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 The pre-surgical planning of brain neoplasms is strongly contributing to change the 
prognosis of neoplastic patients. Indeed, it supplies more and more detailed and reliable func-
tional and morphological information before as well as during surgery. Both invasive and non-
invasive approaches are available to achieve this goal. A powerful technique for the pre-sur-
gical planning of brain neoplasms is Diffusion Weighted Imaging (DWI) based tractography. 
Differently from other approaches, tractography is able to provide, non-invasively, morpho-
logical information regarding brain pathways relationship with the neoplasm, by analyzing 
water diffusion within white matter. This is important especially for eloquent bundles, such as 
Cortico-Spinal Tract (CST) and Arcuate Fasciculus (AF), whose damages have a bad impact on 
the patient’s Quality of Life (QoL). Tractography can be performed through several diffusion 
signal modeling techniques, among which Diffusion Tensor Imaging (DTI) is the most known. 
DTI has been widely used for neurosurgery both in pre-operative and intra-operative contexts, 
also in combination with other functional approaches such as functional MRI (fMRI) and corti-
cal stimulation.1-8 This useful technique was able to reduce post-surgical deficits as well as to 
improve the survival of neoplastic patients, through a better delineation of maximal safe resec-
tion.9 Moreover, its use provided great benefits in patients with high-grade gliomas in terms 
of risk of death.9 Several studies have demonstrated that DTI suffers from many limitations 
regarding its reliability to correctly model diffusion signal in different conditions.10,11 Further-
more, tensorial models are not able to resolve different fibers geometries (i.e. crossing fibers) 
within the same voxel; these complex configurations have been demonstrated to characterize 
more than 90% of white matter voxels,12 thus making DTI an unreliable diffusion modeling 
technique. In order to overcome these limitations, several other approaches were developed; in 
particular, High Angular Resolution Diffusion-weighted Imaging (HARDI),13 Q-Ball Imaging 
(QBI)14 and Diffusion Spectrum Imaging (DSI)15 were found to be promising techniques for 
resolving voxels with multiple fibers orientations. Nevertheless, tractography was further im-
proved by an HARDI modified approach called Constrained Spherical Deconvolution (CSD); 
this technique does not require very long acquisition time with respect to DSI16 and it is able to 
improve angular resolution if compared to QBI.17 CSD-based tractography was widely used in 
physiological contexts as well as in pathological ones, showing high sensitivity for the detec-
tion of white matter pathways.18-22 Although tensorial approaches were proved to be inadequate 
for reliably reconstructing brain pathways23 and histological validation of CSD-based tractog-
raphy has been recently provided,24 more advanced diffusion techniques are still considered 
not usable in clinical settings due to their too high technical requirements.25 For these reasons, 
DTI remains, to date, the most used technique for investigating white matter bundles, also for 
the pre-surgical planning of brain neoplasms.26-28 In reality, as recently highlighted by Mormina 
and colleagues,29 CSD-based tractography is feasible in clinical settings and it is able to pro-
vide very useful information during the pre-surgical evaluation of eloquent bundles in patients 
with high-grade gliomas. It was shown that DTI-based reconstructions can be affected also by 
neoplasm’s effects on white matter bundles. Indeed, brain pathways might result dislocated, 
disrupted and/or infiltrated by neoplasm,30 with simultaneous Fractional Anisotropy (FA) dec-
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rements; tensorial models are not able to distinguish among these different conditions, thus causing partial reconstructions or null 
detection of bundles involved. Moreover, peritumoral edema surrounding high-grade gliomas is able to reduce FA values,31 causing, 
also in this case, misleading fiber tracking. Mormina, et al.29 showed how CSD-based tractography is able to clearly define fiber 
bundles involved by high-grade gliomas. Comparative qualitative analysis between CSD-based tractography and DTI-based one in 
patients with high-grade gliomas is shown in Figures 1 and 2.

 

 Mormina and colleagues29 showed also how this technique allowed are liable analysis of diffusion-based parameters of 
reconstructed pathways in neoplastic patients. The quantitative evaluation of white matter streamlines based on diffusion tensor pa-
rameters, such as FA and Mean Diffusivity (MD), is considered another important measurement for detecting structural alterations 
of white matter caused by a loss of axonal integrity. Since DTI-based tractography does not consider voxels with low FA values, the 
quantitative analysis might provide the erroneous information of not significant white matter alterations; the latter, together with a 
partial qualitative analysis of affected pathways, might thus suggest false safe resection margins around the neoplasm. Moreover, 
it is worthy to note that a pre-surgical planning performed by means of DTI-based tractography cannot provide any qualitative and 
quantitative information regarding well-known undetected white matter bundles, such as the lateral portion of CST as well as the 
anterior portion of AF.29,32 All these limitations might be avoided by using CSD-based approach. Its sensitivity for reconstructing 
white matter bundles has been also recently highlighted by a comparative analysis of different tractographic approaches; in detail, 
CSD-based tractography was able to better detect brain pathways involved by neoplasm if compared to DTI-based one.33

Figure 2: Comparative qualitative analysis of bilateral AF reconstructions in a patient with left 
high-grade glioma (blue volume). DTI-based tractography (A) shows a good AF detection in 
the healthy side, although several portions are poorly represented, such as the anterior one. 
AF seems to be widely damaged by neoplasmin the affected side. CSD-based tractography 
(B) shows a better detection of all AF portions in the healthy side, if compared to DTI-based 
one. Moreover, it shows a good AF representation in the affected side; this suggests that AF is 
involved by neoplasm although it is not strongly damaged. Also in this case, both DTI limitations 
and peritumoral edema might cause differences regarding AF representations in the affected 
side, if compared to CSD-based one.

Figure 1: Comparative qualitative analysis of bilateral CST reconstructions in a patient with 
right high-grade glioma (brown volume). DTI-based tractography (A) shows a good detection 
of the medial CST portion in the healthy side, whereas it is less represented in the affected 
side. Lateral CST portions are bilaterally missing. CSD-based tractography (B) shows robust 
detection of the entire CST in the healthy side. The medial CST portion results poorly involved 
in the affected side; moreover, the lateral CST portion is still detected, although it seems to be 
more involved by neoplasm. While the lack of DTI detection of lateral CST might be due to DTI 
intrinsic limitations, different representations of medial CST in the affected side might be caused 
by peritumoral edema affecting DTI-based reconstruction.
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 This brief description showed how the use of more advanced DWI-based approaches can provide useful information before 
surgical treatment of patients with brain neoplasms. It was demonstrated that these techniques are able to improve effectiveness 
of surgical treatments as well as their outcome by allowing a better delineation of resection margins. Moreover, they may have a 
good impact on the quality of life of neoplastic patients by helping to preserve eloquent fiber bundles and consequently by reducing 
post-surgical deficits. Several authors demonstrated that advanced diffusion signal modeling algorithms, such as CSD one, can be 
compatible with clinical settings and they should be more largely used for pre-surgical planning of brain neoplasms.

 Interesting future perspectives for brain neoplasms treatment will regard the combined use of CSD-based tractography with 
functional approaches, such as neuronavigated Transcranial Magnetic Stimulation (nTMS), in order to further improve detection of 
eloquent bundles. Indeed, a recent study has adopted nTMS for subject-specific localization of the motor area and then DTI-based 
tractography for CST tracking; this approach allowed a good detection of CST, although tractographic reconstructions were found 
affected by above described DTI limitations, such as the peritumoral edema.34 The use of CSD-based tractography in a similar study 
protocol might provide a better subject-specific detection of CST. Finally it will be important to assess potential improvements and 
advantages for neurosurgeons provided by the integration of these techniques into intraoperative navigation systems.
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ABBREVIATIONS: ORs: Optic Radiations; LGN: Lateral Geniculate Nucleus; DTI: Diffu-
sion Tensor Imaging; MRI: Magnetic Resonance Imaging; HARDI: High Angular Resolution 
Diffusion-weighted Imaging; QBI: Q Ball Imaging; DSI: Diffusion Spectrum Imaging; CSD: 
Constrained Spherical Deconvolution; WM: White Matter; FA: Fractional Anisotropy.

	 Optic	Radiations	(ORs)	are	two	white	matter	fiber	bundles	allowing	direct	connec-
tion	 between	 homolateral	Lateral	Geniculate	Nucleus	 (LGN)	 and	 visual	 cortex.	 From	 the	
anatomical point of view, ORs are conventionally divided in three different portions, namely 
anterior, middle and posterior; the Meyer’s loop represents the anterior portion, and it has 
been	shown	to	be	a	bundle	with	a	very	high	variability	in	human	brain.1-3 The latter aspect has 
to	be	taken	into	account	when	studying	ORs	in	clinical	and	surgical	contexts.	Indeed,	ORs	
represent	 eloquent	white	matter	 bundles	 often	 reconstructed	by	means	of	Magnetic	Reso-
nance	Imaging	(MRI)	based	approaches	in	order	to	assess	their	involvement	by	pathological	
conditions as well as to prevent post-surgical damages. Both these conditions can compro-
mise	visual	function	by	causing,	for	instance,	visual	field	deficits.4,5 Schematic representation 
of	ORs’	bundles	and	common	visual	field	deficits	associated	with	ORs’	lesions	is	shown	in	
Figure 1.

 

	 ORs	are	 largely	 studied	by	means	of	diffusion	MRI	based	modelling	 techniques,	
such	as	Diffusion	Tensor	Imaging	(DTI).	These	methods	allow	both	qualitative	evaluation	

Figure 1: Schematic representation of ORs, from their origin from LGN 
(yellow) to visual cortex (grey) and common visual field deficits associ-
ated with ORs’ lesions. Each bundle is colored separately. LGN’s dam-
age is followed by homonymous hemianopia (1). Lesions of the anterior 
bundle (blue) cause homonymous superior quadrantanopia (2) whereas 
damages of the posterior bundle (pink) are followed by homonymous 
inferior quadrantanopia (3). Middle bundle is shown in violet. Homony-
mous hemianopia with macular sparing can be seen after damages at 
visual cortex level (4).

http://openventio.org/Volume1_Issue1/MRI_Investigation_of_Optic_Radiations_in_Human_Brain_New_Findings_and_Technical_Considerations_ROJ_1_e002.pdf
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of	white	matter	bundles	as	well	as	quantitative	analysis	of	several	diffusion	parameters,	such	as	Fractional	Anisotropy.	The	non-
invasive	investigation	of	ORs	by	means	of	diffusion	MRI	has	provided	several	morphological	 information	regarding	ORs’	con-
nectivity.	In	particular,	moving	beyond	well	demonstrated	link	with	V1	and	V2,6	direct	connections	with	V3,7	V48	and	V58,9 have 
been	recently	shown.	Functional	implications	of	such	connectivity	include	both	primary	visual	signal	elaboration	as	well	as	more	
complex	functions;	for	example,	direct	connection	with	extra-striatal	areas	have	been	supposed	to	be	implicated	in	the	genesis	of	
complex	functional	phenomena	such	as	blindsight.10	Moreover,	other	studies	have	hypothesized	that	such	extra-striate	connectivity	
might	be	the	anatomical	basis	for	the	functional	compensation	performed	after	damages	of	striate	visual	cortex.11

