
FUNCTlONAL MRI AS A TOOL TO ASSESS VISION IN DOGS 

A Thesis 

P resen ted to 

The Faculty of Graduate Studies 

of 

The University of Guelph 

In partial fulfillment of requirements 

for the degree of 

Master of Science 

August, 1999 

O Craig K R Willis, 1999 



National Library 1*1 of Canada 
Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographic Services services bibliographiques 

395 Wellington Street 395. rue WMmgmn 
OttawaON K l A W  OttawaON K I A W  
Canada CaMda 

The author has granted a non- 
exclusive Licence aiiowing the 
National Library of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microfonn, 
paper or electronic formats. 

L'auteur a accordé une licence non 
exclusive permettant à la 
Bibliothèque nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
la fome de microfiche/film, de 
reproduction sur papier ou sur format 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du 
copyright in this thesis. Neither the droit d'auteur qui protège cette thèse. 
thesis nor substantial extracts fiom it Ni la thèse ni des extraits substantiels 
may be printed or othecwise de celle-ci ne doivent être imprimés 
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation. 



ABSTRACT 

FUNCTIONAL MRI AS A TOOL TO ASSESS VISION IN DOGS 

Craig K R Willis 
University of Guelph 1999 

Advisors: 
R Quinn, D.V.M., D.V.Sc. 
W McDonell, D.V.M., Ph.0. 

This thesis is an investigation of brain responses to visual stimuli in anesthetized 

dogs. Current tests for canine vision are subjective and pooriy standardized and this 

complicates evaluation of treatrnents for visual disease. Functional magnetic resonance 

imaging is a new technique in neuroimaging which has been enormousfy productive for 

human vision research and has potential for vetennary use as well. 

As the first step in the development of fMRl as a technique for evaluating canine 

vision six anesthetized dogs were presented with a vertical grating visual stimulus and 

scanned under each of three anesthetic protocols: isoflurane, propofol and fentanyl / 

midazolam. This was done to detemine if different anesthetic agents have different 

impacts on fMR signal. The size of activated areas, and the mean percentage signal 

change in response to visual stimuli were detennined in the lateral geniculate nucleus 

(LGN) of the thalamus and the occipital cortex. No significant differences were observed 

between anesthetic protocols and no anesthetic dose dependence was observed. 

Images tended to be less variable under isofi urane anesthesia, possibly due to the 

relative difficulty of controlling intravenous anesthetic depth in a high rnagnetic field 

environment. 

Functional MR images of the same six dogs were assessed as above to 

compare brain activity between monocular and binocular stimulation and between left 

and right LGN and occipital cortex dunng monocular stimulation. A larger area of LGN 



was activated during monocular stimulation than binocular. There was no significant 

difference in percentage signal change or the size of activated areas between LGN and 

occipital cortex ipsilateral and contralateral to the stimulus, suggesting that previous 

estimates of axon decussation at the optic chiasm in dogs may be excessive. 
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CHAPTER ONE 

LITERATURE REVlEW 

1.1 INTRODUCTION 

Human ophthalrnologists employ the Snellen chart as an inexpensive and 

accurate tool to assess visual acuity and provide an objective measure of visual 

perception. Unfortunately, this tool is impractical for veterinary use because of our 

inability to communicate verbally with animals. When examining canine patients, for 

example, the veterinary ophthafmologist must rely on techniques such as poorly 

controlied behavioural tests (eg. using a rapid hand movement to elicit a flinching 

response). These can be subjective and Vary widely in application and response.' 

Particularly vexing to both pet owners and dinicians is the uncertainty of tests for visual 

perception following costly surgery or dnig treatrnent. How can we justify this expense if 

we cannot assess visual perception, accurately and objectively. as a follow up to 

treatment? 

Functional Magnetic Resonance lmaging (fMRI), a recent development in 

neuroimaging, has yielded considerable gains in the study of human vision. The 

technique may provide veterinary ophthalmologists with a much needed objective test of 

animal vision. Due to the sensitivity of fMRl to movement, however, animals must be 

anesthetized during the procedure. As this is unnecessary for human patients, few direct 

data addressing anesthetic effects on WRI are available. This chapter will first outline 

some of the theory behind MRI  followed by general aspects of mammalian vision and 

specifics of the canine visual system. Finally, fMRlls potential as a tool to assess canine 

vision and the considerations this requires, particufarly regarding anesthesia, will be 

discussed. 



.t .2 FUNCTIONAL MAGNETIC RESONANCE IMAGING 

1.2.1 Physics and Phydology of Magnetic Resonance lmaging 

Nuclear Magnetic Resonance (NMR), of which magnetic resonance imaging 

(MRI) is an example, exploits the inherent magnetic fields of atomic nuciei which have 

'spin" or free rotation and have an odd number of protons and  neutron^.^ Spin is 

characteristic of many elements found in animals but hydrogen ('H) atoms (i.e. 

protons)? specifically those found in water molecules, are the basis for the MRI signal.' 

Magnetization 

Protons with spin have a bipolar magnetic field with a strength and direction 

descnbed by a vector: the 'magnetic momentn.' Magnetic moments are usually randomly 

aligned in animal tissue. When an extemal magnetic field is applied, protons align with 

the field producing net rnagnetization,' expressed as the magnetization vector.6 the 

strength of which comlates with the extemal magnetic field strength.' Alignment is not 

precise, however, and instead protons precess (rotate with a motion analogous to a 

wobbling top)7 around the rnagnetization vector at a specific frequency. This means that 

individual vecton have both a longitudinal and a transverse component.' Precession 

frequency is constant, though, so the orthogonal transverse component is canceled 

leaving longitudinal net magnetization.' 

To produce a signal, proton magnetic fields are made to resonate by exposure to 

a new magnetic fieldV3 the oscillation freguency of which must match proton precession 

frequency7 For NMR this falls in the radiofrequency range so the field is called an RF 

pulse and when applied causes protons to resonate through some angle (usually 90" or 

180") detemined by pulse amplitude and duration. Protons 'relax", or realign 

themselves, with the extemal field when the pulse is terrninated4 and a receiver coi1 

surrounding the sample deteds the resulting change in ~urrent.~ Images cannot be 

obtained from single RF pulses and instead sequences are required which include 



saturation recovery, which relies on variations in the time between pulses (Le. repetition 

time (TR)),' echo irnaging sequences,' high speed seq~ences,'~ and other sequenœs.' 

Relaxation, Image Weighting and Spatial Encoding 

Longitudinal, or Tl, relaxation equals the üme required for 63% of the 

rnagnetization vector to return to the longitudinal direction, usually between 200 to 2000 

r n ~ . ~ . ~  Transverse, or TI, relaxation describes proton dephasing and has a greater impact 

on the MR signal than longitudinal relaxation? S o m  protons expetience greater 

magnetization from the extemal field than others because of energy exchange between 

protons. Those that experience less magnetization precess more slowly during 

relaxation causing exponentially growing phase dispersion. This, in tum, causes 

increasing signal loss, the rate of which is defined as T2: the time required for 63% of 

this signal decay to occur. It is usually between 20 to 300 ms and is always shorter than 

T l  for a given tissue Pulse sequence adjustments can be used to enhance 

contrast between tissue properties and create, for example, Tl-weighted images, 

particularly suited to revealing anatornic detail, or TT weighted images, often used to 

show pathological details." 

Most important to functional imaging are the effects of flow on MR signals. 

Flowing blood can cause artifacts in MRI which depend, in part, on the speed, direction 

and turbulence of flow? Flow related enhancement occurs when inflowing blood has not 

been exposed to an RF pulse and therefore exhibits greater signal intensity than 

surrounding tissue,12 while oufflowing blood and turbulence, on the other hand, can 

'wash-outw the MR signal? Techniques exist to minimize flow artifacts. but flow can also 

be accentuated and was exploited by early functional imaging researchers. 

Variation in the properties of different types of tissue is the basis O contrast in 

MRI, but equally important is the transcription of different sample regions into an image. 



Spatial encoding requires that proton frequencies and phase properties Vary with respect 

to p~sition.~ First. a plane of interest is chosen by application of a magnetic field gradient 

perpendicular to the chosen plane. This causes protons within the plane to preœss at an 

identical frequency depending on distance along the gradient." Following plane 

sefection, another gradient causes similar preœssion frequency differences across the 

plane. Finally, 2dimensional Fourier transfomi (2DFT) is used to resoive the second 

dimension of the image plane via a third orthogonal magnetic field gradient which 

induces phase, instead of frequency, differences.' 

Only in the last ten years has the potential for functional mapping using MRI 

been appreciated. Functional MRI can be used to record high resolution, real tirne 

images of brain function using several approaches. All of these approaches involve 

either direct or indirect effects of flowing blood on the MR signal. 

1.2.2 Functional Magnetic Resonance Imaging: Physics and Physiotogy 

Properfies of Blood and Blood Flow Relevant to fMRI 

The circulatory system of the rnammalian brain is more specialized than that of 

other tissues, especially with respect to flow regulation. Control of blood flow is vital to 

brain function because tissue damage from hypoxia can occur rapidly.13 Large artenal 

vesse1 size and rapid vasoconstrictive responses to factors ranging from artenal 

pressure to chemical stimuli al1 serve to maintain pressure and flow." Although blood 

fiow in the brain is kept relatively constant, some variation does occur with changing 

metabolic needs.14 This is the basis for currently popular fMRl techniques. 

The fundamental pnnciple of ail fMRI methods is that increased neuronal activity 

leads to localized increases in metabolic acti~ity,'~.'~ blood vo~ume.".'~ and especially 

blood f l o~ . '~ "  Despite considerable attention in the literature. the direct mechanisms 

underlying these changes remain speculative. Products of tissue metabolisrn like nitric 



oxide, CO*, adenosine, and [H+] (Le. pH) have been proposed as p~tential reg~latory 

tues,""' while some evidenœ suggests that direct neuronal connections to vesse1 

musculature are responsible." This latter possibility is less likeiy. however. due to the 

potential for regulatory interference by neurotransmitters, which are particulariy 

concentrated and diverse in brain tissue." 

Better characterized, and particulariy relevant to current fMRl techniques, are 

blood's magnetic properties. Oxygenated hemoglobin (oxyhemoglobin) is diamagnetic, 

while deoxygenated hemoglobin (deoxyhemoglobin) is paramagnetic and possesses a 

permanent dipole? The latter, therefore, aligns readily with an extemal magnetic field 

which, in brain tissue, causes localized field gradienl between vasculature and 

surrounding tissue resulting in spin dephasing and signal loss in regions with high 

ca pillary densityS2. Deoxyhemoglobin is referred to as having greater magnetic 

susceptibility than its oxygenated counterpart, and this difference is an important factor 

in the most widely used fMRl approach.l4 

Until the potential of hemoglobin's magnetic properties for fMRl was realized, the 

effects of other paramagnetic chemicals on MR contrast were examined. Magnetic 

resonance signal changes accompanying the flow of gadolinium-DTPA 

(diethylenetriamine pentacetic acid) through cerebral vasculature can reveal areas of 

increased blood volume indicative of neural activity.'" 25 Limitations of this method are 

numerous and include the minor toxic nsk posed by gadolinium, especially after 

repeated injections," and the time required between expenments to allow for contrast 

agent e~irnination.~ Perfusion imaging. another early forrn of MRI, identifies areas of 

elevated blood flow using signal from magnetically labeled, inflowing blood. Accentuating 

T, properties of blood already in the imaging volume reduces its signal strength so 'new 

blood" appears bright. Therefore, cornparisons of rest and task state images reveal 



areas of increased blood f l o ~ ? ~  Problems with flow based inversion recovery fMRI 

techniques include the relatively rapid decay of the magnetic label. and the fact that 

generally only single slices can be obtained in a sessi~n.~ 

Physics and Physiology of BOLD Contrast 

Blood oxygenation level dependent (BOLD) contrast fMRI is by far the most 

widely used and successful mARf method. and it has al1 but replaced contrast agent and 

perfusion imaging."-3' BOLD contrast is based on two characteristics of blood and 

cerebral blood fiow: 1) increases in neural activity lead to localized increases in blood 

flow which exceed corresponding changes in blood volume and metabolic activity; and 

2) deoxyhemoglobin is paramagnetic. Numerous authors have demonstrated changes in 

the MR relaxation properties of human and animal brain tissue as a result of blood 

v o ~ u m e , ~ ~ . ~ ~ ~  and tissue perfusion changes.27z8m" lt is blood fiow changes, however, 

when combined with changes in blood oxygenation that give rise to the BOLD  signa^.^.^ 

Before outlining the specifics of BOLD, the concept of tissue relaxation in MRI 

needs to be re-addressed. Recall that T2 describes the decay of phase caherence 

resulting from interactions between neighboring magnetic fields, and causes signal foss. 

Phase dispersion independent of T2, however, can also occur at the onset of image 

acquisition, due to microscopic applied field heterogeneity, and contribute to further 

signal loss.' The time course of combined signal loss caused by both Tz and this second 

phenornenon is described by the time constant T2'. By adjustrnent of TR and other 

factors, T2*-weighted images can be acquired.' 

Figure 1.1 outlines the current understanding of BOLD. A specific task leads to a 

localized increase in neural activity (e.g. seeing causes neural activity in visual cortex) 

which leads to a localized increase in metabolic cerebral blood vo~urne,".'~ and 

cerebral blood f l o ~ , ~ ~ ~ '  though the increase in flow far outweighs both the metabolic and 

volume increases.17 Fick's principle relates cerebral blood fiow (CBF) with oxygen 



extraction (OE) using the differenœ between arterial and venous blood oxygenation (0, 

and 0, respectively): 

OE = CBF(0, - 0,) (1 

The flow increase associated with neuronal activity outweighs the metabolic rate 

increase, so according to Fick's principle there is an increase in the oxygen content (and 

therefore oxyhemoglobin content) of the venous microvascular blood supply, the basis 

for BOLD  signa^.^^"" As venous oxygen accumulates with no change in OE, the ratio of 

deoxy : oxyhemoglobin de~reases.~~.' 

Unlike exogenous paramagnetic agents, which are injected into the extracellular 

plasma environrnent of blood, deoxyhemoglobin is localized intraceliularly in 

erythrocytes. Deoxyhemoglobin's high magnetic susceptibility creates a gradient 

between erythrocytes and surrounding plasma and tissue? This leads to considerable 

magnetic field heterogeneity and essentially amplifies T2+ signal loss. Blood vessels in 

T2*-weighted images, therefore, appear as dark lines with radii considerably greater than 

those of the vessels thernse~ves.~ When neuronal activity leads to an increased 

oxyhemoglobin : deoxyhemoglobin ratio an increase in signal occurs because the 

susceptibility gradient and subsequent T2' spin dephasing are reduced. This signal 

increase is known as BOLD contrast? 

Applying BOLD fMRl 

The experirnental principle behind functional imaging is to compare brain activity 

during a tas& state and a control state, and then to superimpose the functional results 

ont0 a precisely corresponding anatornical A 'sequential task activation 

paradigm" is normally used for BOLD fMRl because fMRl is very sensitive to even slight 

movement,14 and because signal changes from individual experiments are generally 

insuficient to provide the statistical power required for analysis? The sequential task 

activation paradigm involves a repeating pattern of task and control states imaged in 



rapid succession. The successive images are averaged so the task and control states 

can be compared on a voxel (discrete volume element) by voxel basis. 

Pararnetric and non-pararnetric analyses have been employed for ~MRI.' 

Traditionally Student's t-test has been used to compare control and task state signal 

intensities for each voxel in an image.'." Changes in the variance of signal intensity can 

occur without changes in the mean. however, and more recently the non-parametric 

Kolmogorov-Smimov statistic has been utilized because of its sensitivity to differences in 

variance as well as mean? Once voxels with a significant signal change are identified. 

they can be supenmposed on an anatomic image. 

BOLD MRl  was originally described on hardware with field strengths far above 

those of most available imaging equipment. For example, Ogawa and Lee used 7 Tesla 

(T) while standard clinical machines often reach only 1.5 T." This has inspired some 

work to detemine the importance of field strength to detection of BOLD contrast. Higher 

field strengths result in greater magnetization, so the use of powerful hardware seerns 

intuitively advantageous. A number of reports confirrn that the BOLD effect at 1.5 - 2 T 

yields signal changes of 1 - 6 %.".a while 4 T affords a 5 - 20 % signal ~hange.~."  The 

design of pulse sequences best suited to MRI  has also received considerable attention 

as a means of fine tuning the BOLD approach and many possible sequences exist-l4 

One of the benefits of BOLD fMRl over other imaging techniques, such as 

positron emission tomography (PET), is its excellent spatial resolution. The spatial 

resolution of PET (7-10 mm)" is often insuffcient to resolve boundanes between distinct 

brain regions, which can be as small as 1-2 mm4' Another advantage of fMRl over PET 

is the high signal to noise ratio (SNR), which allows for detection of activity differences 

within single sub jec t~ .~  PET usually requires the averaging of responses from a group 

of subje~ts?~ which in tum requires transformation to a standard coordinate system, like 

that devised by Talairach and T o u m o ~ x . ~  This is not necessarily required for fMRI. 



Advances in the use of Talairach coordinates have pemiitted detailed inter - subject 

companson of human cortex, however, and fMR image data are now also routinely 

projected into Talairach 3-0 space.' 

One limitation of the BOLD approach is that task and resting state images taken 

in rapid succession are often treated as independent samples. There is sorne evidence 

that a 'hemodynamic mernory" exists causing subsequent changes in signal to be 

influenced by activity underlying data already acquired. Sufkient time (several seconds) 

between image acquisitions may help alleviate this concem? BOLD MRI, like al1 MRI 

techniques, is also limited by artifacts related to movement which means only a limited 

number of sensory, cognitive and especially motor functions can be examined. Even 

movement associated with respiration and circulation can be problematic so 

investigating motor control of speech or complex body movements is clearfy not 

feasible." Concem also exists about the acairacy of the relationship between neural 

activity and blood flow, because of the possibility that the strong signals associated with 

large vessels may overshadow microvascular signa$ closer to areas of act i~ation.~." '~~ 

This means that brain vasculature anatomy must be considered during fMRl analysis 

and also that especially strong signals (Le. >5% at 4T) must be filtered out during data 

processing? Despite these limitations, fMRl has enorrnous potential as a result of the 

BOLD method, and considerable advances in ouf understanding of the human brain 

have already been achieved. 

