameter tested, with a 

range of AUC values from zero to one; the bigger the area / value, the better predictive 

ability.   

Figures 9a, 9b, and 9c present ROC curves for three selected individual pupillary 

parameters which had among the smallest statistical p-values and exhibited among the 

most consistency across test conditions in differentiating mTBI from normal, and thus 

potentially have much promise as objective mTBI biomarkers.  These selected 

parameters were latency, peak dilation velocity, and maximum diameter.   Stimulus 

conditions were chosen for the white light conditions only, because white light is what 

clinicians have traditionally used and have the greatest familiarity.  Furthermore, white 

light is available in all automated pupillometer systems currently available.  For these 

three selected parameters, the AUC values ranged from 0.69 to 0.74, with PDV having 

the largest value of 0.74, and with all values representing good predictive power (Figure 

9b).   Thus, under the stated condition, PDV has the potential to serve as a good 

biomarker screening test parameter.  Depending on whether the emphasis is on 

sensitivity or specificity, the criterion can be varied accordingly.  For example (see Figure 

9b table), if the PDV criterion value were set at 1.30 mm/sec, the specificity would be 

95%, while the sensitivity would be 78.1%.   That is, approximately 78% of those with 
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suspected mTBI would be correctly identified as having mTBI, while 95% of the normals 

would be correctly identified as being normal.     

In an attempt to achieve an even higher AUC value, and thus a potentially better 

predictor, two parameters were combined to produce an ROC curve.  The two selected 

parameters were PDV and constriction latency.  See Figure 10.    In this combination and 

configuration, the latency criterion was set and fixed at 1 standard deviation higher than 

the normal mean, while the criterion for PDV was varied (see Figure 10 table).  This 

resulted in a slightly higher AUC value of 0.78 (as compared to the 0.69 - 0.74 range for 

the aforementioned single parameter predictors).  This suggests that by combining two 

parameters, the overall predictive value may be slightly improved as compared with the 

use of only one parameter.  

Considering that no convenient objective test as a biomarker for mTBI currently exists, 

these pupillometric findings are very promising and could potentially fill this gap.  

Results suggests that while the predictive performance of a single pupillometric 

parameter can be used reasonably well as a screening test for mTBI, the use of two 

parameters may be even better.    Thus, it is proposed that multiple pupillary 

parameters should be used in combination as an objectively-based biomarker screening 

test for the presence of mTBI.  This will require further exploration in the future to 

obtain the optimal combinations of parameters and conditions for this purpose. 

Future Directions  



199 

 

The promising results of the present study suggest the potential use of pupillary 

dynamics as an objective biomarker for the detection and diagnosis of mTBI.   Pupillary 

dynamics would be an ideal mTBI biomarker, as it can be acquired objectively, rapidly, 

quantitatively, and non-invasively using portable automated pupillometry.  Future 

studies should be conducted to expand the present results in larger subject populations 

to develop more precise criteria and algorithms with likely even higher sensitivities and 

specificities.  For example, the present study found that PDV, a parameter that is usually 

not assessed in the literature or in automated pupillometer algorithms, was one of the 

best single parameters for differentiating between the two groups.   Therefore, future 

pupillometers should incorporate PDV into their automated software algorithms as a 

standard test parameter.  PDV has the potential to be a very useful parameter, since it is 

a reflection of the sympathetic system, and it is commonly accepted that there is a 

general decrease in the sympathetic innervation following a TBI [39].     

In addition, testing protocols can be significantly streamlined to achieve high efficiency 

across a larger population base with use of optimal parameters.  Once efficiency is 

achieved, it would be reasonable to assume that the entire test session could take less 

than 5 minutes, and furthermore be performed across all age groups including 

pediatrics and geriatrics, by either a trained technician or doctor.          
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Conclusion 

The present findings demonstrate that mTBI adversely affects pupillary dynamics to light 

across many dimensions.  The PLR has the potential to be used as both an objective 

biomarker and a diagnostic tool for the detection and monitoring of mTBI.   
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Table 2a.  Results for the four main sequence velocity parameters and the two main 

sequence regression parameters associated with Figures 5a and 5b in the two groups.    

Table 2b.  Results for the main sequence peak dilation velocity parameter and the two 

main sequence regression parameters associated with Figure 6 in the two groups.    
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Figure 1.   The Neuroptics DP-2000 laboratory-based binocular pupillometer with 

subject being tested.  It is comprised of an infrared illumination source, an optical 

scanner, a computer, and dual cameras.  The pupils of each eye, along with the 

correlated binocular dynamic responses, are displayed on the computer screen for on-

line visual inspection and for subsequent off-line quantitative data and statistical 

analysis.  (Used with permission, Neuroptics Inc.)  
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Figure 2.  Top: Schematic representation of a pupil response profile and the associated 

nine pupil parameters assessed as indicated by the open circles.  The pre-stimulus time 

is 0.5 seconds, and the post-stimulus time is 6.0 seconds.   Bottom: Schematic 

representation of the six experimental test stimulus conditions.  The x-axis represents 

the relative stimulus duration, and the y-axis represents the relative stimulus intensity.  

Dim = 4 lux, Bright = 251 lux, Pulse = 100ms, and Step = 1,000ms.   
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Figure 3.  Representative binocular (right and left eye) dynamic pupil responses in a subject for 

the three bright step stimulus conditions.  Plotted on the x-axis is time (sec), on the left y-axis is 

pupil diameter (mm), and on the right y-axis is stimulus intensity (loglux).   
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Figure 4.   Schematic representation of the group results for the six test stimulus 

conditions for the normal (solid line) and mTBI (broken line) groups.  Plotted is pupil 

diameter as a function of time.   Arrows depict the abnormal parameters in mTBI as 

compared statistically to the normal group.  See Figure 2 for specification of each 

parameter.    
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Figure 5.  Main sequence plots under the optimal test stimulus condition (bright red step).  The 

solid lines represent the normal group, and the broken lines represent the mTBI group.   5a. The 

main sequence for peak constriction velocity (top), and average constriction velocity (bottom)].  