	 In	the	context	of	tractographic	driven	investigation	of	ORs,	several	issues	should	be	considered,	especially	if	using	con-
ventional	DTI.	Indeed,	ORs	reconstruction	might	be	potentially	affected	by	well-known	DTI	limitations,	such	as	partial	volume	
effects.12,13	 Furthermore,	 several	 bundle-specific	 issues	may	 compromise	ORs	 tractographic	 reconstructions,	 e.g.	 complexity	 of	
ORs	anatomical	course	as	well	as	their	relationship	with	other	white	matter	bundles	and	brain	structures.1,2,8,14,15 From a technical 
perspective,	several	voxels	with	complex	geometriesmay	be	involved,	which	are	known	to	cause	an	inaccurate	analysis	when	apply-
ing	DTI	model.	These	potential	pitfalls	raised	several	criticisms	regarding	reliability	of	tractographic	findings	regarding	both	ORs	
detection	as	well	as	extrastriate	connectivity.16	To	overcome	these	limitations,	other	diffusion	models	have	been	tested	to	improve	
tractographic reconstructions, such as High Angular Resolution Diffusion-weighted Imaging (HARDI), Q Ball Imaging (QBI) and 
Diffusion	Spectrum	Imaging	(DSI)	algorithms.	Although	tractographic	output	provided	by	these	approaches	was	found	to	outper-
form	DTI	based	one,	these	algorithmsare	however	difficult	to	be	applied	in	clinical	contexts	because	they	are	really	scanner	demand-
ing and time-consuming or they showed poor angular resolution.17,18 From this point of view, Constrained Spherical Deconvolution 
(CSD)18	has	been	found	a	powerful	technique	feasible	in	clinical	settings.	Recently,	Arrigo	and	colleagues8 have shown how the use 
of	CSD	model	combined	with	probabilistic	tractography	provided	robust	ORs	detection	in	healthy	human	brain.	They	were	able	to	
provide	a	more	complete	reconstruct	of	all	ORs’	portion,	especially	in	case	of	Meyer’s	loop,	justifying	such	result	as	being	due	to	the	
higher	angular	resolution	reached	by	CSD	if	compared	to	other	models,	as	well	asits	ability	to	resolve	voxels	with	complex	fibers’	
configurations.8,13,18	These	voxels	are	indeed	known	to	represent	more	than	90%	of	the	total	number	in	each	brain,	thus	causing	DTI	
reconstruction	troubles	for	other	eloquent	bundles	of	White	Matter	(WM),	such	as	corticospinal	tract	and	arcuate	fasciculus.19 It is 
worthy	to	note	that	CSD	has	been	already	used	to	reconstruct	ORs,	providing	accurate	tracking	of	these	white	matter	bundles	and	
increasing	reliability	and	details	of	ORs	morphological	profile.20,21 

 Arrigo et al8	reinforced	the	hypothesis	of	ORs’	extrastriate	connectivity	as	well	as	their	involvement	in	higher	order	visual	
functions.	Moreover,	direct	LGN	connection	with	V4	was	shown	for	the	first	time	in	humans,	reinforcing	the	findings	provided	by	
previous analyses performed in animals.22,23	The	comparative	view	of	DTI	based	and	CSD	based	ORs	reconstructions	is	shown	in	
Figure	2.

 

 

	 	 If	benefits	provided	by	CSD	model	are	important	in	physiological	contexts,	they	become	extremely	important	in	
pathological	ones,	for	instance	during	pre-surgical	planning.	Indeed,	ORs	are	investigated	both	in	patients	with	brain	neoplasms	as	
well	as	for	surgical	treatment	of	drug-resistant	epilepsy,	the	latter	consisting	in	the	anterior	temporal	lobe	resection.3,24-27 Regarding 
brain	neoplasms,	many	additional	reconstruction’s	issues	have	been	shown	in	these	patients,	which	are	caused	by	neoplasm’s	effects	
on	diffusion	signal;	these	potential	pitfalls	may	be	overcome	by	using	more	advanced	diffusion	signal	modelling	techniques,	such	as	
CSD, as previously reported in other studies.28,29	Regarding	pre-surgical	planning	of	ORs,	the	use	of	CSD	based	tractography	may	
increase	definition	of	safety	resection	margins	and	it	might	have	a	good	impact	on	post-surgical	visual	deficits.
 
	 From	a	quantitative	point	of	view,	the	adoption	of	more	advanced	diffusion	based	approaches	might	have	an	impact	on	

Figure 2: OR stractographic reconstruction in healthy human brain. (A) Axial view of DTI based (left side of the 
image) and CSD based (right side of the image) tractographic reconstructions showed a more complete ORs 
detection provided by CSD. Each bundle was colored according to its main diffusion direction. (B) Tridimensional 
sagittal view of CSD based reconstruction of left ORs. The use of CSD based tractography allowed a good de-
tection of each ORs component. Anterior, middle and posterior ORs bundle, starting from LGN (yellow volume), 
were manually colored respectively in blue, red and green. 
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evaluation	of	diffusion	parameters.	Indeed,	when	performing	a	tract	based	quantitative	analysis,	it	should	be	taken	into	account	that	
DTI	would	exclude	voxels	with	complex	geometry,	since	they	often	show	Fractional	Anisotropy	(FA)	values	below	a	relative	cut-off	
used	for	conventional	tracking.13	FA	decrements	can	be	found	both	in	voxels	with	multiple	orientations	and	in	voxels	involved	by	a	
pathological process.30	The	result	of	this	DTI	limitation	is	the	loss	of	these	voxels	from	the	total	count,	determining	an	incomplete	
profiling	of	a	given	pathway.	With	respect	to	ORs,	this	issue	may	particularly	affect	Meyer’s	loop,	which	is	known	to	be	poorly	
detected	when	using	DTI	tractography;	moreover,	also	other	ORs’	portions	might	be	potentially	affected	due	to	the	presence	of	
crossing	fibers.8

	 Performing	diffusion	parameters	evaluation	on	the	basis	of	CSD	outcome	may	instead	allow	a	more	complete	quantitative	
profile	of	ORs,	thus	allowing	a	better	depiction	of	white	matter	integrity	loss,	like	it	has	already	been	previously	shown	for	other	
brain	pathways.13,28,29	A	reliable	quantitative	evaluation	is	required	for	ORs	evaluation	in	several	diseases.	Indeed,	if	ORs	are	directly	
involved	in	case,	for	instance,of	neoplasms	or	multiple	sclerosis,	there	exist	a	number	of	studies	showing	that	that	ORs	can	suffer	
from damages localized at other levels of the visual system as well, such as primitive optic nerve diseases. In particular, ORs diffu-
sion	parameters	were	found	altered	both	in	cases	of	glaucoma	and	optic	neuritis.31-33 These studies suggested that, although we are 
in	presence	of	a	localized	damage,	the	entire	visual	system	should	be	analyzed	in	order	to	assess	possible	negative	effects	on	other	
visual	structures.	From	this	point	of	view,	advanced	methods	such	as	CSD	based	tractography	can	be	considered	powerful	tools	for	
a deeper investigation of visual system damages.

	 This	brief	description	attempted	to	summarize	recent	anatomical	and	physiological	advances	regarding	ORs	detection	and	
analysis.	Moreover,	it	showed	how	advanced	diffusion	signal	modelling	techniques	may	improve	ORs’	investigation	both	in	healthy	
and	pathological	conditions,	describing	common	as	well	as	tract-specific	diffusion	issues.	Furthermore,	this	study	shows	that	the	
choice	of	diffusion	model	may	have	a	huge	impact	both	on	qualitative	and	quantitative	analysis	of	ORs.
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ABSTRACT

 Magnetic Resonance Imaging (MRI) has come to be known as a unique radiological 
imaging modality because of its ability to perform tomographic imaging of body without the 
use of any harmful ionizing radiation. The radiologists use MRI to gain insight into the anatomy 
of organs, including the brain, while biomedical researchers explore the modality to gain 
better understanding of the brain structure and function. However, due to limited resolution 
and contrast, the conventional MRI fails to show the brain microstructure. Diffusion Tensor 
Imaging (DTI) harnesses the power of conventional MRI to deduce the diffusion dynamics of 
water molecules within the tissue and indirectly create a three-dimensional sketch of the brain 
anatomy. DTI enables visualization of brain tissue microstructure, which is extremely helpful 
in understanding various neuropathologies and neurodegenerative disorders. In this review, 
we briefly discuss the background and operating principles of DTI, followed by current trends 
in DTI applications for biomedical and clinical investigation of various brain diseases and 
disorders.

KEYWORDS: Brain imaging; Diffusion tensor imaging; Diffusion weighted imaging; Diffusion 
tensor tractography; Multiple sclerosis; Alzheimers; TBI.

ABBREVAITIONS: MRI: Magnetic Resonance Imaging; DTI: Diffusion Tensor Imaging; 
NMR: Nuclear Magnetic Resonance; MD: Mean Diffusivity; FA: Fractional Anisotropy; CSF: 
Cerebro-Spinal Fluid; WM: White Matter; GM: Gray Matter; FAD: Familial-AD; MCI: Mild 
Cognitive Impairment; EEG: Electro-encephalogram; TLE: Temporal Lobe Epilepsy; NAWM: 
Normal-Appearing White Matter; NAGM: Normal-Appearing Gray Matter; TBI: Traumatic 
Brain Injury; mTBI: mild TBI; CT: Computed Tomography; ATP: Adenosine tri-phosphate.

INTRODUCTION

 Diffusion Weighted Imaging (DWI) is a powerful Magnetic Resonance Imaging (MRI) 
technique from a clinical standpoint, as the inherent rate of diffusion within various regions 
of the body can be measured. Stejskal and Tanner1 first described the technique to measure 
water diffusion with Nuclear Magnetic Resonance (NMR) in 1965. Water molecules in the 
body encounter physical boundaries that impede their random displacement, i.e. molecules 
can hit a barrier and bounce back within the given diffusion time of the experiment. Thus, the 

http://openventio.org/Volume1_Issue1/Recent_Developments_in_Diffusion_Tensor_Imaging_of_Brain_ROJ_1_101.pdf
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resultant signal may be higher than if the sample were under the 
same conditions but without barriers resulting in lower rates of 
diffusion than actuality. 

 DWI provides a powerful diagnostic tool as different 
diseases and disease states result in differential imbalances in 
local water content and diffusivity rates. Diffusion in the central 
nervous system may not be isotropic i.e. diffusion is not the same 
in all directions. Diffusion in white matter tracts is preferential 
in the direction of the fibers and very small perpendicular to the 
fiber. Thus white matter bundles within the brain exhibit high 
degrees of anisotropy within a given voxel. Signal intensity, in 
diffusion-weighted images of white matter, changes depending 
on the direction of the applied diffusion gradient, due to the 
preferential direction of diffusion within the fibers, thus offering 
a means of determining fiber orientation. Multiple DWI images 
acquired by applying differential pulses in different diffusion-
sensitizing gradient directions can be fit to an apparent diffusion 
tensor model (Diffusion Tensor Imaging, (DTI)) which allows for 
the quantification of Mean Diffusivity (MD) and the anisotropy 
of water diffusion (Fractional Anisotropy, (FA)). For a rank-
2 tensor fit, the diffusion tensor corresponds to a 3×3 square 

matrix in which the diagonal elements represent eigenvalues 
(λ1, λ2, and λ3) corresponding to effective diffusion along the 
x, y and z axes,2 while the off-diagonal elements represent 
correlations of the diffusivity between the three orthogonal axes. 
Each eigenvalue has an associated eigenvector, which defines 
the orientation of effective diffusion. 
        
  
      
 

 
 For regions with isotropic diffusion such as voxels 
with freely diffusing Cerebro-Spinal Fluid (CSF), the three 
eigenvalues have similar values. For regions with high 
anisotropy, such as white matter voxels, the eigenvalue in one 
direction is much greater than the magnitude in the other two 
directions (Figure 1). As diffusivity is higher along the length 
of the white matter, the primary eigenvector is representative 

   

AD =
(l 1

2 + l 2
2 + l 3

2 )
3

(1)

(2)

Figure 1: Diffusion tensor imaging. λ1, λ2 and λ3 are the principle 
eigenvalues from the 3×3 matrix. Due to the tortuosity of various cell 
bodies and the extracellular matrix in grey matter regions, the values of 
λ1, λ2 and λ3 are similar thus resulting in low FA values (A and C, top right 
inset). Due to the parallel arrangement of axons in white matter bundles, 
the value of λ1is usually much higher than λ2 or λ3, thus leading to higher 
FA values (B and C, top left inset).
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of the average orientation of fibers within the voxel. In fact, 
this sensitivity, providing diffusion summary measures and 
tissue fiber orientation, has made DTI widely used as a clinical 
tool, especially in conditions where abnormalities in WM are 
expected and in healthy conditions.3,4

APPLICATIONS OF DTI OF BRAIN

Applications for Understanding Normal Neuronal Connectivity

 Development of innovative and non-invasive methods 
for mapping brain connectivity at cellular and systems scale 
allow the acquisition of comprehensive whole-brain data sets 
from individual human subjects and their comparison with 
individual data on brain dynamics, cognition, behavior, and 
genetics. Information on the structural connectivity of human 
brain – human connectome, is fundamental for the formulation 
of mechanistic models of the network processes underlying 
human brain function.5 DTI can provide insight into plastic/
reactive changes in the microstructure and connectivity of white 
matter. In the human brain axons connect about 100 billion 
neurons and carry signals to, from, and within the brain and are 
the key factors that are studied on brain network connectivity.6 
The rate at which water molecules diffuse in the brain along a 
particular direction (the apparent diffusion co-efficient) can be 
measured in vivo by applying a diffusion sensitizing gradient in 
the direction of interest.7 

