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PSYCHOLOGICAL  MEDICINE

The Role of Fractional Anisotropy (FA) in Alzheimer's Disease 
and People without Alzheimer's: A Review
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ABSTRACT
Objective: This study aimed to use the diffusion tensor imaging technique to trace the white matter bundles of the fornix in 

humans both with and without Alzheimer's disease to identify differentiation and the connectivity in the fornix. The aim was to 
facilitate the early diagnosis of Alzheimer's disease which will be of direct benefit to patients.

Materials and Methods: Databases, including PubMed, Scopus, Google Scholar and Elsevier and Springer Verlag were 
searched to identify relevant scientific papers and other literature pertinent to diffusion tensor imaging into Alzheimer's disease 
patients.

Result: The abnormalities in the white matter microstructure of the fornix could lead to Alzheimer's disease, which causes 
problems mainly associated with memory. Early diagnosis of Alzheimer's disease specificity from fornix degeneration is crucial.

Conclusion: Early diagnosis is helpful for both patients and the neurologist for planning therapy for long-term quality of 
life. When using diffusion tensor imaging (DTI), the parameter called fractional anisotropy (FA) is a biomarker for the disease.
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INTRODUCTION 

The world today faces the problem of neurodegenerative disorders 
in older people. Age is the primary risk factor for developing dementia. 
The condition of dementia includes symptoms such as memory loss and 
difficulties with thinking, problem-solving or language. The most com-
mon form of dementia is Alzheimer's disease (AD) in those over the age 
of 65 which is caused by physical changes in the brain leading to prob-
lems which interfere with daily life.

ALZHEIMER'S  DISEASE

Alzheimer's disease (AD) is one of the major causes of neurocogni-
tive dysfunction. It is a progressive brain disorder that damages and 
eventually destroys brain cells, leading to memory loss and changes in 
thinking and other brain functions1). In addition, Alzheimer's is associat-
ed with psychological symptoms of dementia as it is the most common 
form of dementia (60 to 80% of cases). It usually develops slowly and 
progresses as brain cell death and brain function declines. There is no 
known cure for Alzheimer's however, there are ways to slow the pro-
gression of the disease if caught early enough2).

The hallmarks of Alzheimer's disease

Plaques or senile plaques (SP) are the microscopic clumps of a 
protein fragment that the body produces normally. Beta-amyloid, which 
consists of 40 or 42 amino acid peptides, is derived from amyloid pre-
cursor protein (APP). In a healthy brain these protein fragments are bro-
ken down and eliminated, however if this elimination does not occur, 
the plaques will attach to the neurons and cause neuritis. This can be 
identified in the brain of an Alzheimer's patient.

Neurofibrillary tangles (NFTs) are aggregates of the protein tau, 
which is a microtubule-binding protein. Microtubule proteins help in 
transport important substance from one part of the nerve cell to another. 
Tau protein is normally located on the axon, when they undergo hyper-
phosphorylation and become twisted around each other in the cells of 
the brain causing microtubules to collapse. This ultimately, leads to fail-
ure of the transport system of brain cells and subsequently in brain cell 
death.

Eventually death of brain cells and severe tissue shrinkage lead to 
loss of connection between brain cells causing failure of memory, learn-
ing, and communication1,3,4).

The symptoms of Alzheimer's disease

Alzheimer's typically begins in the part of the brain that affects 
memory and learning. The cell damage related to Alzheimer's begins 
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years before there is any sign of the disease. The symptoms often come 
slowly but worsen over time. One of the first signs is when someone has 
trouble recalling things that just happened5).

Three main phases of Alzheimer's disease

Mild Alzheimer's disease or early-stage is the first stage which 
usually last for two to four years. In this stage, a person still can live 
their normal daily life, but sometimes may have memory lapses, such 
as:

Ⅰ. Forgetting familiar words
Ⅱ. Forgetting the location of everyday objects
Ⅲ. Having difficulty recognizing family or friends
Ⅳ. Increasing trouble with planning or organizing
Ⅴ. Mood swings that involve depression or a lack of interest
Ⅵ. Language problems with the right words or name

Some of these issues, particularly in isolation, do not necessarily 
mean a person has Alzheimer's as there are other medical conditions that 
can cause the same problems. Other conditions include thyroid prob-
lems, which effects metabolism, drug abuse, Parkinson's disease, stress 
and depression6). 