Both velocity parameters were significantly different (p < 0.05) under this condition, being 

slower on average in the mTBI group.  Avg CV = average constriction velocity, and Peak CV = 

peak constriction velocity.   5b. The main sequence for peak dilation velocity (top), and average 

dilation velocity (bottom)].  Both parameters were significantly different (p < 0.05) under this 

condition, being slower on average in the mTBI group.   Avg DV = average dilation velocity, and 

Peak DV = peak dilation velocity.     
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Figure 6.   Main sequence findings between the two groups for peak dilation velocity 

(Peak DV) under the bright white step stimulus condition.  The solid line represents the 

normal group, and the broken line represents the mTBI group.  There was a significant 

difference between groups (p < 0.0004), being slower on average in the mTBI group. 
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Figure 7.  Schematic pupil response summary of all statistically significant (p < 0.05) 

parameter findings across all conditions comparing normal (solid line) and mTBI (broken 

line) groups.   The solid circles represent those parameters which were significantly 

different across all conditions, and the broken circles represent those parameters which 

were significantly different across some conditions.  See Figure 2 for specification of 

each parameter.      
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Figure 8.  Sympathetic neuronal pathway for the PLR.   8a:  At baseline (e.g., when lethargic or 

asleep), the Edinger-Westphal Nucleus (EWN) spontaneously fires, thus continuously stimulating the 

iris sphincter resulting in pupillary constriction, and thus resulting in smaller pupils.  8b:  In the 

aroused/awake state of normals, the sympathetic system performs two complementary actions, 

which results in large pupils and rapid dilation: (1) it inhibits the EWN, thus allowing the pupil 

sphincter to relax, and (2) it stimulates the iris dilator to contract.  8c:  mTBI results in a reduced 

activation of the sympathetic system, thus, in the aroused state, its inhibition of the EWN is reduced, 

and its stimulation of the iris dilator is reduced.  Thus overall, these reduced dual actions led to 

smaller pupils and slower dilation velocities in the mTBI group.       
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Figure 9.   ROC curves for the selected optimal pupillary parameters of latency, peak dilation velocity, 

and maximum diameter. (a) parameter: latency, condition: dim pulse, (b) parameter: PDV, condition: 

bright step, (c) parameter: maximum diameter, condition: dim pulse.  The AUC ranged from 0.69 to 

0.74.  PDV gave the highest AUC value of 0.74.     
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Figure 10.  ROC curve for two selected parameters under different test conditions.  Cutpoints 

for PDV and constriction latency were combined to produce this ROC curve.  The latency 

cutpoint was set at 1 standard deviation longer than the normal mean, while the cutpoint for 

PDV was varied.    
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Introduction  

Traumatic brain injury (TBI) is a major military, national, and worldwide health concern.  

There have been over 300,000 cases of TBI reported in the U.S. military over the last 15 

years.1  Furthermore, there are over 1.7 million civilian cases of TBI annually in the 

United States,2  and more than 10 million cases per year worldwide.3    

TBI refers to a brain insult that is caused by trauma to the head.4,5,6  Per a report to 

Congress, TBI refers to an alteration in brain function, or other evidence of brain 

pathology, caused by an external force.7  Degree of the TBI can range from “mild” to 

“severe”, with the majority (70-80%) being of the mild TBI (mTBI) variety.7    

MTBI results in a constellation of visual problems.8,9 One especially important 

perceptual dysfunction for both the military and civilian establishments is the symptom 

of photosensitivity.  At the present time, the diagnosis of photosensitivity can be 

relatively vague and nebulous, as there is no known objective test, or objective 

biomarker, to firmly establish its presence. Therefore, there is a need to fill this gap for 

better understanding and improved capabilities for its diagnosis and treatment.       

Photosensitivity can be broadly defined as a symptom of mild to extreme visual 

discomfort/pain in the presence of normal lighting conditions.10  That is, light levels that 

normally do not provoke the sensation of visual discomfort in others, do so in these 

individuals.  Its prevalence is approximately 50% in the mTBI population and 10% in the 

non-mTBI, normal population, in both the military and civilian cohorts.11,12  Currently, its 
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presence and magnitude of effect are conveyed through general patient complaints, 

and specific visual symptoms, under a range of indoor and outdoor lighting conditions.    

Previous studies in humans have investigated the pupillary light reflex (PLR) and found it 

to be abnormal in many with mTBI for a range of parameters.13, 14 However, none have 

investigated whether the PLR per se can be used in the objectively-based differential 

diagnosis for photosensitivity in the normal and mTBI populations. Our working 

hypothesis is the following:  since the PLR reflects the visual system’s perception to 

light, and photosensitive individuals perceive light differently than others, then there 

may be a difference in the PLR dynamics in those with versus those without 

photosensitivity.    

The present study had two objectives.  The primary objective was to explore 

comprehensively the PLR dynamics of photosensitive versus non-photosensitive 

individuals, under naturalistic binocular-viewing conditions, in both the normal and the 

mTBI populations.  The secondary purpose was to exploit any differences in dynamic 

responsivity, which may have the potential to serve as an objective, pupillometric 

biomarker for photosensitivity.  

