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ABSTRACT
Parkinson’s disease (PD) is a progressive degenera-
tive neurological condition, which origin remains 
unclear. We are interested in proposing the study of 
blood flow in the substantia nigra (SN) in PD pa-
tients, based on findings that demonstrated relative 
hypoactivity in PD patients located to subthalamic 
nucleus and SN. It is believed that this hipoactivity 
may suggest changes in the blood flow to the SN, 
where the particular loss of dopaminergic neurons 
occurs. 
The method used is the Incoherent Motion Intravoxel 
(IVIM) that allows measurement of blood flow to the 
microvascular level and recently has been produ-
cing high resolution quantitative perfusion maps.

This paper proposes to measure the perfusion in 
PD patients and find any correlation with neu-
ral activity and water displacements within the 
tissue. Assuming decreasing the local perfusion 
suggests the possible impairments that affect the 
neural activity in PD causing the progressive 
death of neurons in the SN.
Kewords: Diffusion Weighted Imaging (DWI), In-
travoxel incoherent motion (IVIM),, Parkinson’s 
disease (PD), Substantia nigra (SN).

RESUMEN
La enfermedad de Parkinson (EP) es una afec-
ción neurológica progresivamente degenerati-
va, con un origen aún desconocido. Estamos 
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interesados en proponer el estudio del flujo sanguí-
neo en la sustancia negra (SN) en los pacientes con 
Parkinson, basados en hallazgos que han demostra-
do la relativa hipoactividad localizada en el núcleo 
subtalámico y la SN. Se cree que esta hipoactividad 
puede sugerir cambios en el fluido sanguíneo de la 
SN, donde ocurre la particular pérdida de neuronas 
dopaminérgicas.
El método a usar es el movimiento incoherente In-
travoxel (IVIM) que permite la medición del flujo 
sanguíneo a nivel microvascular; además, reciente-
mente ha producido una alta resolución de mapas 
de perfusión, permitiendo ser cuantificados.

El presente artículo plantea la posibilidad de me-
dir la perfusión en pacientes con EP y encontrar la 
correlación de la actividad neuronal y de los des-
plazamientos de agua dentro del tejido a trevés  de 
imágenes DWI e IVIM, suponiendo que la disminu-
ción de la perfusión local en la SN en los pacientes 
con EP interfiere en la actividad neuronal, siendo 
esta una de las posibles causas de la muerte progre-
siva de las neuronas en la sustancia negra.
Palabras clave: enfermedad de Parkinson (EP); Mo-
vimiento Incoherente Intravoxel (IVIM); Imágenes 
DWI; Sustancia negra (SN).

INTRODUCTION

Diffusion Weighted Imaging (DWI) (LeBihan et al., 
1986) is a Magnetic resonance imaging (MRI) me-
thod, which allows the movements of the water 
molecules to be quantified (LeBihan, Moonen, van 
Zijl, Pekar, & DesPres, 1991), in vivo and non-in-
vasively. Presently DWI has become an important 
technique in the characterization and detection of 
neurodegenerative diseases, such as PD (Köllens-
perger, Seppi, Liener, & Al, 2007; Meijer et al., 
2013; Nicoletti et al., 2006; Seppi et al., 2006) 

The movements of the water molecules, known 
as Brownian motion, is due to thermal agitation 
and is highly influenced by the cellular environ-
ment. Tirosh & Nevo (2013) suggest a possible re-
duction in water displacement that accompanies 
the neuronal activity, but neuronal activity was 
possibly affected by other physiological mech-
anisms as a consequence from Blood Oxygena-
tion Level (BOLD) (Ogawa, Lee, Nayak, & Glynn, 
1990) and blood flow. Otherwise, Kohno et al. 
(2009) suggest that the changes in DWI signal are 
not due to a BOLD effect because the diffusion 
response was less correlated with the changes in 
oxygenated, deoxygenated, and total hemoglo-
bin. Even, they suggested that a decrease in water 

diffusion reflects early events that precede the vas-
cular responses, which could originate from chan-
ges in the extravascular tissue (Kohno et al., 2009). 
Would be interesting to study on finding evidence 
to suggest that the decrease in the diffusion meas-
ure, really are influenced by the effects of perfu-
sion in PD patients that result in neuronal loss and 
possible symptoms in PD. An example of evidence 
that suggest changes in the region of interest along 
a line between the SN and the lower part of the 
putamen and caudate complex of PD patients, 
in which most of the nigrostriatal dopaminergic 
neurons are included (Yoshikawa, 2004). Another 
important study by Vaillancourt et al., showed dif-
fusion values in rostral, middle, and caudal region 
of the SN distinguishes in early stage PD patients 
from healthy controls (Vaillancourt et al., 2009), 
and structural abnormalities in the SN (Du et al., 
2011; Péran, Cherubini, Assogna, & Al., 2010). Al-
though the correlation between diffusion measures 
and pathological changes like perfusion in PD had 
not evidence, it is a primary concern for further re-
searches to emphasize the importance of the SN.