Expenmental, Auditory and Motor Advances 

One characteristic feature of fMRl has been the rapidity with whicti advances in 

its underlying technology and methodofogy occur. In fact, progress in the understanding 

of brain function is often a m p a n i e d  by modifications in fMRl methods,*-a which has 

led to consistent improvement in data quality, sometimes at the cost of studies 

addressing wncems such as statistical analysis and experimental design." 



Several authors have addressed concems with fMRl experimental design. As 

mentioned above, the sequential or blocked task paradigm treats repeated stimuli as 

independent samples even though. occasionally, this may be inappropriate. Buckner et 

al. report a method of data acquisition which allows images to be obtained frorn single 

tasks without the use of a blocked task paradigm." This is not a replacement for the 

existing method, which is productive if sufficient time between stimuli is allowed, but 

instead complements it by offering more flexibility in experimental design and by 

pemitting exploitation of fMRl9s high temporal resolution.' This method is now used 

quite often, especially at high magnetic fields where signal averaging may not be 

required." Another experimental advanœ in fMRl was achieved by Boynton et al. who 

dernonstrated that a quantitative, non-linear relationship between stimulus properties 

(duration and wntrast) and fMRl signal intensity exists in primary visual cortex O/l)?g 

This is an important early step in understanding the link between neural activity and the 

fMRl signal. 

The majonty of fMRl studies to date have focused on the visual system but 

auditory and motor cortices have also received attention. Early auditory work 

demonstrated that significant. stimulus-dependant BOLD activity could be obtained 

despite constant background scanning noise, and that results wete consistent with 

previous lesion. EEG. and PET s t u d i e ~ . ~ ~  Following these preliminary steps, 

investigating the effects of word presentation rate on activation in various cortical regions 

has been an important focus. Both Binder et al. and Dhankar et al. report significant 

word presentation ratedependant signal increase in primary and secondary auditory 

cortex. As for VI. the signal increase I stimulus intensity relationship is non-~inear.~'.~~ 

Although the study of motor activity using fMRI is Iimited, progress has been 

made particulariy using srnall finger movements as a task of i n t e r e ~ t . ~ . ~ . ~ "  Kim et al. 

observed a large activation of primary motor cortex (Ml) contralateral to the movement 



hand, as well as a smaller ipsilateal signal?This led to their proposal that size of 

activated areas may be as important as signal strength when interpreting MRl  results. 

Continuing improvement in experimental design and analysis of fMRI, and in Our 

understanding of the relationship between neural activity and BOLD contrast should lend 

further credibility to the technique. As methods are refined on human patients and 

equipment costs continue to decrease, the fine spatial resolution and single subject 

capability of fMRl suggest considerable potential for use in veterinary research. 

1.3 CANINE VISION 

1.3.1 Mamrnalian Visual System 

Anatomy of the Early Visual Pathway 

The anatomy of the early visual system is similar throughout the Mammalia 

(Figure 1.2), with differences becoming more pronounced as one advances through 

successive regions of visual cortex? The visual receptor cells (rods and cones) are 

spread over the retinal surface and contain photopigments which facilitate transduction 

of light energy into voltage across a cell membrane. In contrast to the majority of 

receptor cells, exposure of rods and cones to relevant stimuli results in a hyperpolarizing 

membrane cuvent (Le. depolarization and neurotransmitter release occur in the dark 

and stop when light is absorbed)." 

Rods and cones synapse with retinal bipolar cells which, in tum, synapse 

primarily with ganglion cells, axons of which comprise the optic newe. Processing of 

visual information is already occumng at this level, in part due to amacrine and 

horizontal cells which synapse with al1 three retinal ceIl layers and influence lateral 

interactions between cells to enhance contrast and rnovement perception.' An 

important feature of visual processing, first evident at the retinal level, is retinotopic 

organization, or the conservation of spatial relationships between the visual field and the 



receptive fields of retinal and cortical neurons. Neighboring cells have receptive fields 

which represent neighboring regions of the visual field." Spatial relationships becorne 

increasingly important as the optic nerves of the left and nght eyes meet at the optic 

chiasm. Here the visual field is divided in two, as cells responsive to the left halves of 

both retinas project to the left side of the brain, and vice versa. When cornbined with the 

eye's optical characteristics this arrangement rneans that objects appearing to our left 

are processed in our right brain and objeds to our right in the left brain5? In hurnans we 

know that roughly 50% of optic nerve fibres decussate at the optic chiasrn and widely 

accepted estirnates suggest that about 75% decussate in dogs? 

Downstream of the optic chiasm. the rnajority of visual signals travel the optic 

tract to the lateral geniculate nucleus (LGN) in the thalamus, though sorne ganglion cells 

innervate the supenor colliculus diredly to help coordinate head and eye rnovernent? 

The LGN has a layered structure which helps segregate information based on the side of 

origin. Each layer receives input from the contralateral visual field, but exclusively from 

either the ipsilateral or contralateal retina." Neurons from LGN synapse with those of 

the visual cortex, many areas of which have been identified by histological and 

cytoarchitectural char acte ris tic^.^^ It is at this level where the similarity across 

mammalian orders begins to decrease. Non-human primate and cat visual cortices are 

the best studied due to single cell recording and other relatively invasive 

 technique^.""'"^ The developrnent of fMRI , however. has allowed for direct non- 

invasive investigation of human visual cortex. 

Striate and Extrastriate Cortex 

The first stage of visual processing in cerebral cortex. and by far the best studied 

visual area, is primary visual cortex (VI), or striate cortex, named 'striate" for the senes 

of myelinated stripes in its layer IV. This area is located at the occipital poles of both 

hemispheres5' Its colurnnar, or modular arrangement is an important modal in 



neuroscience, f int described by Hubel and Weisel based on their work using cats and 

old world r n o n k e y ~ . " ~ ~ ~ ~  Ocular dominance is one aspect of this region. Cells are 

arranged in alternating columns such that left eye and right eye sensitive cells are 

grouped separatelylm a phenornenon recently confinned using ~MRI." Cells in V I  are 

also arranged based on the shapes to which they are responsive so that cells with 

receptive fields of similar shape and orientation are grouped more dosely than those 

with diverse receptive  field^.^.^.^ 

Neurons from V I  synapse with higher visual cortical areas, (e.g. V2, V3, etc.), 

which are refened to collectively as extrastriate cortex. Extrastriate cortex occupies 

much of the occipital cortex, and parts of the temporal cortex. These visual areas are 

retinotopically organized and include V2, V3, VP (ventral posterior area), V3a, and V4v 

(ventral), where the spatial relationships of the visual field are well maintained in cortical 

anatomy. Other areas, specific to each of two parallel processing streams, can be 

identified wherein spatial relationships of celfs depend more on stimulus characteristics 

(e.g. colour, form. movement) than visual field position.62 Functional MRI has been 

important in confirming boundanes of striate and extrastriate areas in humans (Figure 

1 -3 -67.M*69 

Retinotopy of the Human Visual Pafhway Revealed by fMRI 

Pnor to fMRl development, many of our assumptions of the human visual 

pathway arose from invasive procedures in macaques (Macaca spp.)," in whorn over 30 

functional cortical units have been identified.".'' Humans and macaques were 

traditionally assumed to share many homologous cortical areas, especially in the early 

visual pathway. because of our evolutionary proximity." Due to the limited spatial 

resolution of the existing imaging methods, like PET (7-10 mm)." this homology has 

only recently been tested experimentally. Indeed, one focus of visual fMRl to date has 

been to confimi or refute existing assumptions of cortical retinotopy in humans." 



Mapping of the human visual cortex using fMRl has revealed that humans and 

rnonkeys share a very similar retinotopic organization of VI, V2. and ~ 3 a , " - ~ . ~ a n d  that 

a similar reduction of retinotopy in the medial temporal area (MT) also exists." Also 

confirmed is the general property that retinotopic organization is strict eariy in the 

pathway, but that neurons becorne increasingly 'stimulus specific", and much less 

'position specific", in later areas." For example, VI  neurons fire in response to simple 

stimuli like lines and edges depending on their position and orientation in the visual field. 

Neurons in the infenor temporal cortex (IT), which receive extrastriate input, fire in 

response to specific objects. like faces, irrespective of Controversy does 

remain, however, as to differences between even eariy visual areas in macaques and 

This justifes the use of fMRl to confinn the borders of brain regions 

instead of relying on evidence from evolutionary relatives. 

Motion Processing in the Human Visual Pathway Revealed by MRl 

Defining retinotopic borders is crucial to studies of function within distinct regions 

of extrastriate cortex, another focus of fMRl vision research. Functional specialization is 

evident in the two processing strearns identified in the macaque visual cortex, both of 

which originate in V I  but diverge in later areas." In macaques. the panetal or dorsal 

stream processes components of stimuli related to movement, while the temporal or 

ventral stream processes shape, form, and colour information. 76.77.78 

Processing of object motion via the proposed human dorsal stream is thought to 

project through VI, V2, and V3 to the middle temporal area (MT), or ~ 5 . ' '  now a 

relatively well established homologue of MT in macaque brain based in part on fMRl 

evidence. Tootell et al. were among the first to record a fMRl signal from human MT 

while patients observed moving stimuli followed by stationary contro~s.~~ f hey also 

demonstrated that MT is more sensitive to wntrast than is VI. This, wmbined with their 

retinotopic evidence mentioned above, supports the notion of species similanties in 



motion processing and the existence of a human dorsal strearn. Other evidence 

suggests that motion attributes of stimuli are further processed in the rnedial superior 

temporal area (MST)? and an MT-MST complex has been the foais of studies on the 

effects of attention on the visual sy~tem.".~' 

Particularly exciting fMRf contributions to our understanding of dorsal stream 

function have involved recognition of the importance of MT to reading and language 

skills. Eden et al. revealed that MT in dyslexic men showed virtually no activation in 

response to moving stimuli which elicited MT activation in control subjects, even though 

stationary stimuli resulted in identical activation in V I  and V2 of both groups." With 

behavioural testing, they also detected reduced motion sensitivity in dyslexic men which 

was so subtle that it had previously gone unnoticed even by the dyslexic patients 

themse~ves.'~ Howard et al. provided further evidence for a link between motion 

processing and language when they obsenred firing in response to motion in MT as well 

as in an area of the superior temporal gynis known to be activated by listening to 

W O T ~ S . ~ '  

Object Processing in the Human Visual Pathway Revealed by fMRl 

The ventral stream for object processing projects through VI, V2, and V4 to the 

inferior temporal cartex (IT) in monkeys and it is thought to follow a similar arrangement 

in humans." Investigations of areas specifically responsive to facial images have been 

one fMRl focus. Evidence suggests that a face specific area does exist within the 

proposed ventral ~ t ream."*~ Courtney et al. perfonned particularly elegant fMRl 

experiments on both visual perception and working memory to dernonstrate activation of 

occipitotemporal cortical areas in response to face presentation, as well as prefrontal 

cortical activation in response to a memory activity." The face selective region of 

occipitotemporal cortex is not exclusively activated by facial images, however, and it 

overlaps functionally with areas sensitive to letter sequences and w o r d ~ . ~  This may 



have implications for our understanding of the trade-off between detenninism and 

plasticity in cortical development. Evolution is unlikely to have resulted in areas 

specifically tuned to groups of letters because wntten language is relatively new, on an 

evolutionary time scale. Such cortical units are likely the result of modeling and 

remodeling in the brain as we leam and continue to read." Fundional MRI experiments 

addressing changes in the fundional brain anatomy of subjects over the course of a 

leaming expenence could help resolve this issue." 

Some neural areas, like those sensitive to letterstrings and faces, are dedicated 

exclusively to specific stimuli. We encounter so many different objects visually, however, 

that, due to space limitations alone, it would be impossible for a different cortical unit to 

be set aside for each possible stimu~us.~' Functional MRI has helped identify a region of 

lateral occipitotemporal cortex (LO) which responds to al1 objects, and produces a larger 

fMRl signal during object presentation than during the presentation of textured space or 

object fragments? Positron emission tomography evidence suggests that LO is involved 

in processing fom to determine whether or not a pattern in the visual field represents an 

object. not in recognizing and differentiating specific objects. 

Colour processing is a ventral stream function, as well, and a colour selective 

area in human ocupitotemporal cortex has been identified by PET," lesion.' and fMRl 

studiesag Although this area has been compared to the colour selective rnonkey area 

V4, there remains some controversy as to their hornology based on conflicting evidence 

from a different human V4 identified retinotopically." A recent fMRl study suppotted 

previous results suggesting that colour processing may begin very early in the ventral 

stream. in areas V I  and ~ 2 , ~  and it seems likely that colour is processed in a range of 

occipital and cortical areas. 



Cortical Design: "Top Do wn" Processing 

Since our visual system absorbs far more information that we can actively use at 

any given time, some filter rnust allow us to focus on stimuli of immediate importance." 

Attention is the main mechanism by which this is achieved and can occur via 'bottom upn 

influences based on stimulus attributes (e-g. a fast moving object in the peripheral field), 

or by 'top down" influences, where voluntary choice detemines attention (e.g. 

concentrating on a cornputer screen)." 'Bottom upw proœssing involves retinotopy as 

well as ventral and dorsal processing but 'top down" processing involves the influence of 

our own cerebrum on visual experience. 

The parietal and prefrontal cortices, downstream of the visual cortex, have k e n  

associated with visual attention and 'topdown" influences using traditional 

techniq~es~,~'"' and ~ M R I . ~ ~ . ~  Courtney et al. used fMRl to examine prefrontal cortices 

during prolonged working memory tasks where subjects visualized faces they had 

previously been shown." While occipitotemporal areas selective for activation by faces 

showed only transient activity during the memory task, regions of prefrontal cortex 

showed consistent, prolonged activation, suggesting their importance in maintaining 

perception of an image. Positron emission tomography evidence suggests that attention 

and prefrontal cortex can also influence the earliest visual areas. Kosslyn et al., for 

example, observed activity in V I  when subjects visualized objects, demonstrating that 

stored information can activate the eady pathway via descending inputsP. Le Bihan et 

al. obtained similar results in an early functional imaging study? "Top downw influences 

have also been observed for motion processing, particulariy in the MT-MST cornplex. 

O'Craven et al. found significantly greater MT-MST activation when subjects focused on 

the rnoving component of a stimulus (i.e. a moving dot on a amputer screen), than 

when they focused on the stationary cornponent (a non-moving dot on the same 

screen)." 



The results cited above confirrn that not oniy do stimulus components and 

ascending neuronal inputs influence the visual cortex, but also that higher visual and 

cognitive centres exert considerable influence through descending connections. This 

raises challenging questions about visual perception, and how to identify cortical areas 

of visual awareness in a noncommunicative animal like a dog. Where does perception of 

a visual stimulus actually occur? Clearly, areas throughout the neocortex are involved in 

various aspects of visual proœssing, so in the future a fMRl test of visual perception 

may need to address, not just V I  or occipital cortex, but a range of cortical areas. 

1.3.2 Specifics of the Canine Visual System 

The Eady Visual Pathway 

Compared with cats and primates, we know relatively little about the canine 

visual cortex but there are differences eariy in the pathway which are well described. A 

dog's ability to see in much lower light than humans is one of these, facilitated by 

aspects of canine ocular anatomy? In contrast to the fovea of humans, the central 

region of a dog's retina consists mainly of low-light sensitive r ~ d s , ' ~  and the reflective 

tapetum lucidurn is well developed allowing the eye to re-use light already detected by 

the retina.' Canine vision is flexible, however, as dogs aQo see well in bright light. As in 

humans, pupillary dilation and constriction, recruitment of rods or cones where 

necessary, and changes in rod sensitivity contribute to this f lexibi~ity.~ 

A second specialization of the canine visual system is the distinct lack of a foveâ 

in favor of an oval shaped visual streak, the central area of the retina in dogs.' As in the 

primate fovea, ganglion cell density is higher in the visual streak, which corresponds with 

enhanced visual acuity. Wolves have a more pronounced and elongate visual streak 

than do domestic dogs, which some propose is an adaptation for improved vision when 

scanning the horizon. This variation is also apparent between dog breeds (e-g. German 

Shepherds have a wolf-like streak and beagles a more oval streaklW which suggests 



that other aspects of vision could Vary between breeds, as well. To address this issue, 

inter-breed fMRl studies of vision will be worthwhile. 

Colour sensitivity is a third difference between the early visual pathways of dogs 

and primates. Contrary to widely held opinion, dogs are not colour blind, and instead 

posses dichromatic colour vision." which differs from primate trichromatic oolow vision 

in that it affords dogs a level of sensitivity similar to that of a deuteranopic (red-green 

colour blind) h ~ m a n . ~ ~ ~  The two types of cones in the canine retina ocair in much lower 

numbers than the three types found in primates, allowing for the trade-off of improved 

low light vision, but still pemitting considerable colour sensitivity.% Behavioual testing 

suggests that postretinal processing of colour occurs in dogs, based on the ease with 

which they can be trained to distinguish between colours, compared with other 

anirna~s.~~ 

Cortical Areas of Vision in Dogs 

Although cats have provided an important neuroscientific model of cerebral 

cortex for many yean.= canine cerebral cortex has been largely ignored. Ofn et al. used 

electrode recordings to provide precise coordinates for the central area of vision in 

canine cortex and confirrned that, as in other mammals, V1 is found in the occipital 

lobes.lw More precise localization of V I  in dogs has not been presented. ln dogs. 

research on areas beyond V I  rernains conspicuously absent from the literature. 