 

Methods 

Overview 

The PLR was evaluated in both the visually-normal and mTBI populations, both 

photosensitive and non-photosensitive, under a wide range of test conditions.  This was 
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done to maximize the potential for eliciting the optimal test condition(s) and 

parameter(s) for possible differentiation between the diagnostic groups, as well as for 

the presence of photosensitivity itself.  On one extreme, short-duration, low-intensity 

stimuli were used to invoke threshold-type responses, with the hope of revealing very 

mild and subtle deficits which may otherwise be embedded, and thus masked, with the 

more intense stimuli due to response saturation.  On the other extreme, relatively long-

duration, high-intensity stimuli were used to invoke peak (or near maximal) responses, 

and thus reveal possible deficits in optimum performance following strong drive to the 

pupillary system.  Furthermore, with the desire to investigate possible melanopsin 

ganglionic cell involvement and its related tract, long duration, high-intensity red and 

blue stimuli were also used to induce and assess the melanopsin cell response known as 

the “sustained constriction response”.15, 16  

Subjects 

Forty normal, control subjects (mean age: 33 [+] 12 years, range: 22-56 years, mean 

refractive error: -2.33 [+] 2.85 diopters) and thirty-two mTBI subjects (mean age: 37 [+] 

11 years, range: 21-60 years, mean refractive error: -1.42 [+] 2.42 diopters) participated 

in the study.   The mean age and refractive error difference between the two groups 

were not statistically different (p > 0.05).  Their age range distributions were also very 

similar.   In the control group, six (15%) reported photosensitivity, while it was 22 (65%) 

in the mTBI group.   These general prevalence percentages agree with the literature.11, 12   

All had best corrected visual acuity of 20/25 or better in each eye without presence of 
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any ocular opacity (e.g., cataract) that could reduce the amount of light entering the 

pupil.  All were in stable general health.  None were taking any medications, or had any 

systemic or ocular conditions, that could affect their pupillary responsivity.  None 

reported moderate or severe dry eyes.  For those with mild dry eye, Refresh tears were 

used during testing as needed.  None had an afferent pupillary defect as determined by 

the clinical swinging flashlight test.  All with mTBI were medically documented in local 

New York City hospitals by licensed practitioners (e.g., neurologists and physiatrists), 

and they were subsequently referred to the Raymond J. Greenwald Vision Rehabilitation 

Center at the State University of New York (SUNY), College of Optometry, University 

Optometric Center of New York (OCNY) for a range of visual problems.  Here they 

received a comprehensive vision examination prior to participating in the experiment.  

All normal subjects were recruited from the local college population comprised of 

students, staff, and friends over a wide range of ages.  None had a history of 

concussion/mTBI or blunt eye trauma.  In addition, all normal subjects were required to 

have received a comprehensive vision examination within 1 year of our testing.  None 

were taking any medications that could alter pupillary responsivity.  The study was 

approved by the SUNY Institutional Review Board.    

Apparatus 

The Neuroptics DP-2000 binocular pupillometer was used to assess the PLR 

(http://www.neuroptics.com).  This device is commercially-available and is FDA waived 

for research.   It is comprised of an infrared illumination source, an optical scanner, a 
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laptop computer, and dual video cameras for simultaneous binocular tracking, 

recording, displaying, and data analyses.  The system has a resolution of 640 X 480 pixels 

(i.e., 0.05mm).  Its sampling rate of 30Hz (i.e., 33 samples/sec) satisfies the Nyquist 

sampling criterion to yield high-fidelity dynamic response trajectories.17   The color of 

the test stimulus can be selected to be either broad spectrum white light, or narrow 

spectrum red, green, or blue light, with spectral peaks of 622, 528, and 463 nanometers, 

respectively; all but green stimulus were used in the present study.   The stimulus light 

encompassed all of the central and near peripheral visual field, since it was emitted 

through a diffusing screen with a visual angle of approximately 500 horizontally and 350 

vertically. 

Twelve PLR parameters were averaged and evaluated.  Seven were automatically 

attained by the pupillometer’s inherent analysis software: baseline (or maximum) pupil 

diameter (i.e., steady-state diameter before the light stimulus is presented), minimum 

pupil diameter (i.e., diameter at maximum constriction following the stimulus 

presentation), response amplitude (i.e., the difference between the maximum and the 

minimum pupillary diameters), response latency (i.e., the time between the stimulus 

onset and initiation of the constriction response; reaction time), mean constriction and 

dilation velocities, and maximum (or peak) constriction velocity.  The five parameters 

calculated from the raw, objective, numeric data using Microsoft Excel 2010 software 

were: peak dilation velocity, 6 second post-stimulus pupil diameter (6PSPD), and 

redilation recovery times (i.e., T50, T63, and T75 times, that is the time to 

recover/redilate to 50%, 63%, and 75% of the initial diameter, respectively).   
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Experimental Procedures 

At the commencement of the experiment, subjects were light adapted for 10 minutes in 

the dim laboratory room with an illumination level of approximately 5 lux.18  This low 

illumination allowed the pupils to dilate to a sizeable diameter, thus resulting in a larger, 

more robust, pupillary response subsequent to light stimulation.   All testing was 

performed under the same dim laboratory room illumination.     

Following visual adaptation, the subject was aligned within the headrest of the 

pupillometer and instructed to gaze straight ahead.  They were also instructed to 

maintain blinking to a minimum to reduce response artifacts during the recording period, 

which if present were deleted from the data analysis.  Deleted trials accounted for less 

than 2% of all test trials.  

The test trials were then initiated.  The stimulus was presented to both eyes 

simultaneously, and the binocular responses were recorded.   In total, there were six 

stimulus conditions: dim white pulse, dim white step, bright white pulse, bright white 

step, bright red step, and bright blue step.  To minimize response order effects, the 

sequence of stimulus presentation was randomized.  There were three trials for each 

stimulus condition, which were then averaged in the analysis.  Stimulus specifications 

were:  dim = 4 lux, bright = 251 lux, pulse = 100ms, and step = 1,000ms.       