 By applying an orientation density function-
based tractography method Hagmann et al measured the 
neuroconnectivity strength based on the number of fiber between 
any two brain regions.8 Gong et al utilized diffusion tensor 
imaging deterministic tractography to construct the popularity-
based anatomical network capturing the underlying connectivity 

pattern of human cerebral cortex in 80 young adults, comprising 
a streamline-like tractography method and statistics-based 
nonparametric sign test.9 Bonilha et al have also shown that 
connectome mapping using DTI is reproducible (Figure 2).10 In 
these studies network modeling was carried out considering that 
the brain network is a binary network ignoring the connectivity 
strength information among different brain regions.8,9 To find 
the most probable trajectory between any two nodes Iturria-
Medina et al used an iterative algorithm and applied anatomical 
connection probabilities to measure the connectivity strength 
between 90 cortical and subcortical brain gray matter areas.11 
Li et al extend the algorithm and model of the connectivity 
between different anatomical regions by performing tensor-
based fast marching method, using the whole tensor field rather 
than just the principal directions.6 But the newest connectome 
studies implement Brain X3 a virtual reality simulation cum data 
mining platform that is used to visualize, analyze and extract 
neuroscience data.12

Neuro-Degenerative and Neurological Disorders

Alzheimer’s disease (AD): AD is the most common type of 
neurodegenerative dementia in aging population.13 Early 
diagnosis is important for identifying candidate patients for the 
emerging therapies.14 AD is characterized by loss of neurons, 
presence of senile plaques and neurofibrillary tangles that 
are found in the some neuroanatomical structures in the early 
course of the disease.15 Anatomical MRI is used as a structural 
neuroimaging method for most of the AD studies and clinical 
trials; however DTI is a sensitive method to study microscopic 
White Matter (WM) changes that are not detectable with 
conventional MRI. DTI has been used for detecting regional WM 
alterations in AD followed by Gray Matter (GM) in the disease 
progression, which indicates that the cortical abnormalities are 

Figure 2: This figure demonstrates each connectome link represented by a line corresponding 
to the center of mass of the bundle of fibers associated with that link (estimated from deterministic 
tractography using DTI). Each link is color-coded based on its reproducibility per tractography approach 
and scanner usage. The color bars indicate the link-wise Intraclass Correlation Co-efficient showing 
that connectome mapping is largely reproducible using DTI. Reprinted from Bonilha et al.10
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greater in posterior regions relative to anterior regions at the 
early stages of AD.16,17 Several researchers have studied the 
loss of WM integrity in early AD18-20 and in early Familial-AD 
(FAD).21 Regional DTI has been shown to distinguish AD, Mild 
Cognitive Impairment (MCI) and normal aging20,22-25 (Figure 3). 
DTI is being viewed as a crucial tool for AD diagnosis in recent 
years and has the potential to be used as a biomarker through 
analysis of various diffusion tensor metrics.26,27

Epilepsy: Spontaneous seizures that result in epilepsy may 
arise from synchronous firing of neurons from one region or a 
network of regions from various parts of the brain, which may 
be difficult to clinically isolate the seizure focus using traditional 
clinical modalities. DTI has proven fruitful in accomplishing 
this. Measurements in cerebral structural abnormalities and 
epilepsies, using DTI have shown significant changes in the 
mean rate of diffusion and the anisotropy of water motion.28-32 
The MD and FA which are invariant to image orientation were 
used to quantify aspects of water diffusion observed in cerebral 
tissue. These measures provide results similar to “stains” used 
in histological studies,33,34 but allow them to be measured in 
intact tissue. Studies performed on experimentally induced SE 
showed reductions in ADC values in limbic as well as extra-
limbic structures.35-37 This decrease in ADC has been attributed 
to cytotoxic edema as excessive excitation leads to massive 
influx of sodium, chloride and calcium ions into the cells, 
leading to a net flow of water from the extra- to intracellular 
compartments, leading to an overall reduction in ADC.38 Similar 

reductions in ADC, on the side of seizure focus deduced using 
Electro-encephalogram (EEG), have been observed in patients 
after prolonged seizures.39 In focal epileptic regions, the mean 
rate of diffusion often increases and the anisotropy consistently 
decreases, reflecting neuronal loss, gliosis and structural 
disorganization. 

 A chronic elevation of diffusion rate is observed in 
Temporal Lobe Epilepsy (TLE) patients with hippocampal 
sclerosis, which has been attributed to neuronal necrosis, 
gliosis, and expanded extracellular space.40 Using DTI, 
increased diffusion rate and a decreased diffusion anisotropy in 
the epileptic focus, compared to the contralateral region, was 
observed by Assaf et al41 in patients with TLE. Similar studies 
using DTI have reported a reduction in diffusion anisotropy in 
the ipsilateral parahippocampal gyrus and fornix,32,42 and also in 
extra-temporal white matter,42 such as the internal capsule,43 the 
external capsule,44 the genu43 and the splenium44 of the corpus 
callosum (Figure 4). The reduction in diffusion anisotropy has 
been suggested to result from a loss of ordered structure, myelin 
degradation and lowered cell density.32,43,45 Fiber tract maps 
generated from DTI measurements have also shown a reduction 
in tract volume of the fornix both pre46 and post47 resective 
surgery of the epileptogenic focus, as well as an increase in 
diffusion rate and a decrease in diffusion anisotropy in patients 
with unilateral TLE. Due to the ability of DTI to identify the 
epileptogenic focus, it has been utilized in surgical planning for 
the removal of the focus.48,49

Figure 3: Tractography demonstrations of ROI from fMRI data for (A), short-range 
fiber tracts, and for (B), long-range fiber tracts.(C), The MD, FA of short-range fiber 
tracts, long-range fiber tracts in three groups.- Both MD and FA are useful in identifying 
differences between AD patients and normal (young and old). Reprinted from Gao 
et al.25
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Multiple sclerosis (MS): MS is one of the most common 
neurodegenerative inflammatory diseases of the central nervous 
system, characterized by demyelination and axonal loss. The 
disease manifests through symptoms such as overall physical 
disability, imbalance of gait, sensory disturbance and cognitive 
dysfunction, the factor causing this disease are unknown.50,51 
MRI imaging plays an important role in early diagnosis of MS 
and in monitoring treatment efficacy; however, the technique 
shows low pathological specificity and low sensitivity to diffuse 
damage in Normal-Appearing White Matter (NAWM) and 
Normal-Appearing Gray Matter (NAGM).52 In the recent years, 
DTI has proven to be an effective tool for detecting demyelination 
and tissue damage quantitatively.53 Most commonly used DTI 
metrics, MD and FA measure overall water motion without 
any directionality, and the prevalence of diffusivity along one 
direction, respectively.54 However, interpretation of these metrics 
for diagnosing specific pathologies in patients with MS is very 
complex. Several studies have been conducted to identify and 
establish correlation between pathophysiological conditions of 
specific anatomy and abnormalities in the MD and FA values.55,56 
Overall, the FA value, as it indicates the anisotropy of water 
diffusion along a specific direction, could serve as a reliable 
marker for estimating presence of plaques, lesions or overall 
microstructural changes in with the NAWM.57 Additionally, 
Commowick et al suggested that instead of only replying on these 
scalar metrics such as MD and FA, demonstrated a framework 
that utilizes the whole diffusion tensor information to also in 
detect pathologies in the regions around existing legions, which 
allows an early detection of an extension of MS.58

Traumatic brain injury (TBI): Another important neurological 
disorder, TBI, affects 1.7 million people in the United States 
annually59 and the clinical symptoms from TBI range from mild 
cognitive impairment to severe disability and neuroimaging 
plays a critical role in determining the course of therapy. 
Depending on the severity of the TBI, conventional MRI may 
or may not show abnormalities. In order to better diagnose cases 
of mild TBI (mTBI) (e.g. concussions), advanced neuroimaging 
techniques are being sought out. DTI is a potentially powerful 
research tool for investigating white matter pathology across a 
broad spectrum including mTBI. Various ROI-based studies have 
shown that DTI is sensitive in detecting group differences when 
comparing mTBI patients with healthy controls and suggest that 
DTI is sensitive to white matter changes60-64 (Figure 5). Certain 
studies, such as by Miles et al have assessed the predictive 
value of DTI in determining cognitive function months after 
mTBI.65 The observations from these various studies suggest 
that DTI is sensitive to white matter pathology following TBI, 
but all studies revealed substantial inter-individual differences 
in white matter integrity even among healthy controls.61 These 
findings suggest that the specificity of such DTI abnormalities 
to mTBI is limited and illustrate well the problem of applying 
this technique to the examination of individual subjects and 
using DTI for any predictive value for future neurocognitive and 
neuropsychological changes.

Stroke: DTI can be used to evaluate damage in patients who 
have suffered an ischemic stroke due to the effects that the 
stroke has on the movement of fluids within the brain. DTI 

Figure 4: FA and volume alterations of the hippocampus and thalamus in patients with unilateral TLEhs 
relative to controls. The top row indicates mean (with 95% CI) FA (left) and volume (right) of the left 
and right hippocampus across controls (C), patients with left TLEhs (L) and patients with right TLEhs 
(R). The bottom row is the same for the thalamus. Structures are colour-coded: light blue for FA, yellow 
for hippocampal volume (as per standard Free Surfercolour classification) and dark green for thalamic 
volume (as per standard Free Surfercolour classification). FA values are the mean for each (corrected). 
** = significant at p<0.01 (corrected). *** = significant at p>0.001 (corrected). Reprinted from Keller et al.42
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measurements have shown that FA within the white matter of the 
brain is significantly lower on the side of the brain that suffers an 
infraction when compared to the side of the brain that has not.66,67 

Thus, by looking at a complete map of FA within the brain of a 
patient that is suspected of having suffered a stroke, a physician 
is able to tell whether or not the stroke occurred, and if so, would 
be able to localize its point of action. It is important to note that 
DTI can detect the occurrence of a stroke much quicker after its 
occurrence than can conventional MRI imaging. Alterations in 
the diffusion characteristics resulting from an ischemic event can 
be detected within hours of the event’s occurrence using DTI, 
whereas it could take days for the same stroke to be detectable 
by conventional MRI,68 This makes DTI an indispensable tool 
in the diagnosis of ischemic strokes, as a quicker diagnosis can 
lead to a quicker physician response time, which has tremendous 
impacts on long term patient outcomes. 

 In addition to identifying the area of the brain impacted 
by an ischemic stroke, DTI can also be used to identify areas 
of the brain and spinal tract distal to the location of the stroke 
that are also affected. The break-down of myelin sheaths and 
disintegration of axonal microfilaments of neurons downstream 
of the site of the stroke, also known as Wallerian degeneration, 
can be detected due to its negative anisotropic effects. Though 
capable of detection rapidly via DTI, Wallerian degeneration is 
difficult to identify with conventional MR imaging techniques 
for many weeks after the occurrence of the stroke.69,70 It is 
therefore advisable that physicians thoroughly examine stroke 
patients using DTI techniques to find areas that are affected 

by Wallerian degeneration, thereby increasing the chances 
of discovery, treatment, and that the patient has an improved 
recovery process.