Early work descflbing mammalian striate cortex is based largely on c a t ~ ~ * ~ . ' ~ '  

and many striate cortex properties are similar in p r i r n a t e ~ ~ . ~ ~ ' "  and other rnarnrna~s.~~ 

Some aspects of V I  do Vary between mammals. such as the amount of cortex devoted 

to central vision" and the retinotopic differences between monkeys and humans, 

mentioned above. Motion processing, especially important for predators like dogs and 

cats. whom we know are highly sensitive to mo~ernent,~ also illustrates species 

differences. Several areas of cat visual cortex have been proposed and rejected as 



homologues to primate M T , ' ~ ~ ' ~  which suggests that motion may be processecl 

somewhat differently in cats and primates. This lends support to the possibility that 

differences also exist between dogs and primates because canine precortical visual 

anatomy is more similar to that of cats than of  primate^.^ Feline cortical anatomy rnay 

be a preferable reference for generating hypotheses regarding locations and connedivity 

of processing areas in dogs since there is little direct information on canine visual 

cortices in the literature. and because of the differences between motion processing in 

cats and primates. 

1.3.3 Cunent Tests for Canine Vision 

Evaluating canine vision rernaitis an inexact science because rnethods of testing 

Vary considerably." Behaviounl testing.' optokinetic devices." eledroretinography 

C ERG).'^^.'^ and visually evoked potentials O/EP)'~*'" have al1 been employed. 

The use of innate behaviours in animals is an inexpensive and rapid method of 

sensory assessment.' The menace response test is based on a blinking response to a 

threatening hand gesture toward the dog's face. Optokinetic devices provide a more 

controlled visual test and exploit a dog's optokinetic refiex, which involves the animal 

following movement with the eyes and head. By gradually decreasing the size of 

presented objects a threshold of visual acuity can be detennined.'w Electroretinograms 

have also been widely used in small animals to assess retinal function. The ERG relies 

on a 'contact lens electrode" to record retinal cell activity during stimulus presentation.'" 

Flash ERGS involve a stroboscopie flash as a stimulus and are thought to record activity 

elicited by luminance. in the photoreceptor layer of the retins.'" Pattern ERGS. 

developed more recently, use alternating patterns as stimuli to record information about 

luminance and spatial wntrast indirectly, representative of wnes near the retinal 

centre.'08 Neither ERG type addresses postretinal pro~essing.'~~ 



Obvious problems are intrinsic to behavioural methods and ERG recording. The 

former is Iimited in part by the fact that no environment is devoid of distracting stimuli so 

observed behavioun may be eficited by distraction,' or even by air currents caused by 

the clinician's hand movement. Optokinetic devices also require that patients remain 

focused on the stimulus which means responses rnay depend as much on attention 

span as visual acuity. These problems can be controlled to an extent, however, and do 

not represent the most striking limitations. A fundamental problern with both behavioural 

and ERG methods involves the difference between a reflex response and one indicative 

of perception. Pet owners often feel that visual perception is important to the quality of 

life of their If possible, then, it is visual perception for which a veterinary 

ophthalmologist should be testing. Unfortunately, by using a reflex response test, or 

recording activity in the retina, we ignore the areas of the visual pathway responsible for 

perception, and therefore the priority of pet owners: that their dogs experience the world 

visually. 

In primates, visual responses to stimuli can occur in subjects that think they are 

cornpletely blind, a condition known as b l ind~ight . '~~ ' '~~ '~ '  In addition, cats with V I  

completely removed, and therefore likely unaware of visual stimuli, can detect obstacles, 

distinguish between patterns, and detect movement.'" This condition would easily go 

undetected in dogs by both behaviour testing and ERG recording, because retinal 

function is largely unchanged and the problem involves brain activity."' In fact, some 

ganglion cells in normal animals bypass the visual cortex completely and innewate the 

superior colliculus directly, to permit unconscious head and eye movement~.~ If we are 

to accurately assess canine vision then behavioural and retinal testing are insufficient. 

The visual evoked potential (VEP) addresses this concern to some degree 

because it does record bnin activity via extracranial needle'07.1'4 or scalp electr~des."~ 

The VEP signal consists of positive and negative peaks in a wavefonn, with each peak 



representing a dÏfferent stage of early postretinal visual processing. Peak 1, for example, 

might onginate in the LGN and peak 2 in V I  ."' When the VEP is combined with ERG 

recording, the relative influences of the optic properties of the eye and eatly postretinal 

processing on visual acuity can be estimated? Problems with VEPs, however, inciude 

the sparse literature on canine cortical anatomy combined with the precision required in 

electrode p~acement.'~ VEPs target mainly thalamocortical areas (LON, V I ,  and v2).'07 

The location of V I  has only recently been identified in dogs. As a result, researchers 

have often used cat cortex as a reference for electrode placement resulting in 

considerable signal variation and poor VEP standardizati~n.'~ 

This raises the second limitation of the VEP. Visual evoked potentials are 

recorded from outside the skull, so they are more sensitive to signals from outer layers 

of ~ortex ."~  For example. signals from posterior occipital sections of V1 and V2 might be 

over-represented while signals from anterior occipital cortex within the longitudinal 

fissure. or fram temporal cortex, would be weaker. In addition, we have some idea of the 

areas responsible for producing different peaks in VEP recording of dogs (wavefonn 

generators)lo7 but this undentanding is irnpreci~e.'~~ Although the origin of a VEP signal 

can be iocalized to the occipital lobe, activity on a smaller scstle, or activity anterior to V l  

is diffkult to pinpoint. Current thinking suggests that perception certainly depends on V1 

in humans but that prefrontal cortex is also vital to conscious a w a r e n e ~ s . ~ ~ ~ ~ " ~ - " ~  

Although more reliable than behaviour or ERG testing, the VEP is still severely limited as 

an objective assessrnent technique for visual perception because it cannot address 

activity in temporal or prefrontal cortices. 



1.4 DEVELOPING fMRl TO ASSESS CANINE VISION 

1.4.1 Canine fMRI: Cortical Limitations 

Functional MRI has enorrnous potential to alleviate the concerns associated with 

existing tests for canine vision. By varying slice thickness and regions of interest, it is 

feasible to obtain entire maps of canine brains during visual presentations. Comparing 

functional maps of visually 'normal" dogs with those suffering visual disease could reveal 

a great deal about the impacts of optical properties on brain activity. Developing 

functional map databases of dogs would be a valuable contribution to canine MRI, as 

well, because the technique remains expensive. Correlating easily measured attributes 

of the visual system, like optical features, VEPs, or even behavioural responses with 

fMRl signals, could eventuafly help reduce wsts. 

If any of this potential is to be realized several concerns need to be addressed. 

Intrinsic characteristics of tissue in the neocortex, Iike plasticity, need to be acwunted 

for when designing experiments. For example. young cats blinded dunng the first years 

of iife revealed remarkable compensation in the anterior ectosylvian visual area (AEV). 

This region is norrnally exclusively visual but became completely responsive to auditory 

stirnu~i."~ Similar cortical plasticity has also been well documented in adult  animal^.'^^ 

and this phenornenon must be acknowledged when fMR images of visually deficient 

animals are analyzed. Their cortical functional anatomy could be very different from 

visually normal animals and could cause confusion during image interpretation. 

A related issue to be addressed involves stimulus selection. Current visual 

testing suffers from its restriction to sub- and early cortical visual areas. To realize fMRlls 

potential, a range of stimulus types must eventually be used during experiments. 

Different areas of primate and cat brain are known to fire preferentially in response to 

shapes of different configuration and orientation. or movement in different directions? 

By varying attributes of presented stimuli, researchers will be able to asses a wide range 



of visual characteristics in different functional and anatomical cortical subunits. This 

would represent considerable progress for both veterinary cliniuans and neuroscientists. 

1.4.2 Canine fMRI: Anesthetic Limitations 

By far the most pressing concem to be addressed regarding veterinary fMRi 

involves anesthesia. Electrodiagnostic and neuroimaging procedures demand that 

patients remain still so primates, cats, dogs and uncooperative humans (e.g. children), 

must be anesthetized. General anesthesia produces central newous system (CNS) 

depressi~n.'~' and cerebral cortex is generally the neural tissue most readily depressed 

in rnarnrna~s.'~~ This raises an obvious concern: How do we know that fMRl in 

anesthetized animals is representative of conscious brain activity? The answer is likely 

that we cannot know for sure, but that the advantages of neuroimaging data still 

outweigh the limitations. as long as anesthetic effects are understood and ~onsidered.'~ 

Jenard et al. reported the first account of BOLD fMR activity induced by visual 

stimuli in a non-human animal, and anesthesia played a key role in their resu~ts.'~ 

Visual stimuli evoked signal changes in V I  and V2 of anesthetized cats which is 

encouraging as it demonstrates BOLD signal changes in unconscious animals. The 

signal changes were between 0.7 - ZOh, somewhat lower than those nonnally observed 

at 4T in humans, a finding attributed to anesthetic effects. This signal reduction is not 

particularly surprising, though, considering the known effects of anesthesia on other 

aspects of CNS activity (see below). Jenard et al. also reported problems maintaining 

eye position in anesthetized anirnals and suggested that the use of a paralytic agent in 

conjunction with anesthesia rnight remedy this problem.'" 

That BOLD signals should exist in anesthetized animals is predictable as 

nurnerous reports exist of anesthetized humans dispiaying anesthetic awareness and 

post-operative r e ~ a l i . ' ~ ~  a condition difficult to test in canine patients. Human patients 

occasionally retain mernories of events during anesthesia which, aithough usually 



unconscious (Le. irnplicit), are remarkably accurate. This suggests that i n f m t i o n  

processing and perception can occur during anesthesia if we acknowledge that memory 

is a form of residual per~epüon.'~ Anesthesia which petmits some level of implicit 

awareness is clearty not ideal for painful surgery, but could improve the quality of fMRl 

signals from anesthetized animals. 

Propofol, isoflurane, and fentanyl / midazolarn are three relatively safe and 

common anesthetic protocols in human practice,'" and are considered below as 

candidates for use with canine fMRL Of the three, isoflurane's CNS effects are probably 

best studied in d~gs. '~ '~ '*~ Undentanding the effects of these regimes on other 

measures of cortical activity, like the EEG, and cerebral circutation, is important to 

predicting their potential effects on the MR signal. 

Propofol: Pofential Effects on fMRI 

Propofol is a non-opioid, intravenous anesthetic agent widely used in a variety of human 

clinical applications including ambulatory, pediatric, and neuroanesthesia? It is popular 

primarily due to its rapid metabolic clearance from the b ~ d y ' ~ ~ . ' ~  and the comesponding 

rapid recovery of patients. even after prolonged anesthetic maintenance.'".'" 

Considerable patient variability in response to propofol exists, however, so close 

monitoring is required? This variability may also limit the reliability of fMRl results 

between propofol anesthetized subjects. 

Studies of propofol effects on CNS factors, like EEG activity, evoked responses, 

and cognitive recovery provide somewhat controvenial results,'" and are relatively rare 

in dogs. Most agree that cognitive function recoven quickly following anesthe~ia'~*'~' 

and some evidence suggests that using propofol as bath an induction and maintenance 

agent may improve this re~overy, '~~ especially if maintenance duration is relatively 

long.13) Low doses of propofol cause an increase in human EEG activity, but at doses 

required to maintain unconsciousness, activity decreases with increasing dosage and 



eventually burst suppression o~curs. '"~'~ Burst suppression certainly correlates with 

reduced brain activity. Propofol also has k e n  linked to decreased cerebral blood flow 

(CBF) in humansla and dogsI1" which will likely result in BOL0 signal reduction via 

reduced oxyhemoglobin flow to the brain. On the other hand, propofol reduces the 

cerebral metabolic rate for O2 (CMR02) in humanslm and dogs,'" and this could exert a 

contradictory effect by increasing the oxy- to deoxyhemoglobin ratio. The contradictory 

effect will likely be small, however, because propofol suppresses CBF by wnsidera bly 

more (approx. 50%) than CMR02 (approx. 30%) in both species. 136.137 

Several studies have addressed the issue of awareness dunng propofol 

anesthesia. Sung et al. observed no postoperative recall, but report more rapid recovery 

of memory ability upon emergence than occurred with thiopentone.lS This suggests that 

the CNS may remain more active throughout propofol anesthesia. Dreaming could also 

play a role in fMRl during anesthesia by causing activity in visual areas and producing 

BOLD signal artifacts. Noble et al. found that 25% - 30% of patients dreamed during 

propofol anesthe~ia.'~~ and Duval et al. report several case studies of patients 

anesthetized with propofol who recounted dreams that were influenced by events during 

surgery.'" These patients later responded to hypnotic suggestions administered during 

surgery, though they displayed little explicit recall of events. We know that dose- 

dependant cerebral suppression ocairs during propofol ane~thesia,'".'~~ but the results 

cited above suggest that some level of sensory processing can occur during the 

anesthetic period. 

Propofol is a good candidate for use with canine N R I  because recovery occurs 

quickly, it is rapidly cfeared from the body, and it can allow for some sensory processing 

during anesthesia. Variability in patient responses to propofol, however, is cause for 

concem if repeatable fMRl results are to be obtained. Also, reduced CBF will likely 

cause noticeable reductions in BOLD signal and reports of dreaming suggest that BOLD 



signals unrelated to presented stimuli may occur. Dreaming and reduced CBF, however, 

rnay be limitations associated with most anesthetic agents. 

Isotlurane: Potential Effects on WRI 

Inhalant anesthetics are often preferred because they can be easily administered 

and excreted via the lungs. Their use also permits anesthetic depth to be measured 

objectively and altered readily. despite the fact that inhalational anesthesia is generally 

charactenzed by longer induction and recovery times than propofol anesthesia.14' 

Among the inhalants, isoflurane is a favorite in human practice because it allows for 

good muscle relaxation and stable cardiac rate and rhythm."' 

Central nervous system effects of isofi urane, particularfy relevant to BOLD fMRI, 

include a dose dependant EEG decrease which can lead to complete burst suppression 

in dogs.12' This reduction in EEG acüvity may not accurately reflect anesthetic depth, 

however, as EEG responses of anesthetized humans are unrelated to pain-induced 

responses.'" Interestingly, Hartikainen et al. report strong visual evoked responses in 

the EEG of humans during complete burst suppression, indicating that visual processing 

can occur in the mammalian brain under deep anesthe~ia.'~~ Auditory evoked 

responses also have been observed during deep isoflurane anesthesia.lu In contrast to 

propofol, isoflurane causes an increase in CBF in dog~'~%nd hum an^'^. which could 

increase BOLD signal strength, although the CBF increase gradually decays over time in 

dogs when isoflurane is administered with nitrous oxide.14 In addition. in humans the 

decrease in CMR02 is greater with isoflurane than that observed during propofol 

anesthesialm and this may contribute further to signal increase by altenng the oxy- : 

deoxyhemoglobin ratio. 

The issue of anesthetic recall and awareness also has been addressed for 

isoflurane. Roorda - Hrdlickova et al. observed implicit memory of events dun'ng 

balanced anesthesia that included isoflurane for both induction and maintenancele while 



Ghoneim et al. report irnplicit recall during isoflurane anesthesia for both a behavioural 

suggestion and word learning.'" On the other hand. Winograd et al. found no evidence 

for implicit leaming of music played to anesthetized patients."' It seems dear, however. 

that some types of information processing can occur during isoflurane anesthesia. 

Dreaming under isoflurane also has been reported and this could affect BOLD signal 

strength. Noble et al. found that fewer patients tend to dream under isoflurane 

(approximately 12.5%) than under propofol ( approximately 20%), although a greater 

percentage of the isoflurane patients experienced bad dreams (29% for isoflurane vs 5% 

for propofo~).'~~ The potential for dream activity. and increased CBF, suggest that 

isoflurane may cause some artifacts in fMR images. 

Nonetheless, isoflurane is perhaps the best candidate for canine fMRl in large 

part because it is an inhalant for which anesthetic depth can be monitored easily."' 

Maintaining a light, stable plane of anesthesia, to allow for maximum cerebral activity 

and prevent changes in anesthetic depth, is especially important because many 

anesthetic effects on the CNS are known to be dose and depth dependant. It is likely a 

better candidate than other inhalants, as well, because the increase in CSF it causes is 

much smaller than that caused by halothane or enflurane in humans'= and dogs." Also 

encouraging is the fact that VEPs and AERs can be elicited during even very deep 

anesthesia in humans. Predicting which of propofol or isoflurane will aliow for higher 

quality fMR images is difficult, however, because no direct compansons exist and 

methods for EEG studies of anesthetic are not standardized. 

Fentanyl / Midazolam: Potenfial Effects on M R  Images 

Combinations of agents are often used to exploit a range of anesthetic 

characteristics and permit the use of smaller doses to reduce side effects"'. For 

exampte, the hypnotic and reflex blocking effects of a non-opioid intravenous agent 

could comptement the analgesic properties of an opioid narcotic.'" This is refemd to as 



"balanced anesthesia", and the opioid, fentanyl, can be administered in combination with 

non-opioid, midazolam, to achieve this balance. 

Opioids are the most commonly used drugs to treat acute and chronic pain in 

humans. They target the opiate receptors, widespread throughout the brain, and can 

cause both excitation and inhibition of neurons.'" Generally, the opioids cause some 

respiratory depression and, to varying degrees, have an addictive potential which can be 

problematic with prolonged use.14Q Fentanyl is the most widely used opioid for human 

anesthesia, often preferred over morphine because it is more potent, has a shorter 

duration of action, and causes Iittle of the histamine response characteristic of large 

morphine doses."' 

In describing CNS and cortical effects of fentanyl anesthesia, recent human PET 

studies have been particularly revealing. Fentanyl effects seem to be highly localized 

and specific in the cerebral cortex, causing both inhibition and excitation depending on 

location. Firestone et al. report significant increases in regional CBF (rCBF) of cortical 

and subcortical areas in both hemispheres as a result of fentany~.'~~This activity 

included the bilateral cingulates, prefrontal cortices and caudate nuclei. They also report 

significant deactivation in both prefrontal and temporal areas, as well as the cerebellum. 