After each individual test trial, the subject rested and remained in the dim illumination 

of the laboratory room to return to a similar pre-test visual adaptation level.15  

Additional rest periods were allotted as needed to accommodate subject fatigue, mild 

dry eye, and other rest requests.    
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Statistical Analysis 

 For each subject, three trials were performed and averaged for each test 

condition. Then, the subject means in each group were averaged for each parameter 

and condition.  The independent t-test was performed to compare the two groups for 

each test parameter and each test condition.  The chi-square test was used in the 

frequency analysis.  The alpha level for significance was set at p < 0.05.   

Results 

The results for the photosensitive and non-photosensitive subjects in each diagnostic 

group were initially evaluated across each of the 12 PLR parameters within each of the 6 

test conditions using parametric t-test statistical analysis.  However, statistical 

significance was not achieved in most comparisons for the twelve individual parameters 

within each of the six test conditions, although several trends were noted (p < 0.1).   

Less powerful, non-parametric analysis could have been used, but it was decided not to 

do so in favor of the following.  To make the comparisons more robust and use the more 

powerful parametric analysis (t-test), data from some of the individual test conditions 

were combined and compared for a more global perspective. Specifically, data from the 

red and white conditions were combined, while data from the blue condition were 

evaluated separately.  The rationale for this lies within the underlying retinal receptor 

responses to the three stimuli and their associated PLR profiles.  All three stimuli elicited 

reasonably similar and rapid constriction responses, and thus produced very similar PLR 

profiles in this initial response phase.  However, they were distinctly different on the 

subsequent re-dilation phase.  See Figure 1.   Both the red and white stimuli produced a 
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similar rapid re-dilation phase, whereas the blue stimuli produced a very slow re-dilation 

phase.  The reason for the difference is that the long, bright, blue light specifically 

stimulates the melanopsin cells, which when activated, invokes a strong sustained 

constriction response.  This in turn leads to a very slow re-dilation back to the baseline 

diameter.15,19-23 In contrast, both the red and the white light only marginally stimulate 

the melanopsin cells, and thus the sustained constriction response is minimally invoked, 

and a subsequent rapid re-dilation ensues.15         

Individuals with mTBI and photosensitivity exhibited six statistically significant 

differences (p < 0.05) as compared with their non-photosensitive mTBI cohort.   See 

Table 1A and B and Figure 1A and B.    

Normal subjects with photosensitivity exhibited four statistically significant differences 

(p < 0.05) as compared with their non-photosensitive normal cohort under the red and 

white stimulus conditions.   See Table 1C and D and Figure 1C and D.   

Other significant factors 

Prevalence of photosensitivity as a function of diagnosis 

 The prevalence of photosensitivity was found to be 4.5 times greater in 

individuals with mTBI as compared to normal individuals.    Using the chi-square test, 

this was significant at the p < 0.01 level. 

Prevalence of photosensitivity as a function of time post-mTBI 
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 The detailed case history results revealed that the prevalence of photosensitivity 

decreased slowly but considerably over time.  Within this study’s 32 mTBI subject 

cohort, all (100%) of the subjects that were queried and were within their 1st year since 

injury, were experiencing photosensitivity.  In contrast, only 67% of those queried within 

years 2 and 3 of their injury were experiencing photosensitivity, while only 54% of those 

at or greater than 4 years since their injury were experiencing photosensitivity.    

Prevalence of photosensitivity as a function of irides color 

 The prevalence of photosensitivity was 2.0 times greater in individuals with blue 

or hazel irides as compared to those with brown irides.   Using the chi-square test, this 

was significant at the p < 0.05 level. 

Non-significant factors 

 Other factors, including the individual’s age, refractive correction, and gender 

were evaluated and compared between the photosensitive and non-photosensitive 

subjects in each cohort.  None were statistically significant (p > 0.05).    

Discussion 

The present study found several pupillary parameters that differed significantly between 

those with and without photosensitivity in both populations.  In mTBI, the key 

parameters were baseline (maximum) and minimum pupil diameters, peak dilation 

velocity, and the T50 and T75 times under the combined red and white conditions, as 

well as the 6SPSD parameter as measured under the bright blue stimulus condition.  
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Thus, photosensitive individuals with mTBI manifested larger pupil diameters 

throughout the entire dynamic PLR profile, as well as a more rapid return to baseline 

diameter as reflected in the faster peak dilation velocity, and related faster T50 and T75 

times.  In the normal group, the key distinguishing parameters were constriction 

amplitude, average constriction velocity, peak constriction velocity, and T50 time.   

Thus, visually-normal photosensitive individuals exhibited more robust constriction in 

their PLR when exposed to light as reflected in their larger constriction amplitudes, 

faster constriction velocities, and more prolonged constriction time (i.e., slower T50 

recovery time).   

In addition to the pupillometric findings related to photosensitivity, the case histories 

revealed three other significant relations.    First, the prevalence of photosensitivity was 

higher in individuals with lighter versus darker irides by a factor of two.   A common 

clinical assumption is that lighter irides transmit more light into the eye, and thus may 

be more likely to experience the sensation of photosensitivity.  The higher prevalence of 

photosensitivity in those with lighter irides, as found in the present study, supports this 

assumption.  Second, the prevalence of photosensitivity was higher in individuals with 

mTBI by a factor of 4.5.  This suggests that head trauma was a major contributing factor.   