Moderate Alzheimer's disease or middle-stage is the disease pro-
gression stage when the memory loss gets worse and starts to interfere 
with daily life. This is the longest stage and can last for up to 10 years. 
The brain cells get more damaged making it difficult to express 
thoughts and perform normal daily routines. This stage may start with 
someone forgetting details about his/her life, including:

Ⅰ. A hard time planning or solving problems
Ⅱ. Being unable to recall their way to work
Ⅲ. Trouble sleeping, changes in sleep pattern
Ⅳ. Not dressing for the weather
Ⅴ. Increased risk of wandering or becoming lost
Ⅵ. Personality and behavior changes: delusions6)

Severe Alzheimer's disease or late-stage also known as late 
Alzheimer's, is the most severe and typically lasts one to three years. 
The patients lose the ability to live their own life and are unable to carry 
on a conversation or control movement. As memory and cognitive skills 
continue to worsen, personality changes may take place and extensive 
help with their daily life may be needed. In this final stage, individuals 
may:

Ⅰ. Require full-time personal care
Ⅱ. Show confusion about the past and present day
Ⅲ. Show a change in physical abilities such as walking or sitting, 

eventually having difficulties swallowing or controlling their 
bladder and bowels

Ⅳ. Have difficulty with communication and showing extreme mood 
swings

Ⅴ. Hallucinations7,8)

THE  LIMBIC  SYSTEM

The limbic system is a complex set of brain structures located on 
both sides of the thalamus beneath the cerebrum. It was first described 
by Thomas Wills and he referred to it as "the limbus" as early as 1664. 
The term limbus means border or margin in Latin. In 1878, Paul Broca 
referred it as a cortical ring surrounding the hilum of the hemisphere. 
James Papez found, in 1930, that the anatomical structure of the hippo-
campus and the interconnections within it play a role in emotion and 
memory9). Later, in 1949, MacLean termed these parts as cortical and 
subcortical systems and their fibrous connections as "the limbic sys-
tem"10). The human limbic system is composed of both gray and white 
matter. The grey matter of the limbic system is composed of the hippo-
campal formation, amygdaloid nuclei, the hypothalamus, nucleus 
accumbens, cingulate cortex, part of the prefrontal cortex, and nuclei of 
midbrain. The white matter is composed of the cingulum, fornix, anteri-
or commissural fibres, the mammillothalamic tract and the stria termina-
lis. The limbic system plays an important role in memory, emotion and 
behavior11).

PAPEZ  CIRCUIT

The circuit was named after James Wenceslas Papez who described 
its connection in 1930. The Papez circuit or medial limbic circuit is also 
known as the memory circuit and is a fundamental component of the 
limbic system. It is a closed neuronal circuit that involves various struc-
tures of the brain including: the hippocampus, fornix, mammillary bod-
ies, anterior nucleus of the thalamus, cingulum and entorhinal cortex12).

Pathway

Information from the cortical association area passes to the cingu-
late gyrus, cingulum and through the parahippocampal gyrus to the hip-
pocampus. After the information is processed in the Alveus of hippo-
campus, impulses are transferred to the mammillary bodies via the for-
nix. The impulses then pass through the mammillothalamic fibers 
(tracts) to the anterior nucleus of the thalamus. The anterior nucleus of 
the thalamus passing impulses to the cingulate gyrus, cingulum and 
entorhinal cortex of the parahippocampus then back to the hippocampus 
to complete the circuit13,14). 