Adler et al. observed both activation and deactivation in response to fentanyl in humans, 

as we11.'~' These results illustrate, first of ail, the important role functional imaging can 

play in descnbing anesthetic action. They also suggest that fentanyl could be a good 

candidate for fMRl studies restricted to visual cortex, in that it evokes little response 

there. Fentanyl dependant activation in temporal and prefrontal cortices, however, may 

interfere with the collection of imaging data associated with visual perception. 

A few studies have addressed the issue of recall and awareness during fentanyl 

anesthesia. Positive verbal suggestions regarding the speed and wmfort of postsurgical 

recovery, made in the presence of fentanyl anesthetized patients, appeared to improve 



recovery following s ~ r g e r y . ' ~ ~  ûennet reports two disturbing case studies of patients 

anes thetized under a balanced protocol, which included fentanyl, who were rnerely 

paralyzed during trauma surgery and experienced pain and explicit reca11.l~ Utting 

suggests that. as the opioids are not true anesthetic drugs, any reduction in awareness 

they cause is likely an indirect effect, which explains why they are often used in 

conjunction with other agents, like midazo~am.'~ 

Midazolam is a non-opioid intravenous sedative with some sirnilarity to 

propofol,'" and EEG responses are similarly dose dependant for both agents.'% Of 

particular importance to BOL0 signals are midazolam's effects on cerebral circulation. 

Like propofol, midazolam results in reduced overall CBF and CMR02 in humans. The 

reduction, however, is considerably less under midaz~larn,'~~ and this agent may allow 

for a more accurate representation of conscious BOL0 signals than propofol. 

Predicting the combined effects of fentanyl and midazolam is difficult because 

they may act on BOCD activity synergistically. Based on their individual actions, 

however, the combination of fentanyl and midazolarr! has great potential for fMRl 

investigations restricted to the visual cortex and the occipital lobe. Because fentanyl 

causes both localized activation and deactivation of temporal and prefrontal areas in 

humans, however, it rnay produce considerable artifact in areas anterior to the visual 

cortex during whole brain imaging of dogs. As our objective is to test visual perception, 

fentanyl / rnidazolam is urilikely to be the optimal fMR1 anesthetic protocol. 

Encouraging, for investigations of sensory processing is the fact that often 

anesthesia allows for implicit leaming and even rare explicit recall of events, indicating 

that some level of sensory processing can occur. Most research on postoperative recall 

has focused on eliminating this phenornenon, as it is clearly undesirable during surgery. 

lt could, however, be of potential benefit to canine fMRI. As fMRI is not a painful 

procedure, it would be hurnane to use light anesthesia and anesthetic protocols which 



have been shown to allow implicit awareness and leaming in humans. Light anesthesia 

could facilitate images that more accurately reflect conscious perception in dogs. 

Predicting which of the three anesthetic protocols will allow for the best fMRl 

images is challenging because methods in anesthetic research are poorly standardized 

and considerable subjectivity is involved in the assessrnent of anesthetic depth? Based 

on EEG, evoked potential, cerebral circulation, and functional imaging (PET) evidence, 

as well as the temporal and prefrontal effects of fentanyl and the difficulties inherent to 

monitoring and rnaintaining depth during intravenous anesthesia, isoflurane is likely the 

rnost reliable choice for use with whole brain imaging. Ensuring that recorded responses 

are elicited by presented stimuli, and not by fluctuations in anesthetic depth, will be vital 

to reducing artifacts. lsoflurane is particularty well suited to this role. 

1.5 SUMMARY 

Functional MRI is an advance in neuroimaging that relies on the magnetic 

resonance signal properties of oxygenated and deoxygenated hemoglobin to detect 

changes in regional cerebral blood flow, indicative of changes in neural activity. This 

technology has yielded considerable gains in the study of human cerebral cortex, 

particularîy in the visual system, and could represent a valuable tool for veterinary 

ophthalmology. 

The canine visual system shares some similarity with that of other mammals 

especially at early leveis of anatomy and processing, but differences likely exist in visual 

cortex. It is known that V I  is similady located near the occipital poles of both 

hemispheres, but our understanding of canine cortical anatomy essentially ends here. 

Intuitively, it seems likely that canine cortex is more similar to that of cats than primates, 

but this has not been investigated. Nonetheless, during visual stimulation of dogs one 

shoufd expect to see BOLD signal changes in the occipital cortex and V I  as a minimum 



indication of perception. Some activity in temporal and prefrontal cortiœs would be 

anticipated, as well. 

Evaluating canine vision dearly suffers from the fact that dogs cannot 

cornmunicate with the evaluator. In keeping with our anthropomorphic tendencies, 

humans tend to assume that quality of life for pets includes experiencing their 

surroundings visually. Whether or not this is tme, conscious perception should, 

therefore, be the focus of a test for canine vision. Current techniques, like behavioural 

tests, ERG remrding and the VEP ignore the fact that perception of visual stimuli, at 

least in primates, involves activity in visual, temporal, and prefrontal cortices and not 

simply in the retina or early postretinal regions. Theoretically, areas important to object 

recognition or motion processing could be completely non-functional in an animal with an 

apparentfy nonnal ERG or VEP. Functional MRI provides obvious advantages over other 

methods because it allows for whole brain functional imaging in real time, at a range of 

spatial scales, 

Like other neuroirnaging and electrodiagnostic techniques. fMRl requires that 

patients remain still. This clearly presents a challenge for the veterinarian. The use of 

anesthesia is an unfortunate but inevitable consequence of this requirement. However, it 

need not overly impair the quality of images obtained if the effects of anesthesia on the 

brain, and on fMRI, are understood. Anesthetic protocols in common clinical use, which 

represent good candidates for use with canine fMRl are propofol, isoflurane, and 

fentanyl 1 midazolam. On a comparative basis, at equal anesthetic depths. the 

combination of fentanyl / midazolam likely will allow for fundional images which best 

reflect conscious activity in canine visual cortex. Fentanyl causes powerful localized 

activation and deactivation of temporal and prefrontal cortices in humans and, therefore, 

it may be a poor protocol for use when testing visual perception. It is extremely important 

that anesthetic depth remain constant throughout the imaging procedure, so it is likely 



that isoflurane is better suited as an fMRl anesthetic. Anesthetic depth is much more 

easily estimated and maintained for an inhalant agent and, among the inhalant agents, 

isoflurane has a relatively minor impact on cerebral circulation. 
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Figure 1.1 Mechanism of the BOLD (blood oxygenation level dependant) principle, 

currently used widely for WRI. Hb represents hemoglobin. (modified from DeYoe et al.'') 



Striate Cortex 

Figure 1.2 Schematic diagram of early postretinal neural pathways in the mammalian 
brain. Images that appears to our left are initially prucessed in the nght LGN (lateral 
geniculate nucleus) and striate cortex (solid Iines) and those to our right in the lef€ LGN 
and striate cortex (dashed lines). Not to scale. (modified from Reicherp) 



Figure 1.3 Some of the retinotopic, ventral stream, and dorsal stream areas in the 

human brain, identified by fMRI. The outlined areas of the dorsal view of cerebral cortex 

(A) and mid-sag ittal view of the right cerebral hemisphere (6) approximately correspond 

with the area shown in C where the occipital and occipitotemporal cortices have been 

fiattened and functional subunits labelled. The represents a reference point near the 

calcarine sulcus common to al1 three figures. Retinotopic areas include V I ,  V2, V3, V3a. 

VP, and V4v; MT is the dorsal stream region shown; and LO is the ventral stream region 

shown. (modified from Tootell et aL6') 
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CHAPTER TWO. 

2.1 GENERAL 1NTRODUCTION AND OBJECTIVES 

Cunent tests for canine vision are subjective and pwrly standardi~ed'~ and, 

because of our inability to communicate verbally with animals, few alternatives exist. 

Functional magnetic resonance imaging (fMRI) has proven enormously productive in 

human vision research.' and has been used to investigate brain activity of non-human 

primates4 and cats.' This relatively new technique in neuroimaging may represent a 

potential tool to assess canine vision. 

Blood Oxygenation Level Dependant (BOLD) fMRl provides an indirect but 

nonetheless accurate spatial and temporal representation of neural activity in the brain 

based on MR signals associated with the oxygenation of flowing blood in cortical 

microvasculature.6 The high spatial resolution of fMRl and the fad that it is non-invasive 

make it particularly attractive over other neurobiological methods in that these features 

permit the investigator to focus on very small functional subunits of brain tissue in living 

subje~ts.~.' 

The long terrn goal of this research is to exploit the attractive characteristics of 

fMRl in the development of an objective test of canine vision. Clinical applications of 

such a test would indude the evaluation of treatments in use for diseases like glaucoma. 

Currently, to treat such visual problems in dogs, the vetennary ophthalmologist relies on 

techniques similar to those used in humans with Iittle conclusive evidence that they 

improve or spare vision. The potential research applications of canine fMRl are 

numerous and diverse and inciude experiments addressing retinotopy, visual processing 

of fom, colour and motion, and leaming in a new mammalian animal model. 



2.2 ANATOMIC REGlONS ASSOCIATED WlTH VISION IN ANESTHETIZED DOGS 

Although the functional organization of the feline brain has been well studied, 

canine cerebrum has reœived little attention in the literature. In fact, many assumptions 

about the organization of the dog brain are based on our understanding of cats and 

other mammals. lnvestigating activity in areas assumed to play a role in vision for dogs 

using fMRl could help confimi or refute these assumptions. Identifying brain regions 

which produce reliable signals in response to vision will also be important to the 

development of a cfinicaf test for canine vision. 

One assertion of vetennary neuroanatomists is that an estimated 75% of optic 

nerve fibres decussate at the optic chiasm in dogs: although little direct evidence has 

been collected to support this claim. Resolving the issue, conclusively, has implications 

for experimental design, particularly when developing appropriate stimuli for future 

studies of the canine brain, as well as for the development of a clinical test for canine 

vision using fMRI. 

The goals of this study with respect to functional neuroanatomy were: 

1. To examine both the amount of signal change and the size of activated areas within 

both the lateral geniculate nucleus of the thalamus and the occipital lobe of the cerebral 

cortex in anesthetized dogs. 

2. Ta compare both of these quantitative measures of image quality, within both regions 

of interest, in anesthetized dogs presented with binocular stimuli and in the same dogs 

presented with monocular stimuli. 

3. To compare the two quantitative measures of image quality in the right and left halves 

of each region of interest during monocular stimulus presentations. 



2.3 THE OPTIMAL ANESTHETIC 

Like al1 neuroimaging techniques. fMRl is very sensitive to subject movemenp so 

clearly anesthesia will be required if canine subjects are to be scanned. Anesthesia is 

known to affect, mostly in an inhibitory fashion, neural activity in the brain as well as 

cerebral blood flow and cerebral blood oxygenation.1° It follows that images obtained 

from anesthetized dogs will likely involve weaker signals than those obtained from 

awake subjects. Understanding anesthetic effects on fMRl will permit us to better 

interpret data obtained dunng canine imaging. To date anesthesia has rarely been used 

with fMRl because cooperative human patients can remain still throughout the 

procedure. Accordingly, the present study could also be relevant to imaging work with 

non-cooperative human patients, like srnalf children or adults suffenng mental illness. 

The goals of this study with respect to anesthesia were twofold: 

1. To obtain fMR images from dogs anesthetized with 3 clinically cornmon and safe 

anesthetic agents representing three different categories of anesthesia: a) the inhalent 

agent, isoflurane; b) the non-opioid intravenous agent, propofol; and c) the opioid agent 

fentanyl given in intravenous combination with the non-opioid midazolam. 

2. To compare quantitative measures of image quality (Le. amount of signal change and 

size of activated regions) within anatomic brain regions of interest known to play a role in 

vision in other animals (and assumed to in dogs), specifically the lateral geniculate 

nucleus in the thalamus and the occipital lobe of the cerebral cortex. 
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CHAPTER THREE 

FUNCTIONAL MRI ACTlVlTY IN THE THALAMUS AND OCCIPITAL CORTEX OF 

ANESTHETIZEO DOGS INDUCED BY MONOCULAR AND BlNOCULAR 

STIMULATION. 

3.1 ABSTRACT 

The neuroanatomy of the mammalian visual system has received considerable 

attention through electrophysiological study of cats and non-human primates, and 

through neuroirnaging of humans. Canine functional neuroanatomy, however, has 

received much less attention, limiting our understanding of canine vision and the visual 

pathways. As an early step in the application of blood oxygenation level dependant 

(BOLD) functional magnetic resonance imaging (fMRI) for veterinary use, a comparison 

of visual activity in the thalamus and occipital cortex of anesthetized dogs presented with 

binocular and monocular visual stimuli was camed out. Activity in the left and right 

thalamus and occipital cortex during monocular stimulation was also compared. Six 

beagles were presented with a vertical grating visual stimulus and scanned at 4 Tesla. 

Each dog was scanned twice under each of 3 anesthetic protocols (isoflurane, propofol, 

and fentanyl / midazolam). We found: 1. significant BOLD activation in the lateral 

geniculate nucleus (LGN) of the thalamus and the occipital cortex; 2. a significantly 

larger area of activation in the LGN dunng monocular stimulation than during binocular 

stimulation; and 3. that activity in the hemisphere contralateral to the stimulus was not 

signifiantly greater than that ipsilateral to it. 



3.2 INTRODUCTlON 

The functional neuroanatomy of the mammalian visual system has received 

considerable attention since the ground breaking electrophysiological studies of Hubel 

and Weisel.12 Their work rewrding intracellular and extracellubr neural activity in cats 

and monkeys is the basis for our understanding of the functional architecture of visual 

brain areas, especially with respect to the retinotopic organization of receptive fields and 

the processing of form and movement. More recently, interest in directly addressing 

human visual processing, combined with waning acceptance of relatively invasive 

research techniques, has motivated the development of neuroimaging methods. The 

most recent and powerful of these is blood oxygenation level dependant (BOLD) 

functional magnetic resonance imaging (fMRI). Blood oxygenation level dependant MRI  

depicts neural activity in the brain in real time with extremely high spatial resolution? The 

technique has permitted researchers to address questions regarding hurnan visual 

processing and has confirmed that many of the patterns reported by researchers like 

Hubel and Weisel for other mammals are preserved in hum an^.^*' Recent work 

confirming that reliable and reproducible images can be obtained from animals under 

general anesthe~ia~.~.' suggests there is considerable potential for research and clinical 

use of fMRl in veterinary neurology and ophthalmology. 

Blood oxygenation level dependant fMRI depends on the principle that increased 

activity in cerebral cortex leads to an increase in metabolic activid and blood floe1' 

localized to the site of activity. The increase in flow exceeds the metabolic increase and 

the rate of oxygen extraction from the cerebral microvasculature, which produces an 

increase in the ratio of oxygenated : deoxygenated hemog~obin.".'~ Deoxyhemogtobin 

causes attenuation of magnetic resonance signal.13 An insreased oxy : 

deoxyhemoglobin ratio therefore results in a signal increase corresponding to areas of 

neural activity. called the BOLD effect. in appropriately weighted MR images.".15 To 



detect the BOLD efiect, acquired images of the brain are divided into equal sized 

discrete volume elernents, or voxels. Data acquired during a control phase and a 

stimulus presentation phase are compared within each voxel. Those in which a 

significant change in BOLD signal occurs are superimposed on a mnesponding 

anatomic MR image.' 

The functiona! neuroanatomy of cat and non-human primate vision has received 

more attention in the literature than that of the dog but some notable studies have 

addressed canine visual processing. Visual evoked potentials (VEPs) have k e n  used to 

investigate early postretinal visual activity, presumably in the thalamus and eariy visuai 

cortices.16 One limitation of VEP, however, is the scarcity of reference information on 

canine cortical functional anatomy to use when positioning VEP electrodes. Ofn et al. 

began resolving this issue using electrode recording to map the area of central vision 

(area centralis) in dogs." This area overlaps with the boundary of primary and 

secondary visual cortex in mammals and is a primary target of VEP recording." They 

localized area centralis near the medial border of the posterior occipital lobe at the 

junction of the marginal and endomarginal gyri. These results are consistent with 

findings in other mammals and may provide a starting point for comparison with fMRl 

results. 

The long terni goal of Our research is the development of BOLD MRl as a means 

to assess canine vision. In the present study, anesthetized dogs were presented with 

binocular and monocular visual stimulation and scanned to address the questions: 1 ) 

Can reliable, anatomical pattems of BOLD activity be obtained from the brains of 

anesthetized dogs; 2) Do pattems of neural activity in relevant brain regions differ 

between monocular and binocular stimulation; and 3) Does neural activity differ in the 

left and right halves of relevant brain regions during monocular stimulation? 



3.3 METHOOS 

3.3.1 Animals 

Six purpose bred beagles (1 male, 5 female; mean mass 9.75 î 0.88 (î 1 SD) 

kg) were obtained from the University of Guelph Central Animal Faciiity, Guelph, 

Ontario, Canada and were transported to the Animal Care and Vetennary SenAces 

facilities at the University of Western Ontario, London, Ontario where they were housed 

dunng the experimental period. Each dog undenvent a rigorous ophthalmic examination, 

including sfit lamp biornicroscopy, indirect ophthalrnoscopy, applanation tonometry and 

streak retinoscopy, prior to being included in the study. Dogs were fasted for 12 hours 

prior to each experiment but pennitted free access to water. All procedures met with the 

approval of both the University of Westem Ontario Council on Animal Care and the 

University of Guelph Animal Care Committee. 

3.3.2 lmaging 

A Siemens Varians 4 Tesla Whole Body Magnetic Resonance Scanner housed 

at the Robart's Research lnstitute at the University of Westem Ontario was used for al1 

experiments. The visual stimulus was a 20 cm by 20 cm vertical grating pattern with 10 

black and 10 white bars that altemated position at 5 Hz, and was back-projected from a 

digital projector (NEC Corporation mode1 MT800, Tokyo, Japan) ont0 a screen 60 cm 

from the subject's eyes. Dogs' eyelids were held open using non-magnetic, insulated 

copper speculae. Surgical tape was used during monocular experiments to hold the left 

eyelid closed. Due to limited time available for individual imaging sessions only nght eye 

monocular stimulation was performed. To prevent comeal dehydration, an elastoviscous, 

clear corneal shield (Hylashields ~ i t e @ ,  i-med Pharma Inc., Pointe-Claire, Quebec) was 

applied to each eye immediately priot to speculum insertion. 

functional MRI experiments consisted of 10 altemating 9 s pends of stimulus 

activation followed by corresponding 30 s periods of inactivation. This sequential task 



activation paradigm pennits data obtained during the rest state and activation state to be 

averaged. This provides a mean baseline signal strength and a mean activation signal 

strength for comparison, increases the statistical power of voxel by voxel comparison, 

and improves signal to noise ratio." Experirnents were Crst performed with both eyes 

open and then perfomed again with the left eye taped closed. 