Third, the present findings suggested that photosensitivity resolves in many 

(approximately 50%) over an extended time period, which is consistent with a previous 

study’s finding in a different mTBI cohort.12 This reduction appears to involve a long-

term visual adaptation phenomenon.12  



230 

 

Photosensitivity and possible neural substrates 

Based on the present study’s results, a flowchart was developed to depict the possible 

interaction of selected pupillary parameters involved in photosensitivity.  It proposes 

that photosensitivity may be a result of two types of neural dysfunctions: a dysfunction 

in the baseline light sensor, and/or a dysfunction in the neural perceptual gain of light.   

See Figure 2.       

The left side of Figure 2 depicts the baseline light sensor component.  This likely resides 

in the suprachiasmic nucleus within the hypothalamus 24, 25, 26.  An unaffected baseline 

light sensor would result in normal pupil diameters and normal constriction/dilation 

responses.  However, if dysfunctional / damaged, it could lead to a baseline pupil 

diameter offset, which would offer a possible pupil-based reason for the 

photosensitivity.  The present data reveal that those with mTBI and photosensitivity 

exhibited a larger overall pupil diameter and a decreased sustained constriction 

response (i.e., more rapid re-dilation).  This suggests that the pupil diameter offset is 

due to the presence of the mTBI.   The larger pupil diameter and the more rapid re-

dilation both have the effect of allowing more light into the eye, and subsequent related 

neural pathways, hence leading to photosensitivity.  Regarding the proposed affected 

baseline light sensor, there are two points that merit discussion.  First, dysfunction of 

the baseline light sensor would most likely involve the intrinsically-photosensitive retinal 

ganglion cells (ipRGCs).  IpRGCs are a relatively new class of photoreceptors which do 

not transmit image-forming information akin to their fellow rods and cones, but rather 
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they transmit more global information regarding the ambient light level of the visual 

environment over time.19-23 Hence, ipRGCs effectively play a role in establishing and 

setting the overall perception (i.e., gain) of light.19-23 The present 6SPSD results suggest 

that trauma from mTBI may decrease the robustness of the ipRGC system, as reflected 

in the decreased sustained constriction response, thus leading to the common symptom 

of photosensitivity in many with mTBI.   Second, this notion of an affected baseline light 

sensor is consistent with that of a previous study by Du et al., which found an apparent 

paradoxical increase in dark adaptation thresholds in many of the photosensitive, mTBI 

population.27 That is, many individuals with mTBI and photosensitivity required more 

light before the detection of any light was perceived (i.e., elevated dark adaptation 

threshold).  They speculated that this elevated neuro-sensory gain for threshold light 

perception then carried over to all light levels, including suprathreshold light conditions, 

such that normal light levels would now yield a heightened brightness perception (i.e., 

photosensitivity).    

The right side of Figure 2 depicts the neural perceptual gain component. This may reside 

in the lateral geniculate nucleus.28, 29  An unaffected neural perceptual gain would result 

in the normal perception of light, normal parasympathetic innervation when exposed to 

light, and hence normal constriction.  However, if dysfunctional / damaged, it could lead 

to a heightened sensation to light (i.e., photosensitivity).  This would result in a more 

robust constriction response when exposed to light, that is, a constriction response that 

is faster, of greater amplitude, and of longer duration.  This characteristic response was 

observed in the present PLR data of the normal individuals with photosensitivity.  
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However, this robust response was not found in those with mTBI and photosensitivity.  

We speculate that those with mTBI may be incapable of exhibiting a robust constriction 

response, as their overall parasympathetic system is frequently adversely affected by 

the brain trauma.13,14  That is, due to their head injury, there is a decrease in the 

effective innervation to the parasympathetic system, and thus their PLR is not robust, 

but in fact reduced, and hence contributing to their photosensitivity.   In summary, due 

to an affected neural perceptual gain, photosensitive individuals perceive light as 

brighter; however, only the visually-normal individual can respond per their PLR in a 

robust manner, while those with mTBI cannot.                

Importance of these findings to the military and general clinical practice 

In current clinical practice, pupillary analysis is primarily performed by the swinging 

flashlight test using gross visual observation by the clinician.  Hence, finer and more 

subtle pupillometric differences detected with automatic pupillometry, as presented 

here, would not be observed.  However, with the advent of more widespread availability 

and affordability of automated pupillometry, these differences can be assessed.  They 

have the potential to serve as objective biomarkers for the presence of photosensitivity, 

which would be useful in many ways.   

First, photosensitivity is currently a phenomenon which does not have an objective 

counterpart.  Therefore, and unfortunately, its diagnosis suffers from uncertainty.  An 

objective test would validate the symptom of photosensitivity and provide much 

needed reassurance for all.   
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Second, photosensitivity is a phenomenon that appears to resolve, at least in part, over 

an extended time period in approximately 50% of the mTBI population, per the results 

of both the present and a previous investigation.12   However, whether this resolution is 

due to photosensitivity’s natural course and/or a result of concurrent treatment, such as 

spectacle tints, remains unknown.   This needs to be disambiguated experimentally.   An 

objective marker to quantify reduction in photosensitivity would therefore be invaluable 

in the proper discernment of a treatment’s effectiveness.    