 BOLD functional MRI has great potential to 
serve as a non-invasive biomarker in PD (Prodoehl 
et al., 2010; Spraker et al., 2010) these studies 
showed hypoactives areas in response to a certain 
task in the basal ganglia, thalamus, cortical regions 
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The apparent diffusion coefficient (ADC) can be 
calculated by using the equation (1):

               ADC=Log(S0/S1)/(b1-b0)                  (1)

Where b1 and b0 are the gradient factors of S1 
and S0 sequences. According to this equation, IVIM 
theory can obtain the IVIM Image (which contains 
diffusion and perfusion) and the pure diffusion im-
age called D.

and SN. But BOLD is a method that faces several 
dependences with cerebral blood flow, cerebral 
blood volume, and blood oxygenation (Federau et 
al., 2012; Malonek et al., 1997). Also the spatial 
resolution is limited due to contribution from veins 
draining in the sides of activation (Turner, 2002). 
Generally we must use a series post-processing 
techniques to improve the spatial resolution. The 
recently advance techniques and functional im-
aging IVIM weighted MRI (LeBihan & Turner, 1992) 
could have a higher spatial correlation with perfu-
sion and neural activation (Federau et al., 2012), 
even if we consider that IVIM concept has contrib-
uted to better understand the different vasculature 
components to the BOLD functional MRI signal 
(Le Bihan, 2012; Ogawa et al., 1993). Some of the 
others good examples or reasons that we encour-
age the use of IVIM is due to imaging demonstrat-
ed ischemic cerebral injury 2 hours post-occlusion 
in all cats, while T2-weighted imaging failed to 
show clear evidence of injury until 2–6 hours (Ide 
et al., 1993).

IVIM

IVIM weighted MRI (LeBihan & Turner 1992) mea-
surements involve two movements in each voxel of 
biological tissue: the molecular diffusion and the 
microcirculation of water (known as perfusion). 
These two movements can be quantified in terms 
of the apparent diffusion coefficient (ADC) (LeBi-
han & Turner, 1992). IVIM images are generated 
from diffusion weighted images, with sequences 
that have different sensitivity to the type of vessels 
and also according to the sensitivity range of mo-
tion which is known as b values.

LeBihan  (2008) indicated that low b values, less 
than 200 sec/mm², make the signal from large ves-
sels with rapid disappearing flow rate; meanwhile 
higher b values above 200 sec/mm² make it pos-
sible to obtain signals of small vessels with slow 
flow that contributes to the acquisition of IVIM sig-
nal (LeBihan & Turner, 1992; LeBihan, 2008).

Figure 1. Separation of diffusion and perfusion. Three 
sequences are used. (a) Without diffusion weighted, 
also called standard sequence; (b) With stronger 
additional gradient G1; (c) Diffusion weighted by 
stronger additional gradient pulses G2 

Source: Cruz, Li, Xu, & Zhang (2010).

Based on Figure 1, an independent separation 
of D and f can be obtained from two IVIM images 
acquired at different gradient factors b. The separa-
tion and quantification of diffusion and perfusion 
images are calculated using third sequence S2  (Le-
Bihan et al., 1988). This sequence, (c), is identical 
to the sequence S1, (b), except that the additional 
gradient pulse is stronger, and the echo attenuation 
due to diffusion is higher.

Combining the first IVIM image obtained from 
S0 (a) and S1 (b), and the pure diffusion image ob-
tained from S1 (b) and S2 (c) is possible to obtain a 
pure perfusion image f as equation (2) follows:

(2)
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Where b1 is the gradient factors of S1, ADC is 
the IVIM image obtained from S0 (a) and S1 (b), and 
D is the pure diffusion image obtained from S1 (b) 
and S2 (c).