For each experiment, 4 shot (i.e. spatial encoding of single slice data was 

achieved using 4 identical pulse sequences), echo-planar, T2'-weighted whole brain 

magnetic resonance images depicting BOLD contrast were obtained with a radio- 

frequency (RF) knee coi1 for RF transmission and reception. The functional images were 

obtained in contiguous dorsal sections with echo time (TE) = 15 ms, repetition time (TR) 

= 750 ms, flip angle = 60°, 64 x 64 matrix, field of view (FOV) =12.8 cm (2 mm in-plane 

resolution), and slice thickness = 2 mm. lmmediately following binocular experiments, 

and immediately prior to monocular experiments, 3D magnetization-prepared Turbo 

FLASH (Fast Low Angle Shot) Tl oweighted anatomical images of each dog brain were 

acquired with TE = 6.5 ms, TR = 12.4 ms, flip angle = 11 O ,  and inversion time = 500ms. 

Anatomical volumes were acquired in the same FOV as, and in register with, the 

functional images so that functional data could be superimposed on anatornic images. 

Head movement was restricted using foarn padding within the RF knee cd .  

The analysis software Stimulate was used for image processing." Cross 

conelation analysis was used for voxel by voxel comparison which pemitted the 

reference function, to which the time course of BOLD signal was cornpared, to shift. This 

accommodated hemodynamic delays between neural activity and factors underiying the 

BOLD effect. Statistical significance for the cross-correlation was set initially at p c 0.1 0 

and improved to p < 0.05 by restricting significance to clusters with a minimum size of 3 

significant voxe~s.'~ These voxel clusters were then supenmposed ont0 the Tl -weighted 

anatornic images. 



Once image processing was complete, regions which included the lateral 

geniculate nucleus (LGN) of the thalamus and the occipital cortex were identified on 

each image and these areas were used as specific regions of interest (ROI) for further 

analysis. In al1 dogs, the LGN region consisted of 2 bilateral rectangular volumes, as 

symetncal as possible, transecting 5 dorsal slices at the level of the thalamus in the 

diencephalon (see Figure 3.1). Within each slice, boundaries of the 2 sections of this 

ROI were placed as equidistant as possible laterally frorn the third ventn'cle and medially 

from the lateral ventricles. The occipital ROI was a larger rectangular volume beginning 

in the first dorsal slice where the cerebellum could no longer be observed and 

proceeding dorsally through 7 slices. Within each slice, the caudal boundary for this ROI 

was placed at the occipital pole and the rostral boundary was placed just caudal to the 

pseudosylvian fissure. For compansons of activity in the left and right hemispheres of 

the brain, each ROI was divided along the longitudinal fissure into left and right halves. 

For each ROI and half-ROI, the number of significant voxels was deterrnined as a 

percentage of the total number of voxels within the ROI. The mean percentage signal 

change (between the control and activation states) was also calculated. These 

measures were used for further analysis. 

3.3.3 Anesthesia 

Binocular and monocular MRI experiments were perfomied on al1 6 dogs 

anesthetized under each of 3 different anesthetic protocols: 1) the inhalant, isoffurane 

(~~ r rane " ,  Janssen, North York. Ontario): 2) the non-opioid intravenous agent, propofol 

(~apinovet~, Schenng Plough Animal Health, Point-Claire. Quebec); and 3) a 

combination of the opioid intravenous agent, fentanyl (Abbott Laboratones Ltd., Toronto, 

Ontario). and nonopioid. midazolam (VersedQ, Hoffman La Roche Ltd. Mississauga, 

Ontario). The results of cornparisons between binocular results under the 3 anesthetics 

are reported elsewhere.' To avoid data loss resulting from movement artifacts, and to 



facilitate comparison of results within dogs, each dog was scanned twiœ under each 

agent for a total of 36 experimental sessions. The order of anesthetic agent used for 

each dog was chosen randomly. At least 72 hours passed between experimental 

sessions on any dog to minimize carry-over effects. Prior to each experimental session 

mydriasis was achieved using 0.5% tropicamide drops (~iotrope~. Dioptic Laboratories, 

Markham, Ontario), dogs were premedicated with 0.01 mg/kg glycopyrolate (Sabex Inc.. 

Boucherville, Quebec), intramuscularly, and a 20 gauge cephalic catheter was placed for 

fluid administration. 

Target doses of each agent known to maintain a relatively light, comparable and 

stable depth of general anesthesia were selected." Bolus induction was used for the I.V. 

regirnes (propofol, 4-6 mgkg; fentanyl / midazolam, 10-20 ug/kg and 0.5 mgkg. 

respectively) and mask induction for isoflurane. Once anesthetized, dogs were 

intubated, transported a short distance to the MR scanning room, and placed on 100% 

oxygen, or oxygen and isoflurane. A neuromuscular block was produced using 

atracurium besylate (Sabex Inc., Boucherville, Quebec) at 0.3 mglkg I.V. This minimized 

muscle movement and facilitated central fixation of a relaxed eye. Intermittent positive 

pressure ventilation was employed using a volume limited ventilator (~irshields" 

ventimetera, Air-Shields Inc., Hatboro. Pennsylvania) with a respiratory frequency of 10 

breaths per minute and a tidal volume of 15 ml/kg. 

A constant drip infusion was used for anesthetic maintenance with the I.V. agents 

(propofol, 0.4 mg/kg/min; fentanyl / midazolam 0.80 ug/kg/min and 8.0 ug/kg/min, 

respectively), administered via a microdrip (Baxter Corporation, Toronto, Ontario) from a 

pre-loaded volume limiting system (~uretrol~.  Baxter Corporation, Toronto, Ontario). 

Actual infusion doses were calculated by dividing the volume of infusion used during an 

imaging session by the total time of the session. lntravenous anesthetics were diluted 



with saline (anesthetic:saline, 1 :3) to facilitate more accurate infusion and to 

simultaneously achieve fluid replacement through the same venous access. Inhalant 

anesthesia (1 -6% end-tidal, expired isoflurane) was rnaintained using a preusion 

vapotizer ( ~ o r a n e ~ ,  Cyprane Ltd., Keighley Yorkshire, Engbnd) and a modified Bain 

breathing system at a fresh gas flow sufficient to prevent rebreathing(150 mllkg). The 

Bain system was modified by extending both the inlet and exhaust tubing to 10 m. Dogs 

were maintained on a 0.9% NaCl infusion (Baxter Corporation, Toronto, Ontario) at 5 

ml/kg/hr during isoflurane anesthesia. Experiments in which actual induction or infusion 

doses exceeded the mean of al1 doses î 2 standard deviations were excluded from 

further analyses. 

A gas monitor (Criticare ~ o e t @  IQ, Criticare Systems Inc., Waukesha, Wisconsin) 

was used to monitor inspired and end-tidal, expired CO2 and O2 levels during al1 

experiments, as well as inspired and end-tidal, expired isoflurane during isoflurane 

experiments. These factors were recarded for the 10 min immediately prior to a scanning 

session as well as immediately following a session. Unfortunately, they could not be 

monitored throughout scanning sessions because the powerful magnetic field 

surrounding the scanner prohibited any metal containing equipment from being placed 

within a 10 m radius. This distance exceeded the sampling capabilities of the anesthetic 

monitor. Heart rate and oxygen saturation were monitored throughout each session 

using a pulse oximeter (Nonin Medical Inc. model8600F0, Minneapolis, Minnesota) and 

fibre-optic cable. Each animal was covered with a blanket while anesthetized to maintain 

body temperature and prevent hypothemia. 

3.3.4 Statistical Analysis 

Cornparisons of percentage signal change and number of significant voxels as a 

percentage of ROI size between binocular and monocular experiments, and between the 

left and right halves of each ROI during monocular experiments, were based on a split 



plot design2' within the Randomized Complete Blocks Design (RCBD).~' The SAS 

systems general linear models procedure (Proc G L M ) ~  was used to detect trial by 

anesthetic treatment effects on the differenœs between monocular and binocular activity 

and between left and nght brain activity. If a significant trial by treatment interaction was 

not detected the difference between binocular minus monocular data and zero, and 

between left brain minus nght brain data and zero from both ROIS was tested for 

significance using Proc GLM. This mode1 averaged results from trials 1 and 2 for each 

dog. If a significant trial by anesthetic treatment effect was detected, then SAS Proc 

~ i x e d ~ ~  was used to test whether differences varied from zero between trials and 

anesthetic agents separately. Significance for al1 tests was assessed at p < 0.05. 

3.4 RESULTS 

Comparisons of the effects of the 3 anesthetic agents on BOLD imaging with 

binocular stimulation, and the infusion doses of the 3 anesthetic agents are reported 

elsewhere.' The results below were obtained from the same dogs dunng the same 

sessions. Six of 36 experimental sessions were exduded from analysis; 5 due to motion 

artifacts and 1 because anesthetic infusion dose exceeded the pre-detennined 

exclusion criterion of the mean A 2 SD. 

Representative images obtained during binocular and monocular stimulation and 

corresponding time courses of BOLD activity from the LGN are presented in Figure 3.1. 

The LGN and a large area of occipital cortex were the focus of further analysis since 

significant voxels were reliably recorded in both of these regions, and because both 

areas have a known visual function in other mamrnals. The few significant voxels 

observed outside of the 2 ROIS were exduded from further analysis because we could 

not confirm whether their significance was visual in origin or refiective of oscillatory 

activity unrelated to vision. 



The interactive effects of trial and anesthetic agent on the difference between 

both quantitative measures of BOLD activity in both ROIS between the right eye and 

binocular stimulation are shown in Table 3.1. Anesthetic agent and trial had a significant 

interactive effect on the difference between mean percentage signal change in the LGN 

region obtained during binocular and right eye stimulus presentations, so SAS Proc 

MixedP was used to compare differences in this category between binocular and 

monocular stimulation. In the other three categories no significant anesthetic 1 trial 

interactions occuned so Proc GLM" was used to compare data obtained during 

binocular and right eye stimulation. 

Cornparisons of the differences between results of binocular and monocular 

stimulation for both measures of BOLD activity in both ROIS are presented in Figure 3.2. 

A significant difference in the percentage of signifiant voxels in the LGN region was 

detected between binocular and right eye stimulus presentations (F = 6.14, p = 0.01, df 

= 7). No other significant differences were detected. 

Images obtained during stimulus presentations to the right eye alone were 

analyzed also using the procedure described above. After ROIS were divided along the 

longitudinal fissure, data collected from the left and right halves of the brain were 

compared. Results of Proc GLM testing for effects of anesthetic agent 1 trial interactions 

on differences between activity in left and right halves of each ROI are summarized in 

Table 3.2. No significant anesthetic / trial interactions were detected so Proc GLM was 

used to compare both the mean percentage signal change, and number of signifiant 

voxels as a percentage of ROI size between left and right halves of both ROIS (Figure 

3.3). There were no significant differences in either variable between the left and right 

halves of either ROI. Individual animal BOLD signal data are presented in Appendices I- 

Ill. 



3.4 DISCUSSION 

This study is the first to investigate functional neuroanatomy in the canine visual 

system using NRI. Brain activity was recorded in anesthetized dogs presented with a 

visual stimulus when both eyes were open and when the left eye was covered. In both 

cases, neural activity was reliably elicited in the LGN of the thalamus and the occipital 

cortex. This supports the widely accepted assumption that these areas play a role in 

visual processing in dogs, as they do in hum an^,*^ and non-human  primate^.'^ 

Our results also support the work of Ofri et al. who loalized the area of centrai vision in 

dogs to a region near the medial border of the posterior occipital lobe." The two regions 

of interest (LGN and occipital cortex) were selected for further analysis because of their 

known visual function in other animals combined with the reliability of responses in these 

regions in the present study. 

There were no obvious qualitative differences between images or time courses of 

activity obtained during monocular and binocular stimulation. A signifiant trial by 

anesthetic treatment effect was detected for only 1 of 4 monocular versus binocular 

comparisons. In that instance, data were separated in terrns of trial and anesthetic group 

by using SAS Proc Mixed for analysis. Although not obvious from boxplots of their 

respective distributions, under the 3 anesthetic agents used, the size of activated area 

relative to ROI size was significantly greater dunng monocular stimulation than during 

binocular in the LGN region. In addition, percentage signal change was not different 

between rnonocular and binocular stimulation in the LGN and neither measure differed in 

the occipital ROI. These results are surprising because ROIS included both right and left 

halves for cornparison of monocular and binocular experiments. During monocular 

stimulation fewer nerve fibres propagate activity to the LGN because 1 of 2 optic nerves 

does not receive stimulus dependant activity from the covered retina. It might therefore 

be expected that less total, bilateral activity would occur dunng monocular presentations. 



Instead, in the present study, either a slightly larger bilateral area was signiticantly active 

or there was no difference in activity. An explanation for this unexpected result a u l d  

involve problems with precise control of anesthesia during fMRI. as reportecl elsewhere.' 

Due to our relatively small sample sue results may have been vulnerable to variation 

associated with inwnsistencies in anesthetic dose. 

Properties of the visual stimulus and the visual system au ld  also account for the 

absence of greater BOLD activity dunng binocular as opposed to monocular stimulation. 

If the stimulus was intense enough to saturate visual processing at the lever of the LGN 

during monocular presentations, then adding the activity of nerve fibres fmm the second 

optic nerve during binocuiar stimulation would not increase activity in the LGN. 

Expenments addressing the dependanœ of visual activity on stimulus properties in 

anesthetized dogs as measured by BOLD imaging should be one priority of future 

research. 

Another unexpected finding of this study involved wmparisons between activity 

in the left and nght halves of each ROI, in light of widely accepted assumptions 

regarding axon decussation at the optic chiasm. It has been estimated that 75% of optic 

tract fibres decussate at the chiasm on route to the LGN in dogs, compared with 65% in 

cats and 50% in hum an^.^' If this estimate is amrate then during monocular stimulus 

presentations we would expect both a stronger signal and a larger area of neural activity 

in the contralateral half of the LGN region than in the ipsilateral half. If only 1 eye and 1 

optic nerve is stimulated, and if 75% of the fibres in this optic nerve decussate, then 

activity should be more pronounced contralateral to the stimulated eye. In the present 

study, however, there was no significant difference between either mean percentage 

signal change, or the percentage of significant voxels per ROI in the left and right LGN 

when only the right eye was open. Conceivably, this result rnay reflect a statistical error 

arising from violation of equal variance assumptions and inwnsistencies in anesthetic 



dose. We did test for anesthetic effects on differenœs between left and right halves of 

both ROIS, and found no significant effects; nevertheless, given the relatively srnall 

sample size, the analysis may have been vulnerable to variance effects. 

An alternative explanation could involve the ROI selection method employed in 

this study, specifically with respect to subtie variation in the sizes of right and left halves 

of the LGN ROI. In most human fMRl studies, image data are compared to a 

standardized reference brain based on the Talairach coordinate system, petmitting 

precise ROI localization." A canine brain coordinate system is not available. Regions of 

interest were drawn as individual rectangles on a computer screen, creating subtle 

variation in size between ROIS in the left and right halves of the brain. To incorporate 

ROI size differences into the analysis and minimize the impact of this variation, the 

number of significant voxels per ROI as a percentage of ROI size was calculated. If the 

relative size of the left ROI vaned considerably more than the number of significant 

voxels within it, as compared to the right LGN ROI, however, the ability to detect 

statistical differences between activity ipsilateral and contralateral to the stimulated eye 

could have been reduced. 

A plausible neuroanatomic explanation for this unexpected finding also exists, 

however, in that the degree of decussation at the optic chiasm in dogs may be 

overestimated in the literature. In other words, a greater proportion of optic tract fibres 

might innervate ipsilateral LGN in dogs than has previously been supposed. Animals like 

fish and some birds, for whom predator detection and avoidance has been an important 

evolutionary consideration, tend to have a lateral eye position and almost complete or at 

least substantial decussation at the optic chiasm? Predatory animals, like cats and 

especially primates, on the other hand, tend to have more frontally fixated eyes and less 

cross-over at the chiasm: between 65 and 5 0 0 h . ~ ' ~  ln the absence of direct data on 

dogs, then, it is possible that the estimate of 75% is excessive, given that dogs have 



clearly evolved as predators and that eye position in most breeds is fixated more 

frontally than laterally. Further study addressing brain acüvity during monocular stimulus 

presentations with larger sample sizes would help resolve this question. 

The issue of inter-specific neuroanatomic variation raises another interesting 

issue. Human involvement in canine evolutionary development has produœd enomous 

intra-specific variation in dogs for any nurnber of genetic traits. Few species on earîh 

exhibit a size range as large as that between Great Oane to Shi-Tsu, for example. Based 

on the wide range of functions for which dogs have been bred. it is logical to assume 

that neuroanatomic differenœs also exist. Ofri et al. wmpared the location of area 

centralis in the occipital cortices of sight hounds (greyhounds) and scent hounds 

(beagles) and did detect a significant difference in its location along the anterior- 

posterior axis.17 Other differences in the visual systems of dog breeds have also been 

noted. The visual streak of the retina (analogous to the fovea in humans), for example, 

varies considerably between wolf-like breeds. with an elongate streak adapted for 

scanning the horizon and beagles. with a more diffuse, ovoid visual streak." This 

variation suggests that fMR1 results may differ between dog breeds. Comparative 

studies of different breeds would be an especially interesting area for future fMRl 

research in dogs. 