Third, an objective biomarker for photosensitivity would provide an un-biased means for 

evaluation and determination of many pressing situations within both the military and 

civilian establishments.  In the former, it would include “fit-for-duty” standards, “return-

to-duty” standards, “profiling” standards, and VA disability claim determinations.  In the 

later, it would include worker’s compensation determinations, social security disability 

and benefits determinations, and return-to-play/work/learn standards.30, 31          

 

Objective biomarker 

The results of the present study suggest the potential use of pupillary dynamics as an 

objective biomarker for the presence of photosensitivity.   It may be possible to 

differentiate between those with versus without photosensitivity by using pupillometric 

dynamics, as demonstrated in the present investigation.  The specific parameters that 

have the potential to make this differentiation depend on whether there is a history of 

mTBI.     
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Potential biomarker for photosensitivity in mTBI individuals 

On average, photosensitive individuals with mTBI exhibited larger pupil diameters, more 

rapid re-dilation velocities, and more rapid recovery times.   Among these parameters, 

the one likely parameter with good potential for being an objective biomarker for 

photosensitivity is the 6SPSD, as its p value for differentiating photosensitivity from non-

photosensitivity was small (p > 0.019).   Thus, a receiver operating curve (ROC) was 

constructed to ascertain its power for prediction of photosensitivity in those with mTBI 

(see Figure 3A).   An ROC graph plots the true positive rate (TPR) against the false 

positive rate (FPR) over a range of criteria for a particular diagnostic test parameter.32, 33 

This is a practical approach, as it quantitatively and graphically portrays the different 

criterion-based values for TPR and FPR.  An increase in TPR is accompanied by an inverse 

in FPR, and vice versa.   The predictive power of the parameter being tested is reflected 

in the area under the curve (AUC).  The AUC can have a range of values from zero to 

one; the larger the value, the more powerful the predictive strength.  Figure 3A presents 

an ROC plot for the proposed diagnostic 6SPSD pupillary parameter having an AUC of 

0.76, which represents reasonably good predictive power.   For example, if the 6SPSD 

criterion value were set at 3.6 mm, there would be a TPR of 76.2% and a FPR of 36.4%.  

Considering that no objective test for photosensitivity currently exists, these results 

offer promise to fill this critical gap in both the military and civilian worlds, perhaps 

initially as an adjunct screening test for photosensitivity.  More work in this critical area 

is necessary to refine and improve upon these findings.      
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Potential biomarker for photosensitivity in normal (non-TBI) individuals 

On average, normal individuals with photosensitivity exhibited larger constriction 

amplitudes, more rapid constriction velocities, and longer T50 recovery times.  Among 

these parameters, the one with good potential for differentiation between the 

photosensitivity and non-photosensitivity is constriction amplitude (p > 0.018).  For this 

parameter, an ROC plot was constructed yielding, an AUC value of 0.81, which again 

suggests reasonably good predictive power for such differentiation (see Figure 3B).  For 

example, if the constriction amplitude criterion value were set at 2.80 mm, there would 

be a TPR of 83.33%, and a FPR of 35.3%.     

The results of the present investigation suggest that several pupillary parameters have 

the potential to be incorporated into a vision screening test for photosensitivity.  

Pupillary dynamics would be an ideal biomarker for photosensitivity for both the 

military and civilian uses, as it can be acquired in an automated manner that is both 

objective and rapid, in the battlefield or sports-playing field setting, respectively.  Once 

optimal test protocol efficiency is ascertained, and the algorithms are installed into 

hand-held devices13,14 (e.g., hand-held pupillometers), the entire test session would 

require only a few minutes.  Furthermore, these devices can be deployed forward and 

used in the battlefield setting and be performed by medics, technicians, lay people, or 

doctors alike. 
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Study limitations: 

 A possible limitation of this study is its relatively small subgroup sample size.  

Further studies should be conducted with large normal and mTBI populations, both with 

and without the symptom of photosensitivity, to confirm and expand upon the present 

findings.   

Conclusion    

In summary, with the advent of automated and hand-held pupillometers, and future 

targeted diagnostic algorithms, it may be feasible to diagnose photosensitivity 

objectively in a rapid and efficient manner.  Pupillometry shows considerable promise as 

a potential technique for screening, detecting, diagnosing, and monitoring 

photosensitivity in both the military and civilian environments.      
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Figures and Tables 

 

          

  

Figure 1:  Plotted is pupil diameter as a function of time.  (A) Schematic representation of the 

global average of white and red condition pupil response for the mTBI group.  (B) Schematic 

representation of the average bright blue step condition pupil responses for the mTBI group.  (C) 

Schematic representation of the global average of white and red condition pupil response for 

the normal group.  (D) Schematic representation of the average bright blue step condition pupil 

responses for the normal group.    The open circles indicate the statistically significant pupil 

parameters that differentiated those with versus without photosensitivity.   The triangles show 

the T50 and T75 response differences in the two profiles. 
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Figure 2: Proposed photosensitivity flowchart to describe the possible mechanisms that may 

underlie the findings of the present study.  See text for details. 
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Figure 3:   (A) Receiver operating curve (ROC) plot for photosensitivity in mTBI for the optimal 

pupil parameter of 6SPSD under the bright blue step condition.   (B) ROC plot for 

photosensitivity in normal subjects for the optimal pupil parameter of constriction amplitude 

under the dim step condition.   



240 

 

 

TABLE I. Photosensitive versus non-photosensitive within the normal and mTBI groups 

 

Table 1:  Combined subject data (top value: average, lower value: standard error of the mean) for mTBI subjects and normal 

subjects (with versus without photosensitivity) across the specified conditions and parameters.  (A) across all white and red 

conditions in mTBI subjects, (B) across the blue condition in mTBI subjects,  (C) across all white and red conditions in normal 

subjects, (D) across the blue condition in normal subjects.  Highlighted cells indicate statistical significance (p < 0.05).   See 

Methods text for pupil parameter symbols.   