Edema

Cytotoxic edema: Cytotoxic edema results from a decrease in 
the function of the Adenosine tri-phosphate (ATP)-dependent 
sodium/potassium pumps (Na+/K+ ATPases) located on the 
surface of cells within the brain. This decrease in Na+/K+ ATPase 
activity is caused by oxygen deprivation that prevents oxidative 
phosphorylation from occurring, and thereby inhibiting ATP 
production. Hypoxemia can be caused by such events as a stroke, 
hemorrhage, or embolism. Although the mitochondria of the 
brain have mechanisms in place to cope with hypoxemia, such as 
pathways that include hypoxia-inducible factor 1 and succinate 
dehydrogenase, these mechanisms can only do so much before 
ATP levels drop to pathological levels.71 Once ATP levels fall, 
the Na+/K+ ATPases lose the capacity to translocate sodium out 
of the cell, leading to the buildup of intracellular sodium levels. 
This sodium buildup causes the creation of an osmotic gradient 
that promotes the diffusion of water into the cell, leading to a 
rapid and intense increase in intracellular volume. Cytotoxic 
edema has been shown to affect both the white and the grey 
matter of the brain, causing generalized swelling and widespread 
damage.72 The accumulation of water molecules within the 
intracellular spaces severely impedes their ability to flow 
freely. Though water molecules can diffuse through the plasma 
membranes of the cells, doing so greatly slows their velocity, 

Figure 5: Fractional anisotropy (FA) and mean diffusivity (MD) in mild traumatic brain injury. 
FA values are lower (red; P<0.08 - TFCE corrected) in mild traumatic brain injured patients 
compared to healthy control subjects and MD values are higher MD (blue; P<0.07- TFCE 
corrected). Reprinted from Metting et al.64
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leading to a net decrease in diffusivity within the area of the brain 
affected by the cytotoxic edema. When imaged with different 
modalities, cytotoxic edema presents as a decrease in attenuation 
via Computed Tomography (CT) scan, hyperintensity via MRI, 
and a decreased diffusivity by DTI. Though the readings from 
CT and MR imaging are found in all cases of edema, it is only 
DTI which is able to differentiate between subtypes of edema, 
and assist with the definite diagnosis of cytotoxic edema. Using 
this phenomenon DTI detection of cytotoxic edema can be used 
as an early warning for acute stroke, acute diffuse axonal injury, 
and acute contusion.73,74

Vasogenic edema: Vasogenic edema results from a breakdown 
of the blood brain barrier that can be caused by local factors such 
as neoplasm or traumatic brain injury, or from chronic damage 
caused by lead encephalopathy or malignant hypertension.73 
Thus, vasogenic edema is an extracellular accumulation of fluid, 
as opposed to the intracellular accumulation seen in cytotoxic 
edema. Vasogenic edema presentation mimics cytotoxic edema 
when using CT and MRI imaging, in that both present with 
decreased attenuation via CT and hyperintensity via MRI. 
However, when using DTI, vasogenic edema presents with an 
increased diffusivity, as opposed to the decreased diffusivity 
shown by cytotoxic edema.73,75 This is because the water 
molecules within the extracellular space can move more freely 
than the water molecules that are confined within the intracellular 
space by plasma membranes. Thus, it is important to note that 
DTI is able to differentiate cytotoxic edema from vasogenic 
edema, whereas CT and conventional MRI cannot. 

 It is important that the physician is able to differentiate 
whether the patient is suffering from cytotoxic edema, vasogenic 
edema, or a combination of the two76 (Figure 6) so that the correct 
intervention can be applied as necessary. However, it is often the 
case that cytotoxic and vasogenic edema occur in parallel.77 For 
example, following an ischemic attack, cytotoxic edema occurs 
immediately due to local hypoxmia and a slow-down of the 
Na+/K+ ATPase pumps. Following the initial intracellular fluid 
accumulation, blood brain barrier breakdown occurs, leading 
to concurrent vasogenic edema.78 Though cytotoxic edema 
does not currently have a widely accepted therapy, vasogenic 
edema is generally treated with corticosteroids, particularly 
when associated with neoplasms, and to a lesser extent when 
associated with abscesses. In cases where it is not responsive 
to corticosteroids, vasogenic edema can also be treated with 
osmotherapy.72

LIMITATIONS OF DTI

 Despite a plethora of studies having employed DTI to 
study normal and abnormal brain integrity, the acquisition and 
approaches of DTI analyses have been quite variable. Though 
the connectome project is making great strides in the right 
direction, no common frame of reference for the comparison of 
findings between studies. For example, some studies use ADC 
as a measure of white matter integrity while others use FA. 
Additionally others use radial diffusivity and axial integrity to 
help determine the contribution of various types of pathologies. 
While some studies use ROI-based analyses to test specific 

Figure 6: Connectivity of Default-Mode Network Is Associated with Cerebral Edema in Hepatic Encephalopathy. Differences of default model network 
between health subjects and liver cirrhosis and their corresponding MD and FA values. There were three biggest cluster areas in the PCC functional 
connectivity map, including the left precuneus, right ACC and left middle frontal cortex (MFC). MANCOVA revealed significant fc-CC [F = 4.415, 
p = 0.000] and MD [F = 3.944, p = 0.000] differences among the four groups, but not in FA [F = 0.859, p = 0.063]. Reprinted from Lin et al.76
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anatomic hypotheses, some studies employ hypothesis-free 
analyses of the whole brain and apply one of the several methods 
of correction for multiple unplanned comparisons to identify 
significant findings. One of the main technical issues is the lack 
of a large normative database. Normative databases are needed 
to interpret individual (i.e. single subject or single patient) FA, 
ADC, or other values for clinical purposes. In the absence of 
normative databases of these sorts, each institution at which DTI 
is performed is left to develop and employ their own normative 
data when attempting to interpret group or single-subject DTI 
data. The size and normality of subjects included in these 
databases is highly variable between institutions, rendering the 
interpretation of any individual DTI result as normal or abnormal 
based on comparison to local normative data preliminary at best.
The DTI literature available is affected by the heterogeneity of 
injury captured under the various disorders; heterogeneity in 
the time after injury at which persons have been studied with 
DTI; and the lack of a standard, accepted method for acquiring, 
analyzing, and interpreting DTI data. In light of these limitations, 
there is need to create a large normative database for DTI to be 
utilized at its potential.

CONCLUSIONS AND FUTURE POTENTIALS

 DTI, as we discussed in this review has proved to 
be an important tool for diagnosing various pathologies of 
the brain. In addition to brain imaging, DTI is being actively 
developed for diagnosis of spinal cord pathologies,79-81 and 
optics nerve damage.82,83 Additionally, while DTI in infants and 
toddlers is challenging, the technique shows great potential for 
understanding and mapping brain development. Technological 
improvements in MR imaging could soon allow researchers to 
gather artifact-free data more reliably, which could significantly 
aid in understanding brain development in infants and toddlers. 
Biomarkers could be created for prediction and early detection 
of neurodegenerative disorders, which will allow researchers to 
develop better therapeutic approaches and surgeons to design 
better treatment strategies. While it may seem too ambitious, set of 
normal FA and MD values could be derived by conducting DTI of 
larger population – in a similar way that “normal” blood pressure 
values of 120/80 mm Hg were determined. We acknowledge, 
however that such task also requires standardization of imaging, 
post-processing and data analysis procedures as these factor may 
affect the quantification of DTI parameters. In summary, DTI 
modality shows an enormous potential to be a versatile tool for 
biomedical research and clinical applications.
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ABSTRACT

Background: Technology in healthcare is changing at a very rapid pace. To ensure that technol-
ogy is used efficiently to combat rising healthcare costs and new federal policies and laws, all 
technology must be able to communicate with each other. Therefore, interoperability must be 
obtained. Radiography is no exception considering all the different types of equipment manu-
factured routinely used today. Some barriers need to be overcome to achieve interoperability 
within radiography departments.
Purpose: To review the literature on the interoperability of healthcare data to determine the 
barriers that Radiography departments would have to overcome to improve interoperability of 
their healthcare data.
Methods: The methodology of this literature review follows the fundamental principles of a 
systematic search, conducted in separate stages, but is not a comprehensive systematic review, 
which was not reasonable due to resource constraints. The stages of the literature search in-
cluded defining the search strategy, identifying the inclusion criteria, assessing the relevance 
and validity of the studies retrieved, and data extraction and synthesis.
Results: There were attempts to ensure interoperability, such as the use of the Nationwide 
Health Information Network (NwHIN), but roadblocks such as financial incentives for phy-
sicians and costs of implantation have hindered the adoption of the NwHIN. Other barriers 
that limit interoperability exist. These obstacles included inconsistency of the Digital Imaging 
and Communication in Medicine (DICOM) standard for medical imaging departments and a 
complete lack of norms for certain data points such as the exposure index between different 
vendors.
Discussion: Multiple viable options for the improvement of interoperability are prevalent in ra-
diography departments. One such option is cloud computing, which uses multiple various types 
of hardware and software as resources to help interoperability of healthcare data. Agent-based 
technologies, which can be used to distribute management of different standards, can also be 
utilized to communicate between standards. The largest need to ensure interoperability is stan-
dards that are well defined and stringent with an infrastructure to map different terminologies 
across different standards.
Conclusion: Various technological advances can be used to improve interoperability such as 
agent-based technology and cloud computing. However, until a standardization of terms within 
the DICOM protocol and a standard across vendors, and all data points standardized, it will be 
impossible to obtain true interoperability.

BACKGROUND

 The technology used to communicate information in a healthcare setting is evolving 
at a rapid pace. In a typical radiology department, there are many different types of equip-
ment. The same company does not manufacture equipment. To ensure that equipment can ef-
fectively communicate information to each other, interoperability must be obtained. Interoper-
ability is the ability of one machine to identify and understand the information from another 
machine. In a typical radiology department, there is a variety of different software utilized to 
gather healthcare data. These include Electronic Health Records (EHR), Hospital Informa-
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tion Systems (HIS), Radiology Information Systems (RIS), and 
Picture Archiving and Communication Systems (PACS).1 Dif-
ferent types of software need to communicate to ensure that no 
information is lost. If they do not communicate, the institution 
would have to invest in an interface which will cost money, time, 
and manpower. An interface is a software that is created to con-
vert data from one system to a format that another system can 
understand. If interoperability is achieved, the investment in an 
interface is unnecessary. Savings in costs are critical to the field 
of healthcare, where expenses have increased in recent years. At 
the end of the second quarter of 2014, the healthcare spending 
for the federal government increased at 4 percent annual rate.2 
Currently, the cost of health care has ballooned to an astound-
ing $1.9 trillion.3 With the total healthcare costs for the United 
States (U.S.) rising, constitutional laws now mandate health care 
providers use technology in meaningful ways. It is important for 
technology to benefit radiology departments by lowering costs 
and improving the efficiency of workflows. The significance of 
the research will be exploring and describing barriers to interop-
erability to help medical imaging departments reduce costs and 
timeliness of care.

 President Obama has stated that the adoption of health-
care Information Technology (IT) will reduce errors, cut costs, 
ensure privacy and save lives.4 Interoperability of the healthcare 
data is the only way any of the results listed by the president 
will happen. The goal of interoperability is sharing of healthcare 
information not only within any radiography department but 
across the continuum of care. One attempt to ensure interoper-
ability across this continuum of care is the Nationwide Health 
Information Network (NwHIN). According to www.healthit.
gov, the NwHIN website, the network is “a set of standards, 
services, and policies that enable the secure exchange of health 
information over the Internet.”5 NwHIN is a pathway to transmit 
data from one computer system to another. There are barriers to 
the adoption of the NwHIN. One such barrier is the cost of the 
implementation of the network. Estimations say that it would 
take one hundred and fifty-six billion dollars in capital costs to 
launch the NwHIN system. The largest issue to limit adoption 
of the NwHIN, however, is the lack of financial incentives for 
providers and institutions and the lack of national standards for 
data transmission.6

 There have been many laws that addressed healthcare, 
and in turn, interoperability. The most recent law that influenced 
interoperability of healthcare data was the Affordable Care Act 
of 2010. This law instituted what was termed “meaningful use” 
of healthcare IT. Meaningful use is a program in Center for 
Medicare and Medicaid that gives guidelines to incentivize pro-
viders and organizations to use certified electronic health care 
records to improve care. There are three stages involved. The 
first phase started in 2011 and involved promoting adoption of 
EHR. The second stage focused on the coordination of care and 
exchanging patient data. The last step, to be rolled out in 2016, 
involves a focus on improving quality, safety, and efficiency of 
healthcare IT.7 It would be impossible for this to happen without 

interoperability of different systems in the healthcare setting.

PURPOSE

 The history of the political situation on healthcare IT 
resulted in the researcher’s question of interoperability and the 
primary barrier that is present in radiography departments. The 
purpose of this exploratory research was to determine the pri-
mary barrier and identify possible solutions to support interoper-
ability among different vendors and other systems used within a 
healthcare facility.

METHODOLOGY

 The methodology of the literature review follows the 
fundamental principles of a systematic search, conducted in 
separate stages, but is not a comprehensive systematic review, 
which was not reasonable due to resource constraints. This limi-
tation resulted in the inability to search ‘gray literature’ or to 
translate papers of a language other than English. However, the 
search did identify published major articles. The stages of the 
literature search included defining the search strategy, identify-
ing the inclusion criteria, assessing the relevance and validity of 
the studies retrieved, along with data extraction and synthesis.

 The literature review was limited to material from the 
last ten years to ensure the reliability of the information. Profes-
sional peer-reviewed journals, books, and professional websites 
regarding data transmission, healthcare IT management, or data 
standards were used during the research to ensure validity. The 
literature produced information that was then used to analyze 
data standards and to identify possible solutions to the lack of 
interoperability in radiography departments.