Anatomy of the fornix

The fornix is a bundle of white matter that originates from the bilat-
eral hippocampi called fimbria (fimbriae), carries signals from the hip-
pocampus to the mammillary bodies through both sides of the crus of 
fornix (crura) and then merge at the midline to form the body of the for-
nix. Again, this white matter bundle divides into the left and right side 
of the column of fornix near the anterior commissure then, each side of 
the column of fornix separate into anterior and posterior fibers. The 
anterior fibers called the precommissural fornix, which terminates at the 
septal nuclei and continues to the uncus of each half of the brain and the 
posterior fibers called postcommissural fibers. These fibers terminate at 
the mammillary bodies via the anterior nuclei of thalamus which send 
signals forward to the cingulate gyrus15,16). The fornix is a part of the lim-
bic system and plays an important role in the Papez circuit.

Disorders of the fornix

In 2014, Kenichi O. and Constantine G. Lyketsos's study showed 
that the abnormalities in the white matter microstructure of the fornix 
could lead to Alzheimer's disease15). The study by Haglund M. and 
Englund E. in 2002, provided detail showing that the white matter 
changes are also related to cerebral amyloid angiopathy in Alzheimer's 
disease patients17). The degeneration of the white matter microstructures 
of the fornix is also a good target for both the early diagnosis of the 
Alzheimer's disease and for monitoring disease progression.

Previous to this, in 1989, De la Monte found evidence to support 
that the degeneration of the white matter was more obvious than that of 
the gray matter in the early stages of dementia7). The alteration of the 
white matter precedes the pathology of the gray matter. Interestingly the 
earliest stages of the disease were found to be related to anatomical 
changes in the axons and dendrites in an Alzheimer's disease animal 
model, this evidence being contributed by the study carried out by 
Gunawardena S. and Goldstein LS. in 2001.

DIAGNOSIS  OF  ALZHEIMER'S  DISEASE

Our brain contains more than 100 billion neurons that communicate 
with each other via axons and form complex neural networks. This map-
ping of this complex network structure is very important for understand-
ing brain function. However, there is a limit to our understanding of 
brain structural connectivity due to the lack of non-invasive methodolo-
gies to study axon and myelin sheath anatomy. 

Both axon and myelin sheath degeneration have a significant impact 
on patients with disorders of white matter. A non-invasive biological 
marker for detecting axon and myelin sheath degeneration would be 
able to identify the degeneration early. Diffusion tensor imaging is a 
recently developed technique of MRI and may well be the way forward 
here as it can measure the microstructures of white matter in nervous 
system tissues18).
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DIFFUSION  TENSOR  IMAGING  (DTI)

Diffusion tensor MRI (DT-MRI) or diffusion tensor imaging (DTI) 
is the only non-invasive method to produce images of the microstruc-
tures of tissue in vivo. It has been particularly useful in detecting this in 
the white matter in the central nervous system (CNS)19). It uses the ran-
dom movement of water molecules to probe microstructures by measur-
ing the molecular diffusion of water along neural pathways. Its applica-
tions include brain connectivity, development of the brain, white matter 
disease and also progression of disease20).

The physics of DTI

By applying the appropriate magnetic field gradients, the hydrogen 
protons (1H) may be sensitized randomly causing the motion (diffusion) 
of water molecules driven in the direction of the gradient field. DTI 
detects anisotropic diffusion, which means diffusion independent of 
direction in white matter fiber tracts as axons and myelin sheaths21).

Normally, water molecules exhibit their own movement called 
"Brownian movement" which can also be seen in cerebrospinal fluid 
(CSF) and in the water molecules in gray matter. This movement results 
in diffusion equally in all directions producing the spherical shape of 
diffusion (longitudinal diffusion = horizontal diffusion) known as iso-
tropic diffusion.

In the other hand, the diffusion of water molecules within white 
matter is different. The longitudinal diffusion is much greater than the 
horizontal diffusion making the ellipsoid shape of diffusion cited in dif-
fusion tensor (ellipsoid) imaging. This unequal diffusion in all direc-
tions is known as anisotropic diffusion and it is a key principle of the 
DTI technique22,23).