Functional MR images can be recorded from anesthetized dogs presented with 

both binocular and monocular visual stimuli, Surprisingly, quantitative measures of 

BOLD activity were not significantly greater dunng binocular than monocular stimulus 

presentations. In fact, a significantly larger region within the LGN ROI was activated 

during monocular stimulation. Significant differences between the left and right halves of 

LGN and occipital cortex during monocular stimulation were also not obsewed. 60th of 

these results are unexpected, based on widely held assumptions about the canine visual 



system, and further support the potential of fMRl to address research questions in 

vetennary neurology and ophthalrnology. 
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Table 3. t Evaluation of interactive effects of trial by anesthetic treatrnent on the 
differences in BOLD fMR signal obtained during monocular and binocular stimulus 
presentations. Two measures of the signal (mean percentage signal change, PSC; and 
percentage of significant voxels per ROI, SVX) were assessed in 2 regions of interest 
(lateral geniculate nucleus. LGN; and occipital cortex, OCC).* 

Variable F P 

LGN PSC 4.53 0.05' 

LGN SVX 1 .O5 0.39 

OCC PSC 2.24 0.17 

OCC SVX 0.02 0.98 

* Randomized complete blocks design. SAS general linear model procedure (Pr= 
G L M ) ~  to deted significant trial by anesthetic treatrnent effects with 2 degrees of 
freedom; n = 30. Significance shown by ('). 

Table 3.2 Evaluation of interactive effects of trial by anesthetic treatment on the 
differences in BOLD fMR signal observed in the left and right brain hemispheres during 
monocular stimulus presentations. Two measures of the signal (mean percentage signal 
change, PSC; and percentage of significant voxels per ROI, SVX) were assessed in 2 
regions of interest (lateral geniculate nucleus, LGN; and occipital cortex. OCC).* 

Variable F P 

LGN PSC 1.58 0.29 

LGN SVX 0.37 0.69 

OCC PSC 0 -46 0.65 

OCC SVX 0.80 0.48 

* Randomized complete blocks design, SAS general linear mode1 procedure (Froc 
G L M ) ~  to deted significant trial by anesthetic treatment effects with 2 degrees of 
freedom; n = 30. 



Figure 3.1 Blood Oxygenation Levet Dependant (BOLD) Functional MR images in 

multiple dorsal sections (A, B) and corresponding BOL0 signal time courses (C, O) frorn 

a dog anesthetized with fentanyl / midazolarn and presented with a vertical grating visual 

stimulus with the left eye covered (A,C) and with both eyes open (B,D). AI1 functional 

data were obtained using 4 shot echo-planar imaging weighted for T2'. Images were 

divided into discrete volume elements (voxels) in a 64 X 64 matrix with in plane 

resolution = 2 mm and slice thickness (Le. between adjacent dorsal sections) = 2 mm. 

Within each voxel cross correlation was used to detect increases in BOL0 signal linked 

to repeated periods of stimulus presentation. Voxels in which a significant increase in 

BOLD signal was detected were then superimposed on 3 0  magnetization prepared 

Turbo FLASH (Fast Low Angle Shot) anatornic images as coloured pixels. Bright yellow 

pixels represent those with the largest percentage signal change. A region of interest, 

which included the lataral geniculate nucleus of the thalamus, is outlined on 5 sections. 

The number of significant voxels as a percentage of total ROI size was used as one 

quantitative measure of image quality for further analysis and the mean percentage 

BOLD signal change was another quantitative measure. ROIS were always selected in 

the same slices and were as close in size as possible between experiments. Percentage 

signal changes were calculated by comparing baseline and activation BOLD signals 

based on the time courses of stimulus presentation (bottom traces in C and 0). 







Time (s) 
C (monocular) 

O 54 108 162 216 270 334 388 

Time (s) 
D (binocular) 



Figure 3.2 Boxplots of data obtained during BOLD fMRl from 6 dogs anesthetized under 

each of 3 different anesthetic agents during binocular and monocular stimulus 

presentâtions. A) Mean percentage BOLD signal change in the lateral geniculate 

nucleus (LGN) region of interest. 8) Number of significant voxels / ROI as a percentage 

of ROI size in the LGN region. C) Mean percentage signal change in the occipital lobe 

(OCC) region. D) Number of significant voxels as a percentage of ROI size in the OCC 

region. Analysis was perfonned using SAS Proc G L M ~  if no trial by anesthetic 

interaction was found on preliminary analysis (B. C. D). or using SAS P m  ~ i x e d ' ~  if 

there was a significant interaction. A significant difference (p < 0.05) was found between 

activity during binocular and monocular stimulus presentations only for the number of 

significant voxels / ROI as a percentage of voxel size in the LGN region (B F = 6.14, p = 
0.01, df = 7). For clarity, box plots for each anesthetic agent are presented, despite the 

fact that the anesthetic used had no effect on differences between activity induced by 

monocular and binocular stimulus presentations. Horizontal lines from top to bottom on 

each boxplot represent the 90th, 75th, median, 25th and 10th percentiles respectively. 

Dots represent data points outside this range. 
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Figure 3.3 Boxplots of da% obtained during BOLD fMRl from the left and right 

hemispheres of 6 dogs anesthetized under each of 3 different anesthetic agents during 

monocular stimulus presentations. A) Mean percentage BOL0 signal change in the 

lateral geniculate nucleus (LGN) region of interest. B) Nurnber of significant voxels / ROI 

as a percentage of ROI size in the LGN region. C) Mean percentage signal change in 

the occipital lobe (OCC) region. D) Number of significant voxels as a percentage of ROI 

size in the OCC region. Analysis was perfoned using SAS Proc G L M , ~  as no trial by 

anesthetic interactions were found on preliminary analysis. There were no significant 

differences between activity in the left and right halves of each ROI. For clarity, box plots 

for each anesthetic agent are presented, despite the fact that the anesthetic used had no 

effect on differences between activity induced by monocular and binocufar stimulus 

presentations. Horizontal Iines from top to bottom on each boxplot represent the 90th, 

75th, rnedian, 25th and 10th percentiles respectively. Dots represent data points outside 

this range. 
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CHAPTER FOUR 

FUNCTIONAL MRl AS A T W L  Tb ASSESS VISION IN DOGS: THE OPTIMAL 

ANESTHETIC 

4.1 ABSTRACT 

Functional magnetic resonance imaging (fMRI) is a recent advance in 

neuroimaging which provides a picture of brain activity with excellent spatial resolution. 

Cuvent rnethods used to evaluate canine vision are poorly standardized and vulnerable 

to bias. Functional MRI may represent a valuable rnethod of testing vision in dogs if the 

impacts of anesthesia on fMRl are understood. Six dogs were scanned during visual 

stimulation, each under 3 different anesthetic protowls (isoflurane, propofol, fentanyl / 

midazolam) to address the questions: 1) Can visually evoked fMR signais be reliably 

recorded in anesthetized dogs? and 2) Which anesthetic agent pemits the least 

suppression of visually induced fMR signal in dogs? This study confimis that visual 

stimuli reliably elicit neural activity and fMR signal change in anesthetized dogs. No 

significant differences in images acquired under the 3 anesthetics were found, and there 

was no significant relationship between anesthetic dose and brain activity. Images 

obtained during isoflurane anesthesia were more consistent between dogs than those 

obtained with the other 2 agents. This reduced variation may reflect the fact that inhalant 

anesthesia is more easily coritrolled than intravenous anesthesia under conditions 

associated with high field fMRI. 



4.2 INTRODUCTION 

Evaluating visual funcîion presents the veterinary clinician with a range of 

challenges. The most obvious of these involves the inability of anirnals to cornmunicate 

their perceptions verbally. The Snellen chart, effective for human visual testing, cannot 

be used. Instead, potentially biased and poorly standardized visual tests are employed. 

Several methods are cunently in use to evaluate canine visual function and al1 have 

inherent limitations. Behavioural techniques, like the menace response, evaluate an 

animal's reactions to stimuli but are open to influence from distraction in the testing 

environment.' Electroretinography (ERG) records retinal activity dunng visual 

stirnu~ation,~.~ and therefore evaluates receptor function, but fails to record visual activity 

in the brain where perception actually occurs. The visual evoked potential (VEP) of the 

electroencephalogram (EEG) has the advantage that it does record brain activity, 

presumably from the thalamus and from primary visual cortex (V1).4.5 As there are few 

descriptions of canine cerebral functional anatomy in the literature, the feline cortex is 

used as a reference for electrode placement when recording VEPs in dogs, leading to 

poor standardization of the technique and unreliable results.' Due to the limitations 

associated with al1 of these rnethods not only is assessrnent of visually normal animals 

difficult, but objective evaluations of surgical and phamacological treatments for visual 

disease are unavailable. 

Blood oxygenation level dependant (BOLD) functional magnetic resonance 

irnaging (fMRI) is a relatively new technique in medical imaging which reveals neural 

activity in the brain with high spatial resolution. BOLD fMRl depends on the pnnciple that 

increased activity in cerebral cortex (e.g. visual cortex in response to a visual stimulus) 

leads to an increase in metabolic activityV7 and a more pronounced increase in blood 

fiow, localized to the site of neural activitya9 Since the increase in blood flow exceeds 

the rnetabolic increase and the rate of oxygen extraction from the cerebral 



microvasculature, an increase in the ratio of oxygenated : deoxygenated hernoglobin 

resu~ts.'~." Deoxyhemoglobin is paramagnetic12 and causes attenuation of magnetic 

resonance signal? The increased oxy : deoxyhemoglobin ratio therefore causes a 

signal increase. localized to areas of increased neural activity, in propetiy weighted MR 

irnage~.'~.'~ To detect this BOLD effect statistically. acquired images of the brain are 

divided into equal sized discrete volume elements, or voxels. Images obtained during 

repeated stimulus presentation periods are then compared on a voxel by voxel basis to 

those obtained duBng repeated control periods. Voxels in which a significant change in 

BOLD signal occun are superimposed on a corresponding anatomic MR image." 

This new technique has been a highly productive t w l  for human neuroscientists, 

particularly with respect to the visual system. One study of particular interest addressed 

dyslexia in humans." Using fMRI. the authors demonstrated that the medial temporal 

area (MT) of the brain in dyslexic patients was not activated by movement in the visual 

field, although there is activation of this region in normal patients presented with moving 

stimuli. Subtle defecits in cognitive processing of visual motion by dyslexies were also 

observed during behavioural tests, suggesting a link between motion and language 

processing and wnfirming the fMRl results. Functional MRI has also revealed a great 

deal about the processing of shape and fonn in the human visual system.'' as well as 

the functional neuroanatomy of visual perception and rnemory.lg If several logistic 

concems can be addressed BOLD fMRl could be similarly beneficial to veterinary 

research. 

Blood oxygenation level dependant fMRl is highly sensitive to subject 

movement2' so anesthesia will be a necessary limitation imposed on veterinary 

applications of the technique. Results of a pilot study by our group revealed that 

functional MR images could be obtained from anesthetized dogs and suggested that 

anesthesia was the most influential variable affecting image qua~ity.~' In the present 



study, the effects of 3 clinically common anesthetic protocols (isoflurane, propofol and a 

combination of fentanyl / midazolam) on MRI  were compared during visual stimulation in 

dogs. Two specific questions were addressed: 1) Can BOLD signal changes be reliably 

and repeatably elicited by visual stimuli in anesthetized dogs? 2) Do differences in the 

quality of fMR images exist when different anesthetic agents are used? To our 

knowledge this study is the first detailed account of fMRl in dogs. 

4.3 METHODS 

4.3.1 Animals 

Six purpose bred beagles (1 male, 5 female; mean rnass 9.75 i 0.88 kg (î 1 

SD)), obtained from the University of Guelph Central Animal Facility, Guelph, Ontario, 

Canada, were transported to the Animal Care and Veterinary Services facilities at the 

University of Westem Ontario, London, Ontario where they were housed dunng the 

experimental period. To establish normality, each dog underwent a thorough ophthalmic 

examination induding slit lamp biomicroscopy, indirect ophthalmoscopy, applanation 

tonometry, and streak retinotopy. Dogs were fasted for 12 hours prior to each 

experiment but permitted free access to water. All procedures met with the approval of 

both the University of Westem Ontario Council on Animal Care and the University of 

Guelph Animal Care Cornmittee. 

4.3.2 lmaging 

All experiments were performed on a Siemens Varians 4 Tesla Whole Body 

Magnetic Resonance Scanner housed at the Robarts Research lnstitute at the 

University of Westem Ontario. The visual stimulus, a 20 cm by 20 cm vertical grating 

pattern with 10 black and 10 white bars that altemated position at 5 Hz, was back- 

projected from a digital projector (NEC Corporation model MT800, Tokyo, Japan) 

located behind the observation window, ont0 a screen 60 cm from the subject's eyes. 



The animals' eyelids were held open using non-magnetic, insulated copper speculae. To 

prevent comeal dehydration, an elastoviscous, dear comeal shield (Hylashields ~i te" .  i- 

med Phama Inc., Pointe-Claire, Quebec) was applied to each eye immediately prior to 

speculum insertion. 

Each fMRi experiment lasted approximately 7 min and consisted of 10 altemating 

9 s penods of stimulus activation followed by corresponding 30 s periods of inactivation. 

This sequential task activation paradigm pennits averaging of image data obtained 

during the rest state and activation state to increase statisticaf power during voxel by 

voxel comparison and irnprove signal to noise ratio.13 For each experiment 4 shot (Le. 

spatial encoding of single sliœ data was achieved using 4 identical pulse sequences), 

echo-planar T2"-weighted whole brain magnetic resonanœ images depicting BOLD 

contrast were obtained with a radio-frequency (RF) knee mil (designed for MR imaging 

of the human knee but ideally sized for a beagle head) for RF transmission and 

reception. The functional images were obtained in wntiguous dorsal sections with echo 

time (TE) = Y 5 ms, repetition time (TR) = 750 ms, flip angle = 60". 64 x 64 matrix, field of 

view (FOV) =12.8 cm (2 mm in-plane resolution), and sliœ thickness = 2 mm. 

lmmediately following each expriment corresponding whole brain, 30 magnetization- 

prepared Turbo FLASH (Fast Low Angle Shot) Tl-weighted anatomical images of each 

dog were acquired with TE = 6.5 ms, TR = 12.4 ms, flip angle = 11 O, and inversion time 

= 500 ms. These anatomical volumes were acquired in the same FOV as the functional 

images so that functional data could be superimposed on anatomic images. Head 

movement was restricted using foam padding within the RF knee mil. 

Image processing was perfonned using the analysis software stimulate." Voxel 

by voxel comparison of rest and task state functional images was performed using 

cross-correlation analysis. This permitted the reference function, to which the time 



course of BOLD signal was compared, to shift with the aquired signal and 

accommodate hemodynamic delay between neural activity and the factors underlying 

the BOLD effect. Statistical significanœ for the cross- correlation was set initially at p < 

0.1 0 and was improved to p < 0.05 by restricting significance to clusters with a minimum 

size of 3 significant voxe~s .~  These voxel clusters were then superimposed ont0 the Tl- 

weighted anatornic images. 

Once image processing was complete, regions which included the lateral 

geniculate nucleus (LGN) of the thalamus and the occipital cortex were identified on 

each image. These areas were used as specific regions of interest (ROI) for further 

analysis. in al1 dogs, the LGN region consisted of 2 bifateral and as symmetrical as 

possible rectangular volumes transecting 5 dorsal slices at the level of the thalamus in 

the diencephalon (see Figure 4.1A). Within each slice, boundaries of the 2 sections of 

this ROI were placed as equidistant as possible laterally from the third ventricle and 

medially from the lateral ventricles. The occipital ROI was a larger rectangular volume 

beginning in the first dorsal slice where the cerebellum could no ionger be observed and 

proceeding dorsally through 7 slices (see Figure 4.1 6). Within each slice, the caudal 

boundary for this ROI was placed at the occipital pole and the rostral boundary was 

placed just caudal to the pseudosylvian fissure. 

For each anesthetic agent and ROI the number of significant voxels was 

detennined as a percentage of the total number of voxels within the ROI, and the mean 

percentage signal change (between the rest and activation states) was calculated. 

These quantitative measures of BOLD activity were used for further analysis. Qualitative 

assessrnent of both the images themselves and the time courses of activation with 

respect to stimulus presentations was also perfonned. 



4.3.3 Anesthesia 

Functional MRI experiments were performed on al1 6 dogs anesthetized under 

each of 3 different anesthetic protowls: 1) the inhalant, isoflurane (~~ r rane@.  Janssen. 

North York, Ontario); 2) the non-opioid intravenous agent, propofol (~apinovet@, 

Schering Plough Animal Health, Point-Claire, Quebec); and 3) a combination of the 

opioid intravenous agent, fentanyl (Abbott Laboratories Ltd., Toronto, Ontario), and non- 

opioid , midazolam (~ened@. Hoffman La Roche Ltd.. Mississauga, Ontario). To avoid 

data loss resulting from movement artiiacts, and to facilitate comparison of results within 

dogs, each dog was scanned twice under each agent for a total of 36 experimental 

sessions (6 dogs X 3 anesthetics X 2 trials). The order of anesthetic agent used for each 

dog was chosen randomly and the minimum time between consecutive studies on any 

dog was 72 hours. 

Prior to each experimental session, rnydriasis was achieved using 0.5% 

tropicamide drops ( ~ i o t r o ~ e ~ ,  Dioptic Laboratones, Markham, Ontario). 0.01 mglkg 

glycopyrolate (Sabex Inc. Bouchewille, Quebec) was given intramuscularly and a 

cephalic catheter was placed. 

Target doses of each agent known to maintain a relatively light, comparable and 

stable depth of general anesthesia were selected (Table 4.1)~~'  Bolus doses (propofol, 4- 

6 mg/kg; fentanyl / midazolam, 10-20 ugkg and 0.5 mgfkg, respectively) were used for 

induction with the I.V. regimes and, mask induction was used for isoflurane. Once 

anesthetized, the dogs were intubated, transported a short distance to the MR scanning 

room, and placed on 100% oxygen, or oxygen and isoflurane. A neuromuscular block 

was produced using atracurium besylate (Sabex Inc., Boucherville, Quebec) at 0.3 

mg/kg I.V. This minimized muscle rnovement and facilitated central fixation of a relaxed 

eye. Intermittent positive pressure ventilation was employed using a volume Iimited 



ventilator (~irshields~ ~entimeter@, Air-Shields Inc., Hatboro, Pennsylvania) with a 

respiratory frequency of 10 breaths per minute and a tidal volume of 15 mukg. 