A.

age Rx

 Max Diam   

  (mm)

  Min Diam   

  (mm)

Amplitude 

(mm)              

     CLAT     

(sec)

    avgCV     

(mm/s)

maxCV 

(mm/s)

     avgDV    

 (mm/s)

    maxDV     

  (mm/s)

     T50       

(sec)

    T63.2      

(sec)

      T75       

(sec)

6 SPSD 

(mm)

37.77 -1.61 5.99 3.47 2.52 0.201 2.23 5.75 0.78 1.72 1.27 2.06 3.16 5.21

2.31 0.56 0.08 0.07 0.06 0.003 0.04 0.08 0.02 0.03 0.05 0.09 0.12 0.11

36.5 -1.00 5.64 3.16 2.49 0.207 2.16 5.58 0.76 1.59 1.45 2.36 3.65 4.84

3.86 0.59 0.12 0.09 0.08 0.003 0.06 0.12 0.03 0.05 0.07 0.14 0.19 0.17

T-Test 0.769 0.514 0.022 0.011 0.727 0.185 0.370 0.226 0.674 0.027 0.045 0.071 0.028 0.063

B.

age Rx

 Max Diam   

  (mm)

  Min Diam   

  (mm)

Amplitude 

(mm)              

     CLAT     

(sec)

    avgCV     

(mm/s)

maxCV 

(mm/s)

     avgDV    

 (mm/s)

    maxDV     

  (mm/s)

     T50       

(sec)

    T63.2      

(sec)

      T75       

(sec)

6 SPSD 

(mm)

37.77 -1.61 5.91 2.76 3.15 0.201 1.96 5.88 0.39 1.04 n/a n/a n/a 3.93

2.31 0.56 0.19 0.09 0.14 0.005 0.09 0.18 0.04 0.08 n/a n/a n/a 0.13

36.5 -1.00 5.58 2.55 3.04 0.199 1.87 5.55 0.30 0.85 n/a n/a n/a 3.39

3.86 0.59 0.27 0.12 0.2 0.004 0.11 0.25 0.05 0.11 n/a n/a n/a 0.17

T-Test 0.769 0.514 0.334 0.169 0.655 0.894 0.549 0.287 0.125 0.156 n/a n/a n/a 0.019

C.

age Rx

 Max Diam   

  (mm)

  Min Diam   

  (mm)

Amplitude 

(mm)              

     CLAT     

(sec)

    avgCV     

(mm/s)

maxCV 

(mm/s)

     avgDV    

 (mm/s)

    maxDV     

  (mm/s)

     T50       

(sec)

    T63.2      

(sec)

      T75       

(sec)

6 SPSD 

(mm)

25.17 -2.04 6.64 3.68 3.01 0.198 2.62 6.59 0.86 1.89 1.43 2.30 3.50 5.68

1.45 0.43 0.12 0.13 0.10 0.005 0.05 0.10 0.03 0.06 0.10 0.16 0.15 0.24

34.32 -2.38 6.49 3.85 2.64 0.190 2.36 5.95 0.83 1.92 1.19 2.03 3.27 5.79

2.11 0.22 0.07 0.07 0.04 0.002 0.03 0.07 0.01 0.03 0.03 0.06 0.08 0.13

T-Test 0.080 0.540 0.370 0.330 0.001 0.103 0.000 0.000 0.230 0.657 0.003 0.090 0.281 0.720

D.

age Rx

 Max Diam   

  (mm)

  Min Diam   

  (mm)

Amplitude 

(mm)              

     CLAT     

(sec)

    avgCV     

(mm/s)

maxCV 

(mm/s)

     avgDV    

 (mm/s)

    maxDV     

  (mm/s)

     T50       

(sec)

    T63.2      

(sec)

      T75       

(sec)

6 SPSD 

(mm)

25.17 -2.04 6.68 2.91 3.77 0.192 2.22 6.50 0.40 1.14 n/a n/a n/a 4.10

1.45 0.43 0.28 0.14 0.17 0.019 0.17 0.23 0.08 0.16 n/a n/a n/a 0.34

34.32 -2.38 6.33 3.03 3.30 0.188 2.12 6.06 0.40 1.11 n/a n/a n/a 4.27

2.11 0.22 0.16 0.09 0.10 0.004 0.05 0.13 0.03 0.05 n/a n/a n/a 0.11

T-Test 0.080 0.540 0.389 0.582 0.057 0.703 0.467 0.194 0.911 0.793 n/a n/a n/a 0.570

Statistically Significant (P < 0.05)

Photosensitive

Photosensitive vs nonPhotosensitive - in mTBI subjects across ALL White & Red conditions

Photosensitive vs nonPhotosenstive - in mTBI subjects across the Blue condition

Photosensitive

Not 

Photosensitive

Photosensitive

Not 

Photosensitive

Not 

Photosensitive

Photosensitive

Not 

Photosensitive

Photosensitive vs nonPhotosensitive - in Normal subjects across White & Red conditions

Photosensitive vs nonPhotosensitive - in Normal subjects across Blue condition



241 

 

References 

1. Defense and Veterans Brain Injury Center.  DoD worldwide numbers for TBI.  

Available at http://dvbic.dcoe.mil/dod-worldwide-numbers-tbi; accessed 

October 20, 2015. 

2. Phillips S, Derek W:  Sports-related traumatic brain injury.  Primary Care: Clinics 

in Office Practice 2015; 42(2): 243-48. 

3. Humphreys L, Wood RL, Phillips CJ, Macey S: The costs of traumatic brain injury: 

a literature review.  ClinicoEconomics and Outcomes Research 2013; 5: 281-87.  

4. Suchoff IB, Ciuffreda KJ, Kapoor N, editors:  Visual and vestibular consequences 

of acquired brain injury.  Santa Ana, CA: Optometric Extension Program 

Foundation; 2001. 

5. Suter PS,  Harvey LH, editors: Vision rehabilitation: multidisciplinary care of the 

patient following brain injury.  Boca Raton, FL: CRC Press, 2011. 