DTI Parameters include:

Ⅰ.	Axial	diffusivity	or	AD	(λ1)  describing the axon integrity, where 
λ1 stands for the diffusion in longitudinal direction.

Ⅱ. Radial diffusivity or RD describing the myelin sheath integrity

RD = 
(λ2	+	λ3)

  2

 Where λ2 and λ3 stand for diffusion in horizontal directions 
(Right and Left).

Ⅲ. Mean diffusivity or MD describe the axon and myelin sheath 
integrity as an average.

MD =
	(λ1	+	λ2	+	λ3)

  3

Ⅳ. Fractional anisotropy or FA describes the integrity of the white 
matter.

FA	=	√3((λ1 - IE[λ])2	+	(λ2 - IE[λ])2	+	(λ3	-	[λ])2) 

√(2(λ1
2 + λ2

2 + λ3
2))

IE[λ]	 stands	 for	 the	mean	of	 the	 three	 eigen	 values	 (λ),	which	 is	
equal to the directionally averaged diffusivity. The normal FA of 
white matter is in the range between 0.3 to 0.624).

Ⅴ. A higher risk of the Apparent diffusion coefficient (mm2/s) or 
ADC describe the coefficient of diffusion. The higher ADC 
means the white matter is degenerating or showing atrophy. The 
normal ADC of white matter is in the range between 0.6 to 1.05 
x 10-3 mm2/s.

After producing the MR images using the DTI protocol the images 
were then inserted into the tractography program. The tractography pro-
gram produces FA mapping images, the overall white matter tracts. But, 
the FA mapping is the sum of all diffusion directions which cannot 
explain each tract of microstructure. To show the white matter tracts that 
are being traced, we have to draw the region of interest (ROI) on the FA 
mapping image at the point and plane at which we know exactly where 
the structure that we are interested in are situated based on the neuro-
anatomical knowledge. Then, the FA parameter of each tract will be 
shown. Usually, the FA is in the range between zero and one. The FA is 
highest in major white matter tracts and lower in the gray matter. When 
it is approaches zero it means that the diffusion in this area is isotropic 

diffusion such as in normal cerebrospinal fluid (CSF). In contrast, when 
it is equal to one that means this area has anisotropic diffusion25).

In 2009, a study by Acosta-Cabronero J. resulted in strong evidence 
that early-stage Alzheimer's disease is associated with specific degener-
ation of the limbic-diencephalic neuronal network. In this area signifi-
cant atrophy of the hippocampus indicated very early Alzheimer's dis-
ease. Later in 2011, Acosta-Cabronero J. studies had proved that axial 
diffusivity in a given area is a given region for the disease and FA is a 
biomarker for stage-specificity of Alzheimer's disease.

In addition, previous studies by Beaulieu C. and Song SK, in 2002, 
had shown that by using FA changes as a marker of axonal integrity it 
imposes the assumption that degeneration will rise to changes in the 
shape of the diffusion ellipsoid. It is widely believed that the reduction 
of FA values are driven by enhanced radial diffusion and a constant 
axial diffusivity coefficient26).

These various observations predict that the landscape of axonal tract 
degeneration in early Alzheimer's disease would be included in the 
white matter pathways in the limbic system. This is true especially in 
the fornix, the most important white matter bundle, which plays a role in 
the memory circuit which is often first to get damaged in Alzheimer's 
disease27).

CONCLUSION

As mentioned previously, the increase or decrease of the FA value 
represents the integrity of the white matter which can be used to quanti-
fy network efficiency in the region of interest in the brain. These find-
ings provide a measure of the deterioration of the white matter bundles 
within the structures early enough before it appears as brain atrophy. By 
using the information from tractography to understand the connectivity 
in the fornix and its differentiation in humans without Alzheimer's and 
patients with its early diagnosis of the disease can be made more accu-
rately. The earlier we can detect this increasingly common disease; the 
better the prognosis for the patients.
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