RESULTS

 To realize the goal of achieving interoperability, first 
it must be possible to exchange healthcare data across different 
systems. Research completed in 2010 explains that there is a 
lack of interoperability partially because there are not structured 
data definitions or enough standards in the US.8 Radiography 
departments utilize data from all across their organization from 
many different types of systems. The healthcare data used for 
radiological exams is the Digital Imaging and Communication 
in Medicine (DICOM) standard protocol. Radiography depart-
ments use DICOM protocols for viewing and diagnosing by the 
means of a PACS systems.9

 DICOM data must be interpreted by other standard 
formats used in other software systems across the organization. 
One example is the Health Level 7 (HL7) standard utilized in 
the most electronic medical record (EMR) systems. The DICOM 
standard must also recognize data from many different types of 
vendors supplying equipment to the radiology department. This 
machine may use various types of data to determine the same 
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data point.

 Although DICOM is the common standard for all im-
aging departments, the structure of the DICOM standard can 
vary between vendors. Sets of data are created in formats that 
are unique to the particular vendor that manufactures the equip-
ment, which leads to some interoperability between imaging 
devices and PACS systems.10 One example of this is the expo-
sure index, where value is given to the dose received by a pa-
tient. Exposure index is an example of value that is present in 
all digital equipment, but a lack of standardization of the values 
between vendors limits the interoperability between different 
pieces of equipment. Different vendors use different values, and 
even some of the vendors that use the same values use different 
principles to calculate the data point.11 Various data values make 
interoperability impossible for exposure index.

DISCUSSION

 Data must be standard between systems to obtain in-
teroperability. This standard requires constant data values.12 
The largest barrier to this is the lack or inconsistency of data 
standards used in today’s radiography departments. There are 
many possible solutions to overcome this obstacle. One technol-
ogy that is accustomed to some extent already that may change 
interoperability in the healthcare field is cloud computing. Cloud 
computing is services over the World Wide Web (WWW) where 
the multiple different types of hardware and software are facili-
tated in data centers to give the illusion of infinite resources so 
that data standards can communicate.13 The use of these multiple 
data standards can be utilized on multiple data sets to improve 
interoperability.

  Another solution could be in the form of agent-based 
technology. This type of technology has been proven to increase 
interoperability by distributing the management of sources of 
data, allowing remote access to patient data, and adapting font 
changes within the actual data standard.14

  The largest need to ensure interoperability is a set infra-
structure utilized by all that includes detailed mapping of differ-
ent standards that can translate and code the terminologies of the 
various standards to ensure interoperability. This support should 
also contain input from professional societies, legal framework 
for accountability, and a way to translate, map, and transcode all 
of the terminologies involved.15

 There are limitations evident during this research. One 
limitation of the study is the lack of common definitions asso-
ciated with data standard criteria within the U.S. This lack of 
common definitions limited the resources available to access in 
regards to criteria for data standards. A second limitation of the 
research was that there was little available content found con-
cerned the planning and design of technology systems in a digi-
tal health-care facility.16

CONCLUSION

 Interoperability is considerably better among radiogra-
phy departments than in most other technology fields. The in-
teroperability is better because there are standards that widely 
accepted. Examples of these rules are DICOM and HL7. Full 
interoperability is still impossible because of variations in the 
DICOM standard are still present. A complete lack of standard-
ization involving certain data points among vendor’s equipment 
also presents a barrier to interoperability.

 Some solutions will improve interoperability, such as 
agent-based technology and cloud computing. However, until a 
clear and standard terminology within DICOM is developed full 
interoperability will never be achieved. There also must be an 
avenue for accountability for not complying with this standard 
language. Cross-mapping of different terminologies of various 
standards and an infrastructure that supports and enforces that 
standardization is the only avenue to achieving true interoper-
ability.
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ABSTRACT

Objective: We report a case of a tarsal tunnel syndrome caused by a varicose vascular structures 
identified by foot MRI.
Case report: An eighty-year old male came to our attention for a chronic intermittent bilateral 
plantar numbness. Symptoms were evident especially in the left foot when taking a bath or 
after a long distance walk. Feet were bilaterally flat. Ankles range of motion was bilaterally 
complete and pain free. Resisted range of motion testing including resisted ankle dorsiflexion, 
plantar flexion, inversion, and eversion was found to be pain free and of equal strength bilater-
ally. Neurological testing of the lower extremities was found to be positive for the Tinel sign 
at level of medial malleolus. Left ankle MRI showed evidence of several varicose vascular 
structures. One of the varicose vascular structures was suddenly narrow at level of tarsal tun-
nel. Posterior tibial vein at the tarsal tunnel level was dilated and appeared to continue in the 
varicose vascular structure on contrast study. Diagnosis of tarsal tunnel syndrome was made 
both by symptoms and imaging, considering the dilatation of the posterior tibial vein and the 
compression of the varicose structures around the tarsal tunnel. 
Treatment: Resection surgery of the retinaculum was performed in order to decrease the pres-
sure on the tarsal tunnel. The patient’s symptom reduced after the surgery. However, a few 
months later he referred recurrence of plantar numbness.
Conclusion: Patients who suffer from tarsal tunnel syndrome caused by a varicose vascular 
structures can show different symptoms if compared with those present in the same syndrome 
caused by other diseases. If varicose veins are detected in the tarsal tunnel and symptoms of 
compression are present, along with a concomitant foot deformity that predisposes to disease, 
diagnosis of tarsal tunnel syndrome should be considered. In order to achieve good results, the 
treatment of the varicose vascular structures and the correction of foot deformities are recom-
mended together with a tarsal tunnel decompression.

KEYWORDS: Tarsal tunnel; Varicose vascular structure; MRI.

INTRODUCTION

 The tarsal tunnel is a fibro-osseous space found in the medial aspect of the ankle, 
posterior to the medial malleolus, bounded by the flexor retinaculum superiorly, and by the 
medial walls of the distal tibia, talus and calcaneus inferiorly. The tendons of tibialis posterior, 
flexor digitorum longus and flexor hallucis longus, the posterior tibial nerve, artery and vein 
run together through the tarsal tunnel.1,2 The tarsal tunnel syndrome can be caused by extrinsic 
or intrinsic pressure on the posterior tibial nerve or on its terminal branches: the medial plantar 
nerve, the lateral plantar nerve, the medial calcaneal nerve, the motor branch to the abductor 
muscle of the fifth toe and/or the inferior calcaneal nerve.1,2 Diagnosis is usually based on 
physical examination and can be confirmed by electrophysiological evidence. The treatment of 
the tarsal tunnel syndrome varies depending on the cause that underlies the pathology.
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 We report a case of a tarsal tunnel syndrome caused by 
a varicose vascular structures identified by foot MRI.

CASE REPORT

 An eighty-year old male came to our attention for a 
chronic intermittent bilateral plantar numbness affecting him 
from 5 years. Symptoms were evident especially in the left foot 
when taking a bath or after a long distance walk. The plantar 
numbness was not caused by his shoes. On physical examina-
tion, the patient showed no muscular atrophy. Flat foot deformity 
was present bilaterally and a lot of varicose vascular structures 
in both lower extremities were observed. The patient referred 
paresthesias and lack of sensation in both lower legs and in foot 
dorsal and plantar areas. The ranges of motion testing of the cer-
vical and lumbar spines were found to be full and pain free in 
all directions. The range of motion of the ankles was full and 
pain free bilaterally. Resisted range of motion testing including 
resisted dorsiflexion, plantar flexion, inversion, and eversion of 
the ankle was found to be pain free and of equal strength bilater-
ally. Neurological testing of the lower extremities was found to 
be positive for the Tinel sign at the medial malleolus level. Non 
weight bearing examination of the feet uncovered ‘medium’ and 
approximately equal plantar longitudinal arch height bilaterally. 
Toe and heel walking were unremarkable bilaterally. No Hal-
lux deformity was detected. Bilateral weight bearing feet x-rays 
showed evidence of soft tissue swelling around ankles, suggest-
ing the presence of varicose vascular structures. There was no 
evidence of bony fusion or other bones deformity in both ankles 
and feet. Left ankle MRI showed evidence of a lot of varicose 
vascular structures mainly medical aspect in the lower part of 
the leg and foot on T1 weighted axial (TR/TE 518/20 ms, Thick-
ness 3 mm, gap 03. mm and FOV 160 mm) and T2* weighted 
sagittal image (TR/TE 430/14 ms, Thickness 3 mm, gap 03. mm 
and FOV 160 mm) (Figure 1a and b). One of the varicose vas-
cular structures was suddenly narrow at level of tarsal tunnel. 
In addition, posterior tibial vein at the tarsal tunnel was dilated 
on gadolinium enhanced fat suppression T1 weighted axial im-

age (TR/TE 518/20 ms, Thickness 3 mm, gap 03. mm and FOV 
160 mm) (Figure 2a) and appeared to continue with the varicose 
vascular structure (Figure 2b). Deep venous system thrombosis 
of the left lower leg was uncertain on this MRI. These findings 
suggested that superficial venous valve insufficiency caused a 
blood regurgitation and dilatation not only in superficial veins 
but also in posterior tibial vein and through some communicat-
ing branches between superficial vein and posterior tibial vein. 
The right MRI was not taken at first time. From both the physi-
cal examination and the left MRI findings, we diagnosed a tarsal 
tunnel syndrome caused by a dilatation of the posterior tibial 
vein and by a compression of the varicose structures around the 
tarsal tunnel.

 On surgical findings, the dilated posterior tibial vein 
got tighter under the retinaculum of tarsal tunnel (Figure 3a). 
Varices formations continued into the posterior tibial vein and 
were present at both superior and inferior aspect of the retinacu-
lum. A surgical resection of the retinaculum was performed in 
order to decrease the pressure on the tarsal tunnel (Figure 3b). 
The patient’s symptoms reduced after surgery. However a few 
months later, he referred plantar numbness again.

DISCUSSION

 Various conditions have been suggested to play a role 
in the etiology and pathogenesis of a posteromedial tarsal tun-
nel syndrome. This syndrome can be idiopathic (in about 50% 
of cases) or associated with space occupying lesions including 
tumors, ganglion cysts from the subtalar joint or tendon sheaths, 
abnormal or accessory muscle (hypertrophic adductor halluci-
sor accessory flexor digitorum longus muscle,3,4 lipomas, vari-
cose veins, trauma with bone spicule from an adjacent fracture, 
foreign bodies, iatrogenic causes such as calcaneal osteotomies 
with involuntary deep penetration medially, with fixation hard-
ware or scar tissue.3,5

 Tarsal tunnel syndrome may also develop in relation 

Figure1: Varicose vascular structure at level of tarsal tunnel.
a. T1 weighted axial image (TR/TE 518/20 ms, Thickness 3 mm, gap 03. 

mm and FOV 160 mm) shows evidence of dilated vessel suggestive of 
varix at level of the right tarsal tunnel (arrow).

b. T2* weighted sagittal image (TR/TE 430/14 ms, Thickness 3 mm, gap 
03. mm and FOV 160 mm)shows dilated superficial vein at posterior 
aspect of medial malleolus (arrow).
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to some foot deformities such as valgus /varus deformity, pes 
planus and tarsal coalition. Systemic diseases such as diabetes, 
rheumatoid arthritis and peripheral arterial disease can play a role 
in this syndrome. The main symptoms of tarsal tunnel syndrome 
are represented by poorly localized paresthesia, dysesthesia and 
hypoesthesia in the medial and lateral plantar area. Symptoms are 
typically unilateral and rarely bilateral.6 Tarsal tunnel syndrome 
caused by varicosity may show characteristic symptoms: Kumai 
et al7 reported that patients suddenly feel foot pain whenever 
they soak a foot in hot water. This specific symptom occurs 
due to dilatation of the varicose vascular structures in the tarsal 
tunnel. Our patient had the same symptom thus supporting the 
hypothesis that the tarsal tunnel syndrome was caused by the 
varicose vascular structures compression.