6. Zasler ND, Katz DI, Zafonte RD, Arciniegas DB, editors:  Brain injury medicine: 

principles and practice.  Portland, OR: Demos Medical Publishing; 2012. 

7. Report to Congress on mild traumatic brain injury in the United States: steps to 

prevent a serious public health problem.  Available at 

www.cdc.gov/traumaticbraininjury; accessed November 25, 2015. 

8. Hellerstein LF, Freed S, Maples WC: Vision profile of patients with mild brain 

injury. Journal of the American Optometric Association 1995; 66(10): 634-39. 

9. Kapoor N, Ciuffreda KJ: Vision disturbances following traumatic brain injury.  

Current Treatment Options in Neurology 2002; 4(4), 271-80.     

http://dvbic.dcoe.mil/dod-worldwide-numbers-tbi
www.cdc.gov/traumaticbraininjury


242 

 

10. Digre KB, Brennan KC: Shedding light on photophobia.  Journal of Neuro-

Ophthalmology 2012; 32(1): 68-81. 

11. Capó-Aponte JE, Urosevich TG, Temme LA, Tarbett AK, Sanghera NK:   Visual 

dysfunctions and symptoms during the subacute stage of blast-induced mild 

traumatic brain injury. Military Medicine 2012; 177(7): 804-13.   

12. Truong JQ, Ciuffreda KJ, Han MHE, Suchoff IB: Photosensitivity in mild traumatic 

brain injury (mTBI): a retrospective analysis. Brain Injury 2014: 28(10); 1283-87. 

13. Capó-Aponte JE, Urosevich TG, Walsh DV, Temme LA, Tarbett AK:  Pupillary light 

reflex as an objective biomarker for early identification of blast-induced mTBI.  

Journal of Spine 2013; S4: 1-5. 

14. Thiagarajan P, Ciuffreda KJ:  Pupillary responses to light in chronic non-blast-

induced mTBI.  Brain injury 2015: 29(12); 1420-25.  

15. Park JC, Moura AL, Raza AS, Rhee DW, Kardon RH, Hood DC: Toward a clinical 

protocol for assessing rod, cone, and melanopsin contributions to the human 

pupil response. Investigative Ophthalmology & Visual Science 2011; 52(9): 6624-

35. 

16. Kuburas A, Thompson S, Artemyev NO, Kardon RH, Russo AF: Photophobia and 

abnormally sustained pupil responses in a mouse model of bradyopsia.  

Investigative Ophthalmology & Visual Science 2014; 55(10): 6878-85. 

17. Stark L:  Neurological Control Systems.  New York, NY: Plenum Press, 1968. 

18. Kaufman PL, Levin LA, Adler FH, Alm A, editors: Adler's Physiology of the Eye. 

New York, NY: Elsevier Health Sciences, 2011. 



243 

 

19. Hattar S, Liao HW, Takao M, Berson DM, Yau KW:  Melanopsin-containing retinal 

ganglion cells: architecture, projections, and intrinsic photosensitivity. Science, 

2002: 295(5557); 1065-70. 

20. Brown TM, Gias C, Hatori M, Keding SR, Semo M, Coffey PJ, Gigg J, et al.:  

Melanopsin contributions to irradiance coding in the thalamo-cortical visual 

system. PLoS Biology 2010: 8 (12); e1000558.  

21. Dacey DM, Liao HW, Peterson BB, Robinson FR, Smith VC, Pokorny J, et al.: 

Melanopsin-expressing ganglion cells in primate retina signal colour and 

irradiance and project to the LGN.  Nature 2005: 433(7027); 749-54. 

22. Do MTH, Yau KW: Adaptation to steady light by intrinsically photosensitive 

retinal ganglion cells.  Proceedings of the National Academy of Sciences 2013: 

110(18); 7470-75. 

23. Lok C: Vision science: Seeing without seeing.  Nature News 2011: 469(7330); 

284-85. 

24. Klein DC, Moore RY, Reppert SM: Suprachiasmatic nucleus: the mind's clock.  

New York, NY: Oxford University Press, 1991. 

25. Ruby NF, Brennan TJ, Xie X, Cao V, Franken P, Heller HC, O'Hara BF:  Role of 

melanopsin in circadian responses to light. Science 2002: 298(5601); 2211-13. 

26. Markwell EL, Feigl B, Zele AJ: Intrinsically photosensitive melanopsin retinal 

ganglion cell contributions to the pupillary light reflex and circadian rhythm.  

Clinical and Experimental Optometry 2010: 93(3); 137-49. 



244 

 

27. Du T, Ciuffreda KJ, Kapoor N: Elevated dark adaptation thresholds in traumatic 

brain injury. Brain injury 2005: 19(13); 1125-38. 

28. Gove A, Grossberg S, Mingolla E: Brightness perception, illusory contours, and 

corticogeniculate feedback.  Visual Neuroscience 1995: 12(6); 1027-52. 

29. Cudeiro J, Sillito AM: Looking back: corticothalamic feedback and early visual 

processing. Trends in Neurosciences 2006: 29 (6); 298-306. 

30. Cantu RC: Return to play guidelines after a head injury. Clinics in Sports Medicine 

1998: 17(1); 45-60. 

31. Brooks N, McKinlay W, Symington C, Beattie A, Campsie L:  Return to work within 

the first seven years of severe head injury.  Brain Injury 1987: 1(1); 5-19. 

32. Green DM, Swets JA: Signal Detection Theory and Psychophysics.  New York, NY: 

John Wiley & Sons Ltd, 1966. 

33. Metz CE:  Basic principles of ROC analysis. Seminars in Nuclear Medicine 1978: 8; 

283-98. 

          

 