Maintenance of I.V. anesthesia was achieved using an infusion of propofol(0.4 

mglkglmin), or fentanyl 1 midazolam (0.80 ug/kg/min and 8.0 ug(kg/min, respectively), 

administered via a microdrip (Baxter Corporation, Toronto, Ontario) from a preloaded 

volume limiting system (~uretrol@, Baxter Corporation, Toronto, Ontario). Actual infusion 

doses were calculated by dividing the volume of infusion used during an imaging session 

by the total time of the session. The intravenous anesthetics were diluted with saline 

(anesthetic:saline, 1 :3) to facilitate more accurate infusion and to simultaneously achieve 

fluid replacement through the same venous access. 

Inhalant anesthesia (1 -6% end-tidal, expired isoflurane) was maintained using a 

precision vaporizer (~orane", Cyprane Ltd., Keighley Yorkshire, England) and a 

modified Bain breathing system at a fresh gas flow suficient to prevent rebreathing(l50 

mlfkg). The Bain system was modified by extending both the inlet and exhaust tubing to 

10 m. Dogs were maintained on a 0.9% NaCl infusion (Baxter Corporation, Toronto, 

Ontario) at 5 ml/kg/hr during isoflurane anesthesia. Experiments in which actual 

induction or infusion doses exceeded the mean of al1 doses i 2 standard deviations 

were excluded from further analyses. 

A gas monitor (Criticare ~ o e t @  IQ, Criticare Systems Inc., Waukesha, Wisconsin) 

was used to monitor inspired and end-tidal expired COz and Os levels during al1 

experiments, as well as inspired and end-tidal expired isoflurane during isoflurane 

experiments. These factors were recorded for the 10 min immediately prior to a scanning 

session, as well as immediately following a session, but they could not be monitored 

throughout scanning sessions. The powerful magnetic field surrounding the scanner 

prohibited any metal containing equipment from being placed within a 10 m radius, a 



distance which exceeded the sampling capabilities of the gas monitor. Heart rate and 

oxygen saturation were monitored throughout each session using a pulse oximeter 

(Nonin Medical Inc. mode1 8600FO. Minneapolis, Minnesota) and fibre-optic cable. Each 

animal was covered with a blanket while anesthetized to maintain body temperature and 

prevent hypotherrnia. 

4.3.4 Statistical Analysis 

Cornparisons of percentage BOL0 signal change, and the number of significant 

voxels per ROI as a percentage of ROI sire were performed based on the Randomized 

Complete Blocks Design (RCSD). The SAS systems general Iinear models procedure 

(Proc G L M ) ~  was used to detect trial by anesthetic beatment interactions for both 

measures of image quality within each ROI. If no significant trial by treatment effects 

were detected. Proc GLM~' was used to test for drug treatment effects by averaging 

results from trial 1 and trial 2 for each dog and comparing between anesthetics using a 

method analogous to repeated measures ANOVA. If a significant trial by treatment effect 

did occur, SAS Proc ~ i x e d ~  was used to detect simple treatment effects within trial 1 

and trial 2 separately. Linear regression analysis for anesthetic dose by both fMRI 

variables was performed using Statistix (Version 1 .O, Analytical Software) by averaging 

data from trial 1 and trial 2 for each dog, when no significant trial by treatment effecl 

were detected. When a trial by treatment interaction was detected. linear regression was 

performed by plotting data from the first trial for each dog against anesthetic dose. 

Significance for al1 analyses was assessed at p < 0.05. 

4.3 RESULTS 

Data from 36 experimental sessions were processed. Five sessions were 

excluded due to motion artifacts and 1 fentanyl 1 midazolam session was excluded 

because anesthetic infusion dose exceeded the mean f 2 S.D. Despite these 



exclusions, at least 1 of 2 trials for each dog under each anesthetic was included in al1 

analyses. 

Target and actual infusion doses of each anesthetic agent are provided in Table 

4.1. Infusion doses and end-tidal CO2 levels for al1 dogs are also presented in Appendix 

IV. Pulse oximetry data for al1 dogs are presented in Appendices V-VI. In al1 dogs, and 

under al1 3 anesthetic agents, significant BOLD signal change of between 0.3 and 1.1 % 

was elicited by visual stimulation. Representative images and the corresponding time 

courses of activity from 1 dog under fentanyl / rnidazolam anesthesia are shown in 

Figure 4.1. Voxels in which BOLD signal change correlated with the time course of 

stimulus presentation appear as caloured pixels on the anatomic image, the bright 

yellow pixels representing the greatest signal change between the control state and 

activation state. 

No obvious qualitative trends with respect to fMR image quality were observed 

between the 3 anesthetic protocols. With al1 3 anesthetics, significant activity in response 

to visual stimulation was observed consistently, though not exclusively, in a region which 

included the LGN of the thalamus, and throughout the occipital lobe of cerebral cortex. 

These regions were included in ROIS for al1 further analyses. 

Results of the randomized cornplete blocks design (RCBD) general linear models 

procedure (Proc GLM)~' to detect trial by treatment effects for both fMR variables in both 

regions of interest are presented in Table 4.2. Only the log transformed percentage of 

significant voxels within the LGN region was significantly affected by trial treatment 

interactions (log transform was applied based on the residual plot of these data). This 

trial by treatment effect occurred because there was a significant difference between 

observations from the first fentanyl / midazolam trial and first isofiurane trial (F = 2.73, p 

= 0.02, df = 10), but not between observations from the second trials for these protocols 

(F = -0.76, p = 0.47, df = 10). Based on this discrepancy, data from the 2 trials were 



considered separately during further analysis and SAS Proc ~ i x e d ~  was employed. All 

data met the nomality assumptions of the general linear model, but equal variance 

assurnptions may have been violated. 

End-tidal CO2 levels for each expriment were also analysed. The mean of end- 

tidal CO2 fevels recorded at the sbR and the end of an experiment was used because 

the magnetic field prohibited continuous use of the gas monitor throughout scanning 

sessions. No significant trial by treatment interaction effects (F = 0.06, p = 0.94, df = 2) 

were observed for recorded end tidal CO2 values using Proc GLM. A treatment effect for 

CO2 was signifiant (F = 1.45, p = 0.03, df = 2), however, because CO* values recorded 

under fentanyl / midazolam (47.1 + 4.9 mm Hg) were significantly greater than under 

propofol (43.4 + 2.5 mm Hg); end tidal CO2 values under isoflurane (45.6 + 3.0 mm Hg) 

did not differ significantly from values obtained under either of the other protocols. 

Cornparisons of mean percentage BOLD signal change and significant voxels 1 

ROI between the 3 different anesthetics are presented in Figure 4.2. No signifiant 

differences were observed for any category. Based on their distributions, however, data 

obtained under isoflurane, especially for signifiant voxels / ROI in both the LGN and 

occipital regions seems qualitatively less variable (Figure 4.2, Table 4.3). Unfortunately, 

a definitive statistical test of equal variance is not available using the RCBD model. 

Some variation in anesthetic dose between experirnents was unavoidable, 

especially for the intravenous agents. To determine if this variation had an effect on 

BOLD activity, linear regression analyses were performed for anesthetic dose against 

both percentage signal change and significant voxels per ROI (Figures 4.3 - 4.5). No 

significant relationship between anesthetic dose and either measure of BOLD signal was 

observed in either ROI. 



4.4 DISCUSSION 

A pilot study by our group demonstrated, for the first time, that neural activity can 

be rewrded from the brains of anesthetized dogs using BOLD ~MRI.~'  The aiment study 

wnfirms the results of the pilot study and is the first to compare effects of different 

anesthetic protocols on fMRl activity in any animal, Our results are consistent with MRI 

data recorded frorn visual cortex in cats anesthetized with i ~o f l unne .~  Mean percentage 

signal changes (0.3 - 1.1 % for the present study) are considerably less than those 

observed with a repeated visual stimulus presentation paradigm in awake humans. This 

is not surprising given the fact that general anesthesia depresses central nenrous 

system activity by definition and also reduces basal cerebral blood flow." Lahti et al. 

compared somatosensory fMR responses of rats, awake and restrained, as well as 

during propofol anesthesia, and noted the anesthetic inhibition of BOLD activity? The 

use of 100% oxygen for ventilation in the present study may have further compounded 

signal attenuation. Changes in the ratio of deoxy : oxyhemoblobin between the control 

state and the stimulus presentation state, the basis of the BOLD effect, may have been 

reduced because of high levels of dissolved oxygen in the blood. The use of N2O and 

O*, in combination, may be more appropriate for future canine fMRl studies to limit this 

potential source of signal ioss. Despite reduced signal strength, BOLD activity has been 

reproducible in al1 fMRl studies of anesthetized animals to date, inciuding the present 

study. 

A methodological problem reported by Jezzard et al. involved maintaining eye 

position in anesthetized animals dunng presentations of visual stimukaThey relied on 

the use of corrective lenses to fixate an animal's gaze on the stimulus and reported 

some complications with this method. In the present study, the neuromuscular block 

provided by atracurium was an effective alternative. It resulted in a centrally fixated, 



relaxed eye position and helped reduce other muscle movements, to which MRI is 

extremely 

There were no obvious qualitative differenœs in images obtained under 

isoflurane, propofol or fentanyl / midazolam anesthesia. Activity was detected in brain 

areas known to play a role in visual processing in other mammals, with al1 three 

anesthetic regimes. tri cats roughly 80% of optic tract fibres teminate and synapse in 

the lateral geniculate nucleus (LGN) of the thalamus. Lateral geniculate fibres in tum 

innervate visual cortex in the occipital lobes? This organization is presewed in non- 

human primates and humans? and almost certainly in dogs, although direct data are 

not available. Based on this known functional rnammalian anatomy, and on the 

significant 80LD activity observed in these areas in the present study, a LGN region of 

interest (ROI) and an occipital ROI were selected for further analysis. This excluded the 

few significant voxels outside of ROIS that could have been associated with visual 

activity, or could simply have reflected non visual, oscillatory brain activity which by 

chance matched the time course of stimulus presentation. 

Within both ROIS the mean percentage signal change between rest and stimulus 

presentation, as well as the number of significant voxels as a percentage of ROI sire 

under the 3 different anesthetic agents, were compared. Although no significant 

differences were detected, there appeared to be less variation in responses under 

isoflurane anesthesia than under either of the I.V. protocols. This may reflect logistic 

complications of intravenous anesthetic infusion when working with a powerful MR 

scanner. A 4 T magnetic field is many times more powerful than the earth's magnetic 

field and, as such, interferes with electronic and mechanical equipment. Ail apparatus for 

anesthetic monitoring and delivery, therefore, had to be kept a minimum of 10 m from 

the MR scanner. This meant that drip infusion rate for I.V. anesthetic maintenance had 

to be set manually, prior to the onset of scanning, and could not be adjusted until the 



completion of the hour long session. Over an hour, slight variations in drip rate could 

have caused considerable differences in the total volume of anesthesia administered. In 

addition, a change in leg position within the RF coi1 might have increased resistance to 

the infusion, adding to variation in the I.V. anesthetic dose. In contrast, the isoflurane 

dose was set as a percentage of inspired gas using a dial on an anesthesia machine 

and was confinned using the gas monitor. Both pieces of equiprnent were located the 

required 10 m from the rnagnet. The use of an intravenous infusion pump would have 

facilitated more precise control of I.V. anesthetic dose. Despite the obsewed variation in 

dose, significant dose dependant effects of anesthesia on fMRl were not detected. This 

observation suggests that the influence of anesthesia on fMRl may not be dose 

dependant. 

It remains plausible, however, that the increased variation in percentage signal 

change and percentage of significant voxels 1 ROI with I.V. administered protocols 

reflects reduced precision of anesthetic administration during imaging. One would expect 

that with increasing anesthetic dose, and therefore increased anesthetic depth, neural 

activity and BOLD signal would be reduced. Dose dependant inhibitory relationships 

between both isoflurane and propofol and measures of cerebral activity, like the EEG, 

have been r e p ~ r t e d . ~ , ~  We rnay have failed to detect a significant relationship between 

anesthetic dose and BOLD signal because the range of doses to which these dogs were 

exposed was too smatl to elucidate the correlation. One methodological objective of the 

study, in fact, was to maintain anesthetic dose as closely as possible between 

experiments. Variation likely occurred because of difficulties associated with maintaining 

a constant anesthetic infusion from a considerable distance. Further study using a wider 

range of anesthetic doses would help resolve this issue. 

Blood carbon dioxide levels may have influenced the results of this study, as 

well, because of the considerable influence on cerebral blood flow exerted by  CO^." A 



statistically significant difference in end-tidal CO2 between the three anesthetic protocols 

was detected, though the small range of values (43.4 I 2.5 - 47.1 * 4.9 mm Hg) may not 

have been biotogically significant. We did attempt to maintain CO2 levels as dosely as 

possible by ensunng dogs were stabilized with an end-tidal CO2 level of between 38-42 

mm Hg before being placed in the scanner. Witti continuous monitoring, changing COn 

levels could have been detected quickly and addressed by modifying ventilation rate or 

tidal volume. Variation was also compounded by the fact that dogs were very briefly 

disconnected from ventilation during removal from the scanning room at the end of each 

session. This may have caused CO2 accumulation so that values recorded at the end of 

the session overestimated end-tidal levels as they actually occurred during imaging. 

Despite these potential sources of variation, reproducible BOLD signals in brain 

regions with known visual functions in other mammals were recorded. The reliability of 

fMRl results during anesthesia has important clinical and research implications. 

Restraining animals during fMRl is problematic because neural activity associated with 

factors such as stress or motor output against the restraints could confound data 

associated with the stimulus of interest. In addition, eye movements cânnot be 

restrained, so fMRl investigations of visual activity are virtually impossible in awake 

animals, except perhaps in highly trained non-human primates. Also, if M R l  is 

eventually to have clinical application in veterinary medicine, the stress associated with 

restraint is unlikely to be accepted by pet owners. Human implications also exist in that, 

currently, human patients incapable of remaining still for extended periods (Le. smalt 

children, the mentally ill) are not canididates for fMRI. Establishing, then, that fMR 

signals can be reproducibly recorded under general anesthesia is an important finding. 

Our results demonstrate that BOLD signal change, and useful fMR images can 

be reliably elicited using visual stimulation in anesthetized dogs under 3 different 

anesthetic protocols. This is particularly encouraging for both clinical and research 



application of mARl in veterinary medicine, especially with respect to vision. We did not 

find differences in fMR activity between anesthetic agents, or dose dependant 

relationships between anesthesia and fMRI. It does seem, however, that isoflurane 

permitted more consistent BOLD activity than the intravenous anesthetic protocols. This 

rnay reflect the fact that inhalant anesthesia is more easily controlled under conditions 

associated with fMRI. 
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Table 4.î. Anesthetic target doses and adual doses for isofiurane, propofol and fentanyl 
/ midazolam used to anesthetize dogs for BOLD fMRI. lntravenous agents were 
administered using a dnp infusion and isofiurane using a vaporizer and Bain circuit. One 
experiment was excluded (*) from subsequent analysis because the dose exceeded the 
mean 5 2 standard deviations. NIA = not available. 

lsoflurane Propofol Fentanyl M idazolarn 

-- - 

Dog Ta rget 1.6 0.40 0.80 8.0 

Bibi1 . NIA 0.20 0.50 5.0 

Bibi2 1.4 0.26 0.83 8.3 

Pakuml NIA 0.36 1.30 13.0 

Pakum2 1.4 N/A 0.40 4.0 

Starrl 1.3 0.27 1.30 13.0 

Star2 1.5 0.36 0.90 9.0 

Shadowl 1.3 O -44 0.89 8.9 

Shadow2 1 -4 0.33 0.88 8.8 

Diosal 1 -6 0.33 1.70. 1 7. 

Diosa2 1.3 0.36 0.92 9.2 

Broadway1 1.6 0.33 0.90 9.0 

Broadway2 1.8 0.36 0.75 7.5 

Mean 1.5 0.33 0.94 9.4 

S.D. 0.2 0.07 0.35 3.5 



Table 4.2. EvaIuation of trial by anesthetic effects on differences between 3 anesthetic 
treatments for 2 measures of BOLD signal (mean percentage signal change, PSC; and 
percentage of significant voxels per ROI, SVX) in 2 regions of interest (lateral geniculate 
nucleus, LGN; and occipital cortex, OCC).* 

Variable F P 

LGN PSC O. 50 0.62 

LGN SVX (log transfonned) 4.41 0.04' 

OCC PSC 0.67 O. 54 

OCC SVX O. 19 0.83 

* Randomized complete blocks design. SAS geneal linear model (Proc GLM)'' to detecf 
significant dnig by trial effects with 2 degrees of freedorn; n = 30. 

Significant difference. 

Table 4.3. Standard deviations of BOLD fMRl data obtained from 6 dogs for 2 
quantitative measures of image quality (mean percentage signal change, PSC; and 
number of significant voxels / ROI as a percentage of ROI size, SVX) in 2 regions of 
interest (lateral geniculate nucleus, LGN; and occipital lobe, OCC). A statistical test for 
equal variance is unavailable using the statistical model employed. Qualitatively, 
standard deviations for isoflurane data are smaller that those for propofol and fentanyl 1 
midazolam data, especially for SVX in both ROIS. 