 Sato et al8 reported a frequency of tarsal tunnel syn-
dromes caused by the varicose vascular structures of about 4% 
and in the literature they represent about 14% of the cases de-

scribed.9 On the other hand, 43% of Japanese people (48 mil-
lion people) over 15 years or older, have varicose vascular 
structures.10,11 Although there are many patients who have had 
widespread varicose veins, they are rarely complicated with a 
tarsal tunnel syndrome. It would be because the varicose vascu-
lar structures cannot cause a tarsal tunnel syndrome alone if they 
are not at the tunnel level. Varicose veins are also associated to 
flat foot and heel valgus: this condition creates a compression of 
the plantar nerves and can cause a tarsal tunnel syndrome as well. 
In addition, tarsal tunnel syndrome symptoms might be masked 
by other symptoms caused by the varicose vascular structures 
like legs and feet swelling, feet early fatigue, skin alterations 
and venous ulcers.12,13 We were able to diagnose the tarsal tun-
nel syndrome, but we should have treated the varicose vascular 
structures after the surgical resection of the retinaculum, in order 
to avoid a relapse of the tarsal tunnel syndrome as reported in 
the literature.13,14 Moreover, even the flatfoot deformity, which 
can play a role in the pathogenesis of the syndrome, should have 

Figure2: The varix and dilated posterior tibial vein at level of tarsal tunnel.
a. Posterior tibial vein (arrow) is dilated and is strongly enhanced on 

gadolinium enhanced fat suppression T1 weighted axial image (TR/TE 
518/20 ms, Thickness 3 mm, gap 03. mm and FOV 160 mm). 

b. A varix is present just above of the tarsal tunnel (arrow). This varicose 
vascular structure is continued to posterior tibial vein on gadolinium en-
hanced fat suppression T1 weighted axial image.

Figure3: Surgical findings of tarsal tunnel.
a. The varix (arrow) just above the tarsal tunnel is demonstrated. Thin superior retinaculum (arrow-

heads) is visualized.
b. Resection of the superior retinaculum was performed. The varix (arrow) is continued to the pos-

terior tibial vein (arrowhead) under the superior retinaculum through communicating vein. These 
findings may suggest regurgitation of venous vessels from superficial vein to posterior tibial vein.
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been considered in the treatment strategy as well.

 We first chose MRI to evaluate the tarsal tunnel syn-
drome because we initially suspected a space occupying lesions 
like ganglion cysts, but in this case we should have taken a con-
trast enhanced CT for the varicose vascular structures.

CONCLUSION

 Tarsal tunnel syndrome can be caused by varicose vas-
cular structures and patients who suffer from this syndrome may 
show characteristic symptoms. If varicose veins are in the tarsal 
tunnel and if a foot deformity is present a diagnosis of tarsal 
tunnel syndrome due to varicose vascular structures compres-
sion should be considered. In order to make a proper diagnosis, 
it is mandatory to evaluate the status of the varicose vascular 
structures at first. Treatment of the varicose vascular structures 
and correction of eventual foot deformity are recommended in 
association with a tarsal tunnel decompression.
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the case details.
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ABSTRACT

Cerebral vascular disease is responsible for nearly 800 000 hospital admissions annually 
with a total healthcare cost of $34 billion. Neuro-interventional surgery is at the forefront of 
fast-response assessment and intervention to assess patients’ health using digital subtraction 
angiography (DSA). Unfortunately, cerebral blood flow cannot be reliably measured with DSA 
during intervention. In this study, we introduced a novel inversion-based method to quantify 
blood flow from DSA intensity profiles. This technique yields absolute volumetric flow rates 
in major cerebral arteries comparable in accuracy to QMRA measurements. This remarkable 
outcome was achieved by incorporating patient-specific anatomical data as well as flow 
physics into the image analysis. The inversion-based flow assessment is a promising approach 
to render absolute flow measurements with traditional DSA. We also discuss the precision 
of several methods for assessing cerebral blood flow before and after intervention in DSA 
were investigated. Angiographic intensity data in four patients with cerebral vascular diseases 
were analyzed to compute time-to-peak index (TTPi) and relative cerebral angiographic blood 
flow index (RCABi). Flow indices were compared with quantitative magnetic resonance 
angiography acquired pre- and post-intervention. The results suggest that individual intensity-
based flow indices do not always reflect blood flow improvements after intervention; two-
dimensional index maps showed the improvements more robustly.

KEYWORDS: Image processing; Intracranial blood flow; Inversed blood flow.

INTRODUCTION

Digital subtraction angiography (DSA) is the preferred technique in immediate assessment of 
blood flow for patients with cerebral vascular diseases during neurovascular intervention.1-5 

However, assessment of vascular status in a given patient currently depends on the physicians’ 
intuitive judgment of dynamic contrast agent distribution patterns observed with DSA. Current 
DSA technology does not display volumetric blood flow rates. Flow in major cerebral blood 
vessels can be measured with other non-invasive imaging modalities including quantitative 
magnetic resonance angiography (QMRA),6,7 Xenon-enhanced cerebral tomography,8 single-
photon emission computed tomography,9,10 or transcranial Doppler sonography.11 Moreover, 
perfusion studies in computed tomography, magnetic resonance imaging and positron emission 
tomography12 enable clinical measurements of microcirculation. However, these advanced 
imaging modalities are not available during surgery due to space requirements of the scanners. 
Some procedures are further limited by acceptable radiation dosage and unavailability of these 
techniques in smaller hospitals. Some studies13-15 have also cast doubt on perfusion methods for 
identifying infarct regions, because they involve image interpretation with respect to arbitrary 
mismatch thresholds.

 Recently, increased acquisition rate in combination with de convolution analysis are 
beginning to provide metrics of cerebral blood flow, cerebral blood volume and mean transit 
time using DSA with dual panel detectors.16-18 Especially, absolute blood flow quantification 
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in large vessels would be significant to improve the diagnostic 
capability of DSA. Precise blood flow metrics would help the 
neuro-interventionalist in defining end Points for the intervention. 
Blood flow metrics in addition to contrast agent distribution 
patterns would also ease physicians’ decision making during 
interventional procedures.

 Accordingly, there is considerable research interest in 
quantifying blood flow with conventional DSA. Waechter19,20 used 
model-based waveform analysis of the pixel intensity. Tenjin21 
correlated mean transit time and peak time to blood flow. Kamp22 

performed indo-cyanine green fluorescence angiography during 
surgery to correlate intensity-time plots to relative blood flow 
on exposed cortical surfaces. Lieber23 performed micro droplet 
angiography during selective catheterization to access flow 
within arteriovenous malformations. Other analytical methods 
interpret slopes and extremes of the intensity profiles for flow 
analysis.24-26 Inversion-based methods use parameter estimation 
to infer volumetric blood flow rates.27-29 In an extensive review 
on blood flow estimation,30 inversion was assessed as the most 
rigorous technique, but also deemed computationally extensive.

 In this paper, we first evaluate the consistency and 
precision of two intensity-based metrics: (i) the relative 
cerebral angiographic blood flow index (RCABi) and (ii) the 
time-to-peak index (TTPi). We use four clinical symptomatic 
arterial steno-occlusive disease cases studies to examine the 
benefits and limitations of simple flow metrics at baseline and 
post angioplasty and stenting. We compare flow estimates 
to volumetric flow rates acquired in vivo for all patients with 
baseline and post intervention QMRA. We further propose a 
new inversion technique for blood flow quantification with 
conventional DSA. The novel technique determines the 
volumetric flow rates in major arteries by perfectly aligning the 
DSA concentration profiles measured in vivo with computer 
predictions performed on a patient-specific blood flow network. 
We show that DSA absolute blood flow measurements almost 
reach QMRA accuracy.

MATERIALS AND METHODS

A. DSA acquisition of four patients pre and post intervention

Four patients with steno-occlusive disease were studied. All 
patients had symptomatic intracranial stenosis that requires 
angioplasty and stenting intervention. Standard diagnostic DSA 
data were acquired for all four patients 1-4, before and after 
intervention from the practice of the Endovascular Section - 
Department of Neurosurgery at our institution in accordance 
with Institutional Review Board approved protocols. Age, 
gender, disease diagnosis, and blood flow assessment of these 
patient cases can be found in Table 1. All patients had baseline 
and post-intervention angiograms. Contrast agent was injected 
into the patients’ internal carotid artery (ICA) in patients 2-4, and 
into the venous graft supplying the ICA territory for patient-1. 
In all four cases, there was evidence of diminished intracranial 

flow in the middle cerebral artery (MCA) as documented by 
QMRA. DSA data with three frames per second were collected 
before and after intervention (Leonardo, Siemens; Malvern PA). 
Dynamic contrast agent distribution was acquired by performing 
a typical bolus injection in the injected artery. The vasculature 
of the main arterial network was captured from images taken 
after constant infusion. DSA images were acquired and stored 
in DICOM format.

B. Intensity-based flow indices

DSA intensity plots were analyzed with regards to the change 
in time-to-peak and peak intensity. The relative cerebral 
angiographic blood flow index (RCABi) was defined as the ratio 
of the maximum intensity over the rise rate in selected vessels 
of interest. The rise rate was defined as the time needed for 
the intensity profile to reach maximum from 25% level of the 
maximum intensity. The time-to-peak index (TTPi) for a pixel 
inside an artery was defined as the time needed for the intensity 
to reach its maximum. We selected individual pixels in vessels 
of interest to calculate RCABi and TTPi. We also generated 
two-dimensional maps after computing the RCABi and TTPi for 
all pixels of the two DSA projection planes. The pixel-by-pixel 
analyses as well as the two-dimensional maps were generated 
for both the pre- and post-interventional angiography data.

C. Patient MRI acquisition

To set an independent gold standard for blood flow in major 
arterie, we acquired cervical and intracranial vessels quantitative 
MRA non-invasive optimal vessel analysis (QMRA NOVA, 
Vas Sol Inc. River Forest, IL) measurements before and after 
intervention. The details of obtaining a QMRA NOVA report 
are reported elsewhere.6,7 NOVA reports were used as the 
gold standard and reference to validate flow indices. QMRA 
measurement was limited to the major branches of the Circle of 
Willis and proximal branches; small arteries are not accessible to 
NOVA due to limited MR image resolution.

D. Flow calculation from DSA by image inversion

We propose a novel method to estimate volumetric blood 
flow rates from DSA images. To uniquely determine blood 
flow by indirect observation of the contrast agent distribution 
in space and time, we solved a parameter estimation problem 
that minimizes the difference between DSA contrast agents 
intensity and contrast agent profiles simulated for the anatomical 
hemodynamic network of each patient. The inclusion of 
anatomical information and flow physics will be shown to be 
advantageous for accurate blood flow predictions. Parameter 
estimation, also known as inversion, constitutes a non-linear 
optimization problem with objective function given in (1) 
subject to partial differential equation constraints (2-4) The 
inversion requires three components: (i) intensity plots (ii) an 
anatomical vascular network model (iii) hemodynamics and an 
inversion algorithm.
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(i) Intensity Plots: Several regions of interest were chosen 
corresponding to the major arteries connected to the Circle 
of Willis. Although the method has no such limitation, DSA 
infusions are often performed only on one side of the patient. In 
our cases, three patients were injected in the right hemisphere, 
only patient-1 was infused in the left hemisphere. The image 
intensities were obtained from the respective DSA frames with 
the chosen locations in the infused hemisphere. We selected 
areas of interest including pixels located inside the internal 
carotid arteries (ICA), middle cerebral arteries (MCA), anterior 
cerebral arteries (ACA), posterior cerebral arteries (PCA), 
posterior communicating arteries (PCOM), basilar artery (BA), 
and anterior communicating artery (ACOM) as shown in Figure 
5A.

(ii) An anatomical vascular network model: To relate blood flow 
and contrast agent intensity distribution acquired with DSA, 
a computational model of blood flow and dynamic contrast 
agent convection was established using the patient-specific 
anatomical network of the cerebral vasculature. We generated a 
morphologically accurate computer model of the main cerebral 
arteries emerging from the patients’ Circle of Willis. Due to the 
unilateral contrast injection used in clinical practice, our model 
captured only the injected hemisphere. 3D rotational angiography 
data obtained in patients were used for reconstructing a network 
model in which each blood vessel was represented by a 
cylindrical segment of known length and diameter. A stack of 
508 DSA images with a resolution of 512×512 were segmented 
by manually chosen thresholds for reconstructing blood vessel 
surfaces with the marching cubes algorithm.31 The center lines 
of segmented vessels and their diameters were delineated using 
vascular modeling toolkit.32 Due to limited image resolution, 
only the main cerebral arteries (above a diameter of d>1 mm) 
could be reliably reconstructed. Accordingly, the major blood 
vessels of the right hemisphere of patient-2 and patient-4 were 
reconstructed.