PD

Initially described in 1817 by James Pakinson, PD 
is characterized by the selective loss of dopami-
nergic neurons in the SN zona compacta (SNc) 
(Braak, Rüb, Gai, & Del Tredici, 2003). The motor 
symptoms appear when at least 50-80% of dopa-
minergic neurons have died in the SN. This lim-
its the effectiveness of potential treatments due to 
the low number of remaining neurons. According 
to Barcia et al. (2005) and Issidorides (1971), the 
EP can be related to disturbances of the microcir-
culation within the SN, which activates the patho-
physiological cascade, which ultimately leads to 
the loss of dopaminergic neurons. However, an-
other equally interesting theory by Kitagawa et al., 
related to changes in the cellular balance of anti-
oxidants/oxidants due to increased free radicals in 
neurons (Kitagawa et al., 1990)They demonstrat-
ed that oxygen free radicals can be generated as 
a consequence of short periods of ischemia and 
neuronal death in vulnerable areas of the brain 
(Kitagawa et al., 1990; Sasaki et al., 2011)

 In this work we propose to analyze IVIM tech-
nique to evaluate regional blood supply and dif-
fusion measurements, and thus examine the 
correlation with regional atrophy in the SN of PD 
patients.

SN

SN has been divided into two macroscopic por-
tions by their neurotransmitters, a dorsal portion 
rich in neurons containing neuromelanin called 
zona compacta (SNc) (Parent & Hazrati, 1995). The 
more ventral region is a portion with ovoid shape 
and lower neuron density called zona reticular 

(SNr), it has also a lateral portion. Functionally 
SN is divided in the inferior (caudal) and posterior 
(dorsal) in SNc; and the superior (rostral) and ante-
rior (ventral) in SNr (Massey & Yousry, 2010). 

Vascularization in SN

The SN is supplied with blood by four pial arter-
ies: the basilar, the posterior cerebral, the posterior 
communicating and the choroid (Knox & Finley, 
1936). Most of the parenchymal arteries supplying 
the SN also supply neighbouring nuclei (Cipolla, 
2009; Knox & Finley, 1936). Within the SN, the 
capillary network of the SNc is much denser than 
in the SNr (Scheibel & Tomiyasu, 1980). SNc con-
sists of rather densely arrayed vascular loops and 
whorls within which the neurons are situated. And 
SNr consists of longer blood vessels extending to-
ward cerebral peduncle (Scheibel & Tomiyasu, 
1980).

Observations were made of neurons of the SN 
by Issidorides (1971). He found that the melanin-
containing neurons of the SNc in the normal brain 
have a close spatial relationship with the blood cir-
culation. The capillary walls appear fused to the 
membranes of neuronal perikarya. In the Parkin-
sonian SNc since the close contact between nigral 
neuron and the capillary is lost (Issidorides, 1971). 
The width of this area ranged from a simple fissure, 
and seemed to increase with duration of disease. 
These findings suggest that this is due to the in-
filtration of the proliferated glia between cell sur-
face and capillary wall (Issidorides, 1971; Hassler, 
1938).

These changes in vascularization (Figure 2) may 
therefore modify the neuronal availability of blood 
nutrients, blood cells or toxic substances and neu-
ronal susceptibility to parkinsonism (Barcia et al., 
2005). Despite the increased number of blood ves-
sels in the SN of the modeling PD in primates mon-
keys, they found no changes in the volume of the 
SNc (Barcia et al., 2005). 
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Figure 2. Photomicrographs of vascularization evidenced 
by reticulin staining in the zona compacta (SNc) of a 
control monkey (A) and a Modeling Parkinson’s Disease 
in Primates (MPTP)-treated monkey (B) 

Source: Barcia et al. (2005).

Within the SNc, the pathology is more pronoun-
ced in the caudal and the lateral portion (Hassler, 
1938; Jellinger, 1986), in the vascularized portion 
by perforating arteries originating from the vascular 
territory of the perforating branches that origina-
te from the basilar bifurcation and posterior cere-
bral artery, mesenphalic arteries. As same, others 
as dopaminergic midbrain nucleus German et al., 
1989), in the locus ceruleus (Ohtsuka et al., 2013; 
Zweig et al., 1993), and monoaminergic neurons 
in the pons and medulla oblongata (Halliday et al., 
1988). 

PD has a high incidence in people over 50 years 
old with a slowly progressive course; consequent-
ly, multiple anatomical variations of the circle of 
Willis and/or structural changes in their perfora-
ting arteries, possibility can cause reduced blood 

flow to the SN, as well as others nucleus. Although 
the reduction in blood flow and nutrient delivery 
may initially be not clinically detectable, however, 
chronic persistence could ultimately to reduced 
thus compromising neuronal-glial interaction (De 
la Torre, 1994) Because the cerebral blood flow is 
normally regulated by the regional metabolic ac-
tivity of neurons (Raichle et al., 1976). Recent re-
search showed that cells implanted in the posterior 
region of the circle of Willis improved the severity 
of disease (Brazzini et al., 2010). 