Variable Fentanyl / Midazolam Propofol lsoflurane 

LGN PSC 0.17 0.13 0.1 1 

LGN SVX 6.70 7.25 2.37 

OCC PSC 0.15 0.15 0.14 

OCC SVX 1.60 2.06 1 .O9 



Figure 4.1 Blood Oxygenation Level Dependant (BOLD) Functional MR, whole brain 

images in dorsal sections (A, 6) with corresponding 80LD activity time courses (C, D) 

from a dog anesthetized under fentanyl 1 midazolam and presented with a vertical 

grating visual stimulus. All functional data were obtained using 4 shot echo-planar 

imaging weighted for T2'. Images were divided into discrete volume elements (voxels) in 

a 64 X 64 mattix with in plane resolution = 2 mm and slice thickness = 2 mm. Within 

each voxel, cross correlation was used to detect increases in BOLD signal linked to 

repeated period of stimulus presentation. Voxels in which a significant increase in BOLD 

signal was detected were then supen'mposed on 30 magnetization prepared Turbo 

FLASH (Fast Low Angle Shot) anatomic images as coloured pixels. Bright yellow voxels 

are those with the greatest signal change between control and activation. Two regions of 

interest (ROIS) were selected based on regions where activation was reliably observed 

and where visual activity has been reported in other anirnals. Their boundaries appear 

as thin lines on A and B. The first ROI (A) included the fateral geniculate nucleus (LGN) 

of the thalamus and the second (8) included much of the occipital lobes of both cerebral 

hemispheres. The number of significant voxels as a percentage of total ROI size was 

used as one quantitative measure of image quality for further analysis and the mean 

percentage signal change was used as another. ROIS were always selected in the same 

slices, based on the same anatomical landmarks between dogs and anesthetics. 

Percentage signal changes were calculated by comparing baseline and activation BOLD 

signals, based on the time courses of stimulus presentation (bottom traces in C and D) 

and BOLD signal in the LGN region (C) and occipital region (D) over the course of each 

experiment. Arb. units = arbitrary units. 
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Figure 4.2. Boxplots of 2 quantitative measures of blood oxygenation level dependant 

(BOLD) fMR images in 2 regions of interest (ROIS) obtained from 6 anesthetized dogs. 

The bottom and top lines of each box represent the 25th and 75th percentiles, 

respectively, and the middle line represents the median. Horizontal lines below and 

above boxes represent the 10th and 90th percentiles, respectively, and black dots 

represent data points outside this range. Each dog was anesthetized under 3 anesthetic 

agents: fentanyl / midazolam (Fent), propofol (Prop), and isoflurane (Iso). There were no 

significant differences in the lateral geniculate nucleus (LGN) ROI for mean percentage 

BOLD signal changes (A, F = 1.97, p = 0.19, df = 2), or for percentage of significant 

voxels per ROI (B. F = 1.57, p = 0.26, df = 2) under the 3 different anesthetic agents, nor 

were differences significant in the occipital ROI betvueen mean percentage signal 

changes (C, F = 3.0, p = 0.10, df = 2) or percentage of significant voxels per ROI (Di F = 
1.4, p = 0.56, df = 2) under the 3 different anesthetic agents. The randomized mmplete 

blocks design general linear model pr~cedure~~, analogous to repeated measures 

ANOVA, was used to test 3 of the 4 categories because it pemitted averaging of data 

from repeated trials. This procedure was not valid for cornparison of number of 

significant voxels / ROI as a percentage of voxel size in the LGN region because a 

significant trial by treatment effect had previously been detected (Table 4.2). These data 

were compared using SAS Proc ~ixed,"  which considers trials individually. Although 

not testable statistically using the model employed. the variance of al1 4 categories under 

isoflurane anesthesia is less than under the other anesthetic agents (Table 4.3), 

particulady in B and D. 
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Figure 4.3. Scatter plots of 2 quantitative rneasures of BOLD fMR image quality in 2 

brain reg ions of interest (ROIS) against isoflurane dose, obtained during visual 

stimulation in isoflurane anesthetized dogs. Linear regression analyses were perfonned. 

There was no significant relationship between mean perœntage BOLD signal change in 

the lateral geniculate nucleus (LON) ROI (A. ? = 0.14. F = 0.49, p = 0.53. df = 4) and no 

significant relationship between the number of significant voxels 1 ROI as a percentage 

of voxel size and dose in the LGN region (B, ? = 0.05. F = 0.21. p = 0.67. df = 5). There 

was no significant relationship between rnean percentage BOLD signal change and dose 

in the occipital (OCC) ROI (Cl 6 = 0.48. F = 2.8. p = 0.1 9. df = 4.) or between dose and 

number of significant voxels 1 ROI as a percentage of ROI size in the OCC region (O. ? 
= 0.001, F = 0.94, p = 0.94. df = 5). Each data point represents the mean of 2 

expen'rnental sessions for a single dog if data from both sessions were available. 
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Figure 4.4. Scatter plots of two quantitative masures of blood oxygenation level 

dependant (BOLD) fMR image quality in 2 brain regions of interest (ROIS) against 

propofol dose, obtained during visual stimulation in propofol anesthetized dogs. Linear 

regression analyses were perfomed. There was no significant relationship in the lateral 

geniculate nucleus (LGN) ROI between dose and mean percentage BOL0 signal 

change (A. 6 = 0.28. F = 1.56. p = 0.28, df = 5) or number of significant voxels I ROI as 

a percentage of ROI size (B. 8 = 0.29. F = 1.63. p = 0.27. df = 5), nor was there a 

significant difference in the occipital (OCC) ROI between dose and mean percentage 

BOLD signal change (C, ? = 0.28. F = 1.61, p = 0.27. df = 5) or number of significant 

voxels I ROI as a percentage of ROI size (D, rZ = 0.58. F = 4.2, p = 0.10. df = 5). Each 

data point represents the mean of 2 experimental sessions for a single dog if data from 

both sessions were available. 
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Figure 4.5 Scatter plots of 2 quantitative measures of blood oxygenation level dependant 

(BOLD) fMR image quality in 2 brain regions of interest (ROIS) against fentanyl dose, 

obtained during visual stimulation in fentanyl 1 midazolam anesthetized dogs. Linear 

regression analyses were perfomed. There was no significant relationship in the fateral 

geniculate nucleus (LGN) ROI between dose and mean percentage BOLD signal 

change (A, r = 0.24, F = 1.27, p = 0.32, df = 5) or number of significant voxels / ROI as a 

percentage of ROI size (B.. ? = 0.47. F = 3.49. p = 0.14, df = 5). nor was there a 

significant difference in the occipital (OCC) ROI between dose and mean perœntage 

BOLD signal change (C. ? = 0.17, F = 0.84. p = 0.41. df = 5) or number of signifkant 

voxels I ROI as a percentage of ROI size (D. ? = 0.005, F = 0.02. p = 0.89. df = 5). 

Each data point represents the mean of 2 experimental sessions for a single dog if data 

from both sessions were available. 
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CHAPTER FlVE 

GENERAL DISCUSSION AND CONCLUSIONS 

This thesis is an investigation of visual evoked neural activity in the brains of 

anesthetized dogs using blood oxygenation level dependant (BOLD) functional magnetic 

resonance imaging (fMRI). The long terni goal of this research is the development of an 

objective, reliable test of canine vision. Data from the present study suggest the 

following: 

Neural activity, evoked by visual stimuli, can be recorded frorn the brains of 

anesthetized dogs using BOLD fMRl at 4T. 

BOLD signal changes recorded were reproducible between dogs and, qualitatively. 

within dogs in repeated trials (Appendix I).  

Signals evoked during isoflurane anesthesia were qualitatively less variable than 

those recorded during propofol or fentanyl 1 rnidazolam anesthesia, likely due to the 

fact that inhalant anesthetic dose c m  be more easily controlled than intravenous 

during high field fMRI. 

Significant BOLD signal changes were reliably, but not exclusively, elicited in regions 

of interest (ROI) which included the lateral geniculate nudeus (LGN) of the thalamus 

and the cerebral cortex of the occipital lobe. 

BOLD signal changes recorded frorn anesthetized dogs of between 0.3 and 1.1 % 

were considerably less than the 5 - 20% observed in awake humans with visual 

stimulation at 4T.' 

These findings were predictable based on previous fMRI research, and our 

understanding of mammalian neuroanatomy. Reduced BOLD signal changes under 

anesthesia were expected given the results of studies addressing the effects of 

anesthesia on fMRl in cab,' and rats.' Jenard et al. observed signal changes (0.7 - 
2.0%) in anesthetized cats presented with visual stimuli, slightly larger than those 

observed in the present studyS2 This likely reflects the fact that the cats were scanned 



using a higher field strength (4.7 T). The reduction in signal change cornpared to results 

frorn awake humans, in the current study and as reported by Jezzard et al., is almost 

certainly the result of anesthetic suppression of neural activity and vascular brain 

responses.' Inter-subject variability of percantage signal change in the present study 

(0.3 - 1 -1 %, slig htiy less than a factor of 4) is comparable to that observed by Jezzard 

et al. and slightly less than inter-subject variability nomally observed in awake human 

studies (5 - 20%).* The comparable levels of inter-subject variability between 

anesthetized animal and awake human studies support the accuracy of fMR data 

obtained during anesthesia, despite the reduction in signal change. 

Several unexpected observations were also made in this study. These include the 

following : 

1. There was no significant difference in percentage BOLD signal change or the 

nurnber of significant voxels as a percentage of ROI size in the lateral geniculate 

nucleus or occipital cortex under 3 anesthetic protocols (isoflurane, propofol, and 

fentanyl / midazolam). The impacts of different anesthetic agents on cerebral blood flow, 

cerebral metabolic rate and neural activity can differ.4ms" Since these factors al1 play a 

role in fMRI, it was expected that there would be differences in the strength of BOLD 

signaIs under different anesthetics. 

2. There were no significant correlations between anesthetic dose and either 

rneasure of BOL0 activity, above, in either the LGN or occipital cortex for any of the 3 

anesthetic protocols. As dose dependant effects on factors which rnediate fMRl activity 

have been 0bserved.4*~*~ it was expected that a relationship would exist between 

anesthetic dose and cerebral activity as measured by fMRI. It is probable that dose 

dependant fMRl effects do exist, but that the range of anesthetic doses to which these 

dogs were exposed was too small to elucidate the effect. 

3. The number of significant voxels as a percentage of ROI size in LGN was 

significantly greater during monocular stimulus presentations than during binocular 



presentations. This result is unexpected, as well. because during monocular stimulus 

presentations, roughly 50% fewer neurons should propagate activity to the lateral 

geniculate nucleus than would dunng binocular stimulation. 

4. There were no significant differenœs between either measure of BOLD activity in 

the left and right halves of either ROI during stimulus presentations to the nght eye 

aione. It is estirnated that approximately 75% of canine optic newe axons decussate at 

the optic chiasm.' If this is the case, a stronger signal and a larger acüvated area should 

be observed contralateral to the stimulated eye. This unexpected result suggests that 

previous estimates of optic nerve decussation may by excessive. 

One further explanation for al1 of these unexpected results involves difficulties 

encountered in administering a repeabble, consistent IN. anesthetic dose. Unequal 

variances between anesthetic groups, combined with a relatively small sample size may 

have produced a vulnerability to statistical error. Other factors may also have resulted in 

variable results. For example, 4 of the 6 dogs had noticeably enlarged lateral ventricles 

(e.g. Figure 3.1, Figure 4.1). Although the effects of hydrocephalus on vision in dogs or 

other domestic animals are not addressed in the literature, and there were no 

differences in any of the dogs visual function based on the ophthalmic examination, 

removing this potential source of variation from future studies would be desirable. 

SUGGESTIONS FOR FURTHER STUOY 

Several areas for further study are suggested by the results above. Now that the 

reliability and reproducibility of fMRI in anesthetized dogs has been established, the next 

priority should be to address the dose dependence and anesthetic depth dependence of 

BOLD activity using a wide range of anesthetic doses both within and between dogs. 

This rnay be most practical using vanous inhalant agents because intravenous 

anesthetic dose is more difficult to control from the distances required by 4T fMRI. 

Developing means to better control intravenous anesthetic dose dun'ng MRI would also 

be valuable to research investigating anesthetic action on cerebral activity. Humans are 



the only candidates for within species, comparative study of anesthetic effects on fMRI. 

Another important priority, then, should be experiments comparing fMR signal within 

hurnan subjects, awake and anesthetized. Results of the present study suggest that 

inhalant agents will be most appropriate for the majority of fMRl applications involving 

anesthesia. 

Because of the variability of cerebral anatomy between subjects. anatornic 

comparisons of fMRl results between humans are facilitated through the use of the 

Talairach coordinate system.' The development of a canine brain coordinate system 

would be worthwhile for precise mapping of the functional architecture of visual 

processing and for comparisons of functional anatorny between dogs. This is an 

especiafiy urgent consideration given the probable anatornic differences between breeds 

of dogs bred to excel at different functions, such as sight hunting or scent hunting. 

Experiments addressing the functional anatomy of various aspects of visual 

processing would also be interesting, from both an evolutionary and neuroanatomic 

perspective. What differences and similarities can be found between dogs, cats and 

primates? How does visual processing differ in anirnals very sensitive to motion, like 

dogs, versus those more sensitive to colour and fom, like humans? Using fMRl to 

evaluate canine brain activity in response to other stimulus rnodalities. such as touch or 

smell would be fascinating as well. Given the abundance of research addressing feline 

and primate brain function in the literature. the potential for comparative study with dogs 

is enormous. 

Finally, from a clinical veterinary perspective comparing BOLD activity in dogs 

with obvious visual problems to clinically nomal dogs would be extremely valuable. 

especially in light of the current absence of a reliable test for canine vision. If differences 

in BOLD fMRl correlate with apparent, subjective vision loss in dogs suffenng visual 

disease, it would rnean the technique could be used to evaluate treatments for visual 

problems, like glaucoma, more objectively. 
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Appendix 1. Results of BOL0 fMRl experiments of 6 dogs. anesthetized under isoflurane 
(I), propofol (P), and fentanyl / midazolam (F) and presented with a binocular visual 
stimulus. Data were obtained frorn regions of interest (ROIS) which focussed on the 
lateral geniculate nudeus of the thalamus (LON) and the occipital cortex (OCC). The 
percentage signal change (PC) and number of significant voxels as a percentage of ROI 
size O/) were recorded, 

Dog Trial No. Anesthetic LGNIPC LGNN OCCIPC OCCN 

Bibi 2 I 0.46 7.5 0.50 4.1 
Pakum 
Bibi 
Pakum 
Bibi 
Pakum 
Bibi 
Pakum 
Bibi 
Starr 
Shadow 
Starr 
Shadow 
Shadow 
Starr 
Shadow 
Starr 
Shadow 
Starr 
Shadow 
Diosa 
Broadway 
Broadway 
Diosa 
Broadway 
Diosa 
Broadway 
D iosa 
Broadway 
Diosa 
Broadway 



Appendix II. Results of BOLD fMRl experiments of 6 dogs anesthetized under isoflurane 
(I), propofol (P) and fentanyl / midazolarn (F), and presented with a monocular visual 
stimulus to the right eye. Data were obtained from regions of interest (ROIS) which 
focussed on the lateral geniculate nuclei of the thalamus (LGN) and the occipital cortex 
(OCC). The percentage signal change (PC) and number of significant voxels as a 
percentage of ROI size (V) were recorded. 

Dog Trial No. Anesthetic LGNIPC LGNN OCC/PC OCCN 
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Appendix 111. Results of BOLD fMRl experiments of 6 dogs anesthetized under isoflurane 
(1). propofol (P) and fentnayl 1 midazolam (F), and presented with a monocular visual 
stimulus to the right eye. Data were obtained from regions of interest (ROIS) which 
focussed on the left and right lateral geniculate nudei of the thalamus (LLGN and RLGN 
respectively) and left and rigt halves of the occipital cortex (LOCC and ROCC 
respectively). The percentage signal change (PC) and number of significant voxels as a 
percentage of ROI size (V) were recorded. 

Dog Anesthetic LLGN RLGN LLGN RLGN LOCC ROCC LOCC ROCC 
PC PC v v PC PC v v 
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Appendix IV. Anesthetic protocols, anesthetic doses, and end-tidal CO2 values recorded 
dunng fMRl experiments using 3 anesthetic protocols: isofiurane (1); Propofol (P) and 
Fentanyl / Midazolam (FIM). Carbon dioxide values represent the mean of a pre-trial and 
a post-trial sample. 

Dog Trial No. Anesthetic D o s e  COZ 
I F/M P 
(% ) (uglkglmin ) (mg/kg/min ) 

Bibi 2 I 1.4 46 
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Appendix V. Oxygen saturation data based on pulse oximetry during MRI scanning of 6 
dogs anesthetized under isoflurane (1). propofol (P) and Fentanyl / Midazolam (F). 
Values were rewrded 4 times (SI, S2, etc.) during each scanning session. The pulse 
oximeter had to be kept a minimum of 10 m from the MR unit during scanning resuiting 
in some data loss. When the connection of the recording sensor to the dog's tongue was 
compromised it could not be re-attached until the session was complete. na = not 
available. 

Dog Trial No. Anesthetic S i  S2 S3 S4 Mean 

Bibi 2 I 99 100 99 99 99.3 
Pakum 
Bibi 
Pakum 
Bibi 
Pakum 
Bibi 
Pakum 
Bibi 
Starr 
Shadow 
Starr 
Shadow 
Starr 
Shadow 
Starr 
Shadow 
Starr 
Shadow 
Starr 
Shadow 
Diosa 
Broadway 
Diosa 
Broadway 
Diosa 
Broadway 
Diosa 
Broadway 
Diosa 
Broadway 
Diosa 
Broadway 



Appendix VI. Heart rate data based on pulse oximetry during fMRl scanning of 6 dogs 
anesthetized under isoflurane (1). propofol (P) and fentanyl 1 midazolam (F). If possible 
values were recorded 4 times (Si, S2, etc.) during each scanning session. The pulse 
oximeter had to be kept a minimum of 10 m from the MR unit during scanning resufting 
in some data loss because when the mnnection of the recording sensor to the dog's 
tongue was compromised it could not be re-attached until the end of the experiment. na 
= not available 

Dog Trial No. Anesthetic S I  S2 S3 S4 Mean 

Bibi 2 I 115 119 115 117 1 16.5 
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