(iii) Hemodynamics and inversion algorithm: We carefully 
incorporated patient-specific data such as diameters and segment 
length of the main arteries around the Circle of Willis into the 
blood flow network model. Hemodynamic computations were 
based on simple network flow models described previously by 

other authors, ignoring the effects of oscillatory wave propagation 
and reflection.33,34 In brief, continuity was applied as shown in 
(2), where F is the blood flow. Pressure drop was approximated 
using Poiseuille’s law given in (3), where d, A and L are the 
diameter, cross sectional area and length of a vascular segment, 
ΔP is pressure drop, μ is the apparent blood viscosity. This simple 
hemodynamic network model composed of cylindrical segments 
was also used to predict convection of a non-dilutable contrast 
agent as given in (4). The dynamic concentration profiles for 
contrast injected into the patient cerebral arteries were computed 
by the species conservation balance, where V is the volume of a 
small vascular segment, and C is its contrast agent concentration. 
Inversion with hemodynamic principles as side conditions was 
performed to compute the specific blood flows and pressures that 
best aligned the measured concentration profiles with predicted 
profiles. The objective function was minimized by adjusting the 
pressure boundary conditions at the internal carotid artery and 
peripheral arterial terminal vessels of interest to achieve the best 
match between the contrast concentration profiles. Specifically, 
concentration profiles were extracted from the RICA, RMCA, 
RACA, and LACA for patient-2. In patient-4, RICA, RMCA, 
and RACA concentration profiles were used in the inversion.

RESULTS

The results are presented according to the hierarchy displayed 
in Figure 1. We first present the intensity-based indices. These 
indices are compared with flow measurement from QMRA. 
Finally we show the results of the novel inversion technique to 
estimate absolute blood flow with conventional DSA.

DSA intensity-based flow indices

Patient-1 was treated initially for a giant right ophthalmic 
ICA segment aneurysm with ICA sacrifice and extracranial-
intracranial venous graft bypass. The vein graft developed 
progressive stenosis, with compromise of left MCA flow. The 
arteries of interest were LMCA, LACA, and LACA2. All results 
are shown in Table 1. Before intervention, the time-to-peak 
indices were determined to be TTPi=2.94±0.61, 2.52±0.54, and 
3.36±0.33, the relative cerebral blood flow indices were RCABi= 
0.20±0.04, 0.15±0.04, and 0.12±0.03. Post angioplasty and 
stenting of the stenotic venous graft, the TTPi was determined 
to be 1.14±0.13, 1.15±0.14, and 1.50±0.01, the RCABi was 
0.45±0.09, 0.35±0.04, and 0.32±0.06. Decrease in the TTPi 
and increase in the RCABi clearly indicate the improvement 
of blood flow. The relative change of TTPi in LMCA, LACA, 
and LACA2 were 61%, 55%, and 54%. The relative change of 
RCABi in LMCA, LACA, and LACA2 were 56%, 57%, and 
63%. The absolute flow change in QMRA in LMCA and LACA 
were 40% and 35%. LACA2 measurement was not available in 
post-treatment QMRA. Table 1 summarized the intensity-based 
flow indices in various locations of interest for all four patients 
before and after intervention. In all four cases, the neurovascular 
intervention improved blood supply to the patients’ compromised 
cerebral hemispheres. We further computed the statistical 

(1) 

(2) 

(3) 

(4) 
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Patient 1 Patient 2 Patient 3 Patient 4

Age 67 48 45 43

Gender Female Female Male Female

Diagnosis Vein graft 
stenosis RICA stenosis RICA stenosis RICA stenosis

Q
M

R
A

(m
L/

m
in

)

ICA(Pre/Post) --/-- 93/289 --/275 94/205

MCA(Pre/Post) -34/-57 58/157 57/215 58/175

ACA(Pre/Post) 58/89 23/105 -12/133 14/49

ACA2(Pre/Post) 44/-- 35/68 43/104 20/47

TT
P

i
(s

)

ICA(Pre/Post) --/-- 2.58/1.50 1.80/0.72 1.02/0.66

MCA(Pre/Post) 2.94/1.14 3.12/1.86 1.86/1.14 0.90/0.84

ACA(Pre/Post) 2.52/1.14 3.18/1.74 2.25/1.98 1.23/0.96

ACA2(Pre/Post) 3.36/1.50 2.94/1.68 1.65/1.50 0.98/0.78

R
C

A
B

i
(s

)

ICA(Pre/Post) --/-- 0.24/0.36 0.57/0.80 0.34/0.84

MCA(Pre/Post) 0.20/0.45 0.13/0.17 0.47/0.42 0.14/0.26

ACA(Pre/Post) 0.15/0.35 0.14/0.20 0.43/0.47 0.37/0.33

ACA2(Pre/Post) 0.12/0.32 0.15/0.46 0.41/0.39 0.18/0.14

In
ve

rs
io

n
(m

L/
m

in
) ICA(Post) -- 263.6±2.6* -- 182.9±6.1*

MCA(Post) -- 168.5±4.0* -- 136.6±6.0*

ACA(Post) -- 56.5±2.5* -- 50.1±6.2*

The QMRA NOVA flow measurement has the unit of mL/min, --stands for unavailable, 
 - sign indicates reversed flow. * Stands for 99% confidence region.
Table 1: Patient case description.

Figure 1: Schematic of various modes of blood flow assessment using different 
imaging modalities. (Top) Simple flow indices can be derived by DSA images but 
only shows relative changes. (Middle) Absolute volumetric blood flow rates can be 
acquired by performing quantitative MRA, which is not available in the interventional 
setting. (Bottom) The novel inversion technique presented in this paper integrates 
DSA intensity profiles with anatomical information to predict measure volumetric 
blood flow rates with reasonable speed and accuracy. Red vessels indicate the major 
vessels observed from DSA reconstruction in the infused hemisphere, gray vessels 
indicate the unobservable vessel in the contra-lateral hemisphere.

agreement between blood flow and intensity-based indices as 
shown in Figure 2. For this purpose, we plotted on the x-axis 
the measured QMRA flow rate and on the y-axis the RCABi 
and the inverse of the TTPi at the same artery. Because flow 
measurements were available for four arteries, multiple data 
points were available for comparison. We also performed linear 
regression to correlate intensity-based indices against QMRA-
based blood flow.

Rcabi And Ttpi For Intervention Assessment

The scatter plots in Figure 2 show trends, which seem to 
support the notion that higher RCABi are associated with higher 
blood flow as expected. However, a closer look at Figure 3B 
demonstrates individual pixels that disagree with the flow 
improvements. When plotting the blood flow changes before 
and after intervention trends with QMRA and RCABi, it can be 
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seen that an increase in blood flow detected by QMRA is not 
even qualitatively captured by the corresponding RCABi in the 
MCA. Accordingly, a local RCABi in the RACA erroneously 
suggests a blood flow decrease, when in fact it has increased. On 
the other hand, the trends of Figure 3B show no inconsistencies 
in the inferred blood flow changes with TTPi. The TTPi reflected 
correctly improved blood flow in all four cases. Flow indices 
shown in Figure 2 are in agreement with the general trend of 
flow improvement after surgical intervention. However, the 
lack of fit underscores the limitations of these simple indices as 

quantitative blood flow metrics. The low R2-value in the scatter 
plots (RCABi: R2=0.25, 0.19, 0.50, 0.68; TTPi: R2=0.55, 0.56, 
0.34, 0.11) reflects only a weak correlation between indices and 
absolute volumetric flow rates.

 Two-dimensional TTPi and RCABi maps were also 
generated for coronal planes as shown in Figure 3A. Recently, 
similar maps are being offered as upgrades to existing angiography 
suite software. The two-dimensional plots show color patches 
reflecting the improved blood flow after interventions. In all 

Figure 3: Pre- and post- treatment intensity-based flow indices. (A) Two-dimensional 
flow maps showing an overall decrease in TTPi and increase in RCABi suggesting 
an improvement of blood flow after intervention. The success of the treatment effect 
can be observed based on flow indices derived from the dynamic DSA intensity 
profiles. These indices can act as quantitative references to facilitate physicians’ 
optical observation. (B) Individual flow indices correctly reflect a general trend to 
flow increase post treatment. Unfortunately, several local pixels for patient-3 and 
patient-4 show the complete opposite trend (flow decrease) after intervention. 
When assessing interventional outcomes based on simple flow indices caution is 
indicated, because inconsistencies cannot be avoided due to limitations in the data 
acquisition in conventional DSA.

Figure 2. Scatter plot of inversion-based flow indices against QMRA flow 
measurement. Left: RCABi against flow shows overall increase of RCABi indicates 
faster flow rates. Right: TTPi against flow shows overall decrease of TTPi indicates 
faster flow rates. Multiple measurements for numerous blood vessels were available 
for each patient for better comparison.

Page 25
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patients, the intensity based maps properly indicate successful 
intervention. Overall, the RCABi map of patient-3 shows 
improved blood flow even though the RCABi values for several 
individual pixels contradict the trend. The two-dimensional 
RCABi and TTPi map appear to be more robust than single pixel 
indices, because the spatial normalization eliminates individual 
outliers leading to more robust “integral” snapshot of the blood 
flow pattern compared the “local” RCABi and TTPi.

 Thus, intensity-based maps are better suited for the 
assessment of interventional outcomes. Yet, even the maps 
cannot render absolute blood flow rates in individual vessels.

Flow Inversion from Reconstructed DSA

We also estimated blood flow rates in patient-2 and patient-4 
using a novel inversion technique for DSA images. Measured 
contrast concentration profiles were compared to the simulated 
trajectories to obtain blood pressure and volumetric flow rates. 
During an iterative procedure, the inversion model chooses 
suitable inlet pressures, which in turn affects the flow rates, 
as well as the dynamically simulated contrast agent intensity 
profiles throughout the network. The boundary pressures and 
indirectly the flow rates that lead to the best alignment between 
the simulated contrast agent concentration profiles with the 
measured intensity profiles from DSA are deemed the optimal 
solution. The optimal solution minimizes the objective function 
in (1) which is the difference between measured and simulated 
contrast agent profiles. We assumed a linear relationship 
between intensity and contrast agent concentrations. The side 

conditions include the continuity in (2), pressure drop according 
to Hagen Poiseuille law in (3) and the dynamics of contrast 
agent distribution by blood advection in (4). The information 
flow of the inversion model is shown in Figure 4. The problem 
of minimizing (1) subject to (2-4) is a non-linear mathematical 
program (NLP) with partial differential constraints. We solved 
the NLP after time discretization with a one-step implicit Euler 
method with step size t=100 ms with genetic algorithm (GA) 
optimizer in MATLAB, details on GA optimizer can be found 
elsewhere.35 Optimization parameters were set to population 
size=1000, number of iterations=500. Typical computation time 
for the inversion model did not exceed 20 CPU seconds on an 
Intel Core2Duo E8400. The intensities for the optimization were 
taken from the arterial phase only, background noise was filtered 
by subtracting the intensity of a contra-lateral hemisphere, 
and the area under the curve of the intensity was normalized 
to a unity. The final solution with the best match between the 
concentration profiles yields the desired volumetric flow rates. 
The pressure drops and the simulated concentrations profiles are 
simultaneous outcomes of the inversion procedure.

Optimal Flow From Inversion Of The Intensity Profiles

For the inversion of the contrast agent profiles, the inlet contrast 
concentration was set equal to the actual contrast infusion profile 
acquired at the first segment of the ICA. The optimal solution 
of flow rates from inversion are shown in Figure 5C, 5D and 
compared well with the QMRA measurements. The optimal flow 
rates were independent of the initial guesses for the unknown 
pressures and flows during the inversion. Figure 5B also shows 

Figure 4.  Information flow for novel inversion technique for estimating 
cerebral blood flow in large arteries with fractional DSA. The inversion 
consists in solving a non-linear optimization problem which minimizes the 
difference between measured and simulated intensity profiles. The optimal 
solution determines the flow rates and pressures that give the best alignment 
between measurements and model  B. Intensity profiles are extracted 
from DSA images (top). Anatomical information about the patient-specific 
network of main cerebral arteries is derived from medical images (middle). 
Flow results from inversion of the DSA images. The red gradient color bar 
indicates the volumetric flow rates; vessels in white are unavailable from DSA 
reconstruction (bottom).
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the intensity profiles in simulation and actual DSA data sets 
in good qualitative and quantitative agreement. The absolute 
volumetric flow rates were computed by inversion as 263.6 mL/
min in the RICA, 168.5 in the RMCA, 56.5 in the RACA, and 
38.5 in the LACA. Compared to NOVA, there are only small 
differences: 2.7% in the RICA, 8.9% in the RMCA, 23.2% in 
the RACA, and 9.5% in the LACA. The inversion model renders 
the desired flow rate estimates. It implicitly performs smoothing 
of the noisy contrast agent intensity data based on fluid dynamic 
principles. Incorporation of flow physical principles into 
the noise reduction seems advantageous when compared to 
uninformed data fitting used in conventional deconvolution.