SN IN PD

In PD has the highest degree of neuronal loss in the 
SNc (Hirsch, Graybiel, & Agid, 1988), but it was 
more severely affected in the ventral (98%) than 
dorsal and lateral tiers (Fearnley & Lees, 1991). 
Another study with Neuromelanin-sensitive MRI 
was able to visualize changes associated with neu-
ronal loss, the most significant signal attenuation 
was detected in the lateral part and most severely 
affected in PD (Ohtsuka et al., 2013). 

The cause of the vulnerability of different re-
gions is unknown. Apparently some of the reasons 
or features are because the neurons are more sen-
sitive to oxidative stress in PD, which is known as 
the increased iron concentrations in the SN (EC 
Hirsch, 2009). Furthermore, an increased density 
of lactoferrin receptors has been reported on do-
paminergic neurons and blood vessels (EC Hirsch 
& Faucheux, 1998; EC Hirsch, 2009).

Other a good correlation between PD patients 
and controls with the BOLD signal versus the per-
formance of motor tasks and symptom-specific di-
sease severity was made by Prodoehl et al. (2010) 
and Spraker et al., (2010). They showed the loca-
tion on each anatomical region of the basal gan-
glia, primary motor cortex, supplementary motor 
area and SN were hypoactive in PD patients. Even 
the hypoactivity was observed in PD patients who 
had not yet started medication to subthalmic nu-
cleus and SN (Spraker et al., 2010). In addition 
to these findings, one of the major responses that 
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accompanies changes in neural activity is a loca-
lized change in cerebral hemodynamics: changes 
as cerebral blood flow, volume and blood oxy-
genation (Ogawa et al., 1993); also when a neu-
ron increases the metabolic demands of oxygen 
and nutrients, they are extracted from the blood, 
meanwhile increases the local perfusion through 
vascular coupling (Roy & Sherrington, 1890). 

Software application for ADC and IVIM

generate ADC, diffusion and perfusion maps. The 
software was developed in Java language, as a plu-
gin for ImageJ. ImageJ is a public domain Java ima-
ge processing program (http://rsbweb.nih.gov/ij/). 
The logical structure of the program gives the user 
the possibility to perform two analyses: 1) IVIM 
Analysis: calculates the IVIM map, the pure diffu-
sion map and the perfusion map; 2) ADC Analysis: 
calculates the ADC map for two or more slices by 
using a fitting algorithm.

The following flow diagram (Figure 3) imple-
ments the main aspects of IVIM calculation:

On the other hand, the ADC analysis perfor-
ms the ADC maps from multiple DWI slices with 
different b values. When two slices are introduced, 
with its corresponding b values, the software will 
perform an ADC analysis based on the equation 
(1). And, for more than two slices a fitting algo-
rithm will be used. This fitting algorithm is based 
on the famous simplex method. The simplex al-
gorithm, created by the American mathematician 
George Dantzig in 1947, is a popular algorithm for 
numerically solving linear programming problems. 
This method uses the concept of a simplex, which 
is a polytope of N + 1 vertices in N dimensions: a 
line segment in one dimension, a triangle in two 
dimensions, a tetrahedron in three-dimensional 
space, and so forth. Each ADC value in the map 
will be expressed in terms of 10-3 mm2/sec.

CONCLUSIONS

Basically the IVIM method an engineering point of 
view allows us to suggest that diffusion measures 
are excellent to proposing novel methods for deve-
lopment and planning of logic solutions to follow 
the disease progression and find new potential bio-
markers in PD. Also authors such as Du et al. (2011) 
and Vaillancourt et al. (2009) proposed to improve 
and develop methods for separation of SN to dis-
tinguish SNc from SNr, as well as it is a necessary 
development novel tool for analyses and compare 
iron deposition, perfusion and diffusion within the 
SN, that can help to know the progression of the 

Figure 3. IVIM main flow diagram

Source: Own work. 

With the aim of implementing the IVIM theory abo-
ve described and also trying to emphasize the rich 
information that ADC maps can give us, an “open 
source” application was implemented in order to 
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processing. In future stages preprocessing tools 
can be developed. And others imaging computa-
tional methods and software tools can improve the 
analysis in future research that are widely used to 
process and analyze DWI data (Hasan, Walimuni, 
Abid, & Hahn, 2011).
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