Confidence Regions of Flow Estimation

We also computed the individual confidence intervals to assess 
the reliability of the flow estimation. Independent confidence 
intervals for confidence level of 99% were calculated based on 
the covariance method described in.36 The covariance method 
requires the

 sensitivity information; the elements of the Jacobian 
matrix were computed numerically by repeated simulations with 
small changes to the flow rates in (5-7) with n is the number of 
observations, p is the number of parameters, V the covariance 
matrix, σ the individual variances, ε is the vector of concentration 
differences between the measurement and the model prediction 
with t as the student t-value. We computed for four different flow 
rates with eighty observations, and using 2.63 as t-value with 
99% confidence. The final estimate for the blood flow in the 
RICA was 263.6±2.6 ml/min, 168.5±4.0 in the RMCA, 56.5±2.5 
in the RACA, and 38.5±4.8 in the LACA, indicated as error bars 
in Figure 5C. We also reconstructed an anatomical network for 
the main arteries connected to the right hemisphere of the Circle 

of Willis for patient-4 and conducted flow measurements with 
the inversion technique described above. The flow estimation 
for patient-4 gave absolute volumetric flow rates of 182.9±6.1 
mL/min in the RICA, 136.6±6.0 in the RMCA and 50.1±6.2 in 
the RACA as shown in Figure 5D. In comparison to the QMRA 
measurement were 205 mL/min, 175, and 49, respectively. 
The differences between flow rates acquired with inversion of 
traditional DSA and QMRA were smaller than 25%.

DISCUSSION

Intensity-based indices are appealing for the clinical practice 
especially during the interventional setting due to their ease 
of use. In this paper, two intensity-based angiographic indices, 
time-to-peak (TTPi) and relative cerebral angiographic blood 
flow index (RCABi) were investigated in four patients requiring 
neurovascular interventions. In all cases, improvements after 
neurovascular intervention were correctly detected by the 
TTPi. The RCABi analysis of two patients failed to reflect the 
correct trend. Such mismatches would not be acceptable for 
clinical outcome evaluations. We conclude that caution must 
be exercised when using angiographic intensity-based indices 
even for qualitative outcome assessment of neurosurgical 

Figure 5. Flow estimation from inversion-based model. A. An anatomical network model of the main blood 
arteries in the right hemisphere was reconstructed from constant infusion DSA and used for the hemodynamic 
computations into contrast advection during the inversion procedure. Red labels and vessels indicate positions 
examined in patient-4, grey labels and vessels mark other anatomical areas. B. Intensity profiles extracted from 
DSA at the RICA, RMCA, RACA, and LACA (dots) used in the inversion-base flow rate assessment. Crude 
intensity data were considered during the arterial phase, background was subtracted and the area under the 
curve for each intensity plot was normalized to unity. Solid lines show the simulated intensity profiles of the 
optimal solution. The good alignment between the two curves supports the validity of the flow estimation. C. 
The flow estimation with the novel inversion technique compared to the golden standard of QMRA for patient-2. 
Flow estimation from inversion-based model in vessels of interest is within 25% difference of QMRA. D. The 
flow estimation with the novel inversion technique compared to the golden standard of QMRA for patient-4. Flow 
estimation from inversion-based model in vessels of interest lies within 25% of the QMRA value.

(6)

(7)

(5)
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interventions.

 In addition, the quantitative correlation between 
intensity-based indices and absolute blood through individual 
arteries was found to be weak (R2<0.7). The imprecision is 
due to the low acquisition rate of DSA, the overlap of intensity 
in the angiographic projection planes, secondary injection 
of contrast agent, and attenuation of intensity through bony 
structures. The degree of variability and uncertainty is also a 
function of the patient-specific flow patterns. The use of these 
indices is reasonable as indirect assessment of relative change 
in blood flow post intervention (angioplasty, stenting, infusion 
of vasodilators, dural fistula or arteriovenous embolization), 
while the patient is still in the angiography suite. Especially the 
blood flow assessment for patients with flow reversal may be 
susceptible to incorrect trends as was the case in patient-3.

 Two-dimensional TTPi and RCABi maps were found 
to be more robust than point measurements. The comparison 
of maps pre- and post- intervention reflected correctly the 
qualitative improvement in all four cases. The apparent improved 
reliability of two-dimensional index maps over the local indices 
can be attributed to the spatially integral character of the map. 
The spatially distributed RCABi or TTPi fields better reflects 
the global flow pattern, and appears less sensitive to errors than 
local indices evaluated for individual pixels. However, even 
flow index maps also do not render absolute volumetric flow 
rates.

 To overcome the limitation of quantifying blood flow 
in conventional DSA, we presented a novel inversion technique 
that incorporates patient-specific anatomy in the image analysis. 
In two patients, DSA based blood flow measurement were 
demonstrated using an anatomically consistent hemodynamic 
model around the main arteries in the injected hemisphere. 
Using this patient-specific blood flow network and measured 
intensity plots from DSA as input, the inversion technique 
yielded absolute blood flow estimates within 25% of the QMRA 
NOVA measurements. Computation time needed for inverting 
the concentration profile were less than 20 seconds which shows 
that the inversion-based absolute flow estimation can be solved 
in real-time.

 Unavoidable measurement error is attributable to the 
intensity overlap in the DSA projections, and noise during image 
acquisition. There is also mismatch between actual injection 
dynamics causing complex mixing patterns and the simplified 
flow assumptions used for the inversion. Fast contrast infusion 
creates a jet which carries the contrast agent initially much 
faster than shortly afterwards when the blood flow returns to 
normal. In DSA with limited frame acquisition rate, the rapid 
initial contrast agent ejection is an unavoidable source of error 
especially close to the injection site.

 For building the hemodynamic model, patient-specific 
DSA images after constant infusion into one hemisphere were 

available in this study. The lack of observations for the contra-
lateral side is expected to affect the estimation error. To quantify 
the effect of this error, we also built a complete intracranial 
vasculature model from patient-specific MRA images to perform 
the same flow estimation by inversion of a complete Circle of 
Willis and bilateral main cerebral arteries. The inversion result 
was within 20% of the QMRA results. The results from complete 
network inversion differed by only 5% from the hemispherical 
predictions. This preliminary study demonstrates the feasibility 
of acquiring absolute blood flow rates in large arteries with 
conventional DSA with an inversion technique that incorporates 
anatomical details in the image analysis of dynamic contrast 
profiles.

CONCLUSIONS

DSA is an established technique for hemodynamic assessment in 
an emergency clinical setting, which currently lacks volumetric 
blood flow rate estimation to ascertain the effectiveness of the 
neurovascular intervention. The limitations of two intensity-
based flow indices for neurovascular intervention assessment 
were highlighted. Two-dimensional maps based on intensity-
based indices were found more robust against misinterpretation.
 
 A novel inversion technique to measure absolute flow 
in major arteries accounting for patient-specific anatomy in 
addition to DSA contrast agent profiles was introduced. The 
novel methods incorporated fluid mechanical and transport 
physics into the medical image analysis of DSA dynamic contrast 
data. The proposed inversion technique seems to give good 
flow estimates by smoothing the noisy image data according to 
hemodynamic principles. The combination of intensity profiles 
and patient-specific flow network is a promising approach to 
render absolute blood flow measurements with traditional DSA.
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ABSTRACT

Diffusion Weighted MRI (DWI) and Dynamic Contrast Enhanced MRI (DCE-MRI) are 
increasingly used for cancer assessment. Both modalities require adequate post-processing 
to extract useful information. DWI can be analyzed using the Intra-Voxel Incoherent Motion 
(IVIM) model while DCE-MRI can be analyzed using the Extended Tofts and Kermode (ETK) 
model. Both models have some parameters that can be estimated via numerical data-fitting 
procedures. The two mentioned models are typically fitted independently from each other. 
However, noise superimposed on images can affect the reliability of estimated parameters. In 
this feasibility study, we propose to exploit the link between the two models in order to possibly 
improve the quality of fitting. Preliminary results suggest that IVIM fitting can be improved 
when both ETK and IVIM are performed.

KEYWORDS: Diffusion weighted MRI; Dynamic contrast enhanced MRI; Intra-Voxel 
Incoherent Motion model; Extended Tofts-Kermode model; Simultaneous fitting.

INTRODUCTION

In cancer studies of several organs (e.g. breast, prostate, liver, etc…) functional imaging can give 
useful information for better quantify the staging. In particular, Diffusion Weighted Imaging 
(DWI) and Dynamic Contrast Enhanced (DCE) MRI are becoming increasingly adopted in 
clinical practice. 

 DWI can give information about the microstructure organisation of the tissue. In fact, 
tumors have an increased cellularity leading to reduced water diffusion.1 Isotropic diffusion can 
be modeled using Intra-Voxel Incoherent Motion (IVIM)2 which depends on a few parameters: 
perfusion fraction f (fraction of plasma vessels), ‘slow’ diffusion Ds (conventional diffusion), 
‘fast’ diffusion Df (diffusion in randomly oriented vessel). Diffusion constants are measured in 
mm2/s.

 DCE provides information on the capillary wall permeability. This latter increases 
in cancer because of leaky vessels associated to the fast grow induced by VEGF (vascular 
endothelial growing factor).3 One of the most commonly employed models is the Extended 
Tofts-Kety (ETK) model4 includes the following parameters: vascular plasma fraction (vp), 
transfer constant from plasma to extra-vascular-extra-cellular space (EES) Ktrans, transfer 
constant from EES to plasma kep. Transfer constant are mesured in min-1.

 Both models parameters are typically estimated from measured DCE and DWI data. 
Due to noise the estimated parameters can inaccurate and imprecise.

 Following the suggestion by LeBihan et al.5 in this study we hypothesized that 
perfusion fraction (f) in IVIM and plasma volume fraction (vp) should be equal and might be 
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used for improving the estimation of parameters attainable with 
DWI and DCE.

 In particular, we performed a Monte Carlo simulation 
in order to evaluate how the IVIM and ETK fitting can be 
performed simultaneously and if the simultaneous fitting can 
produce better performance than separate fitting.

METHODS

Intra-Voxel Incoherent Motion (IVIM) Modeling

The IVIM model has been proposed by Le Bihan et al2 according 
to this model the signal intensity of the diffusion weighted 
images is given by: . 
where S0 is the signal intensity with no diffusion gradient, f is the 
perfusion fraction, Ds is the slow diffusion coefficient of water 
and Df is the ‘fast’ diffusion coefficient, b is the b-value that is 
related to the pulse magnetic gradient intensity and duration.

Extended Tofts And Kermode (ETK) Modeling

Tofts and Kermode proposed a model for the capillary flow.4 
According to this model the concentration of contrast agent 
within a voxel is given by:  
where t is time, Ktrans min-1. is the transfer constant across the 
capillary wall from the plasma to the Ees, kep is the reverse 
constant from EES to plasma, vp is the plasma volume fraction.

Simultaneous Fitting Of IVIM And ETK

Le Bihan et al5 suggested that the perfusion fraction within the 
IVIM model should be interpreted as the vessel fraction within a 
voxel. This hypothesis, might be used to improve the numerical 
estimation of model parameters (DWI and DCE) performing 
simultaneous fitting of both data.

 In order to take advantage of the link between IVIM 
and ETK models we need to perform a simultaneous fit of the 

data. In this study we propose to perform minimization of an 
appropriate cost function. Under the hypothesis that f=vp the 
cost function can be written:

where  is the signal acquired during DWI and  is 
the signal acquired during DCE-MRI.

SIMULATIONS

We simulated one ETK curve with Ktrans=0.046 min-1. and 
kep=0.148 min-1. and vp=0.0074. The parker model for the arterial 
input function has been used.6 Time sampling was simulated as 
in fast TWIST (Time-resolved angiography With Interleaved 
Stochastic Trajectories) pulse sequences with an image every 3 
sec. Noise was superimposed having a standard deviation of 0.1 
mMol.

 Further we simulated a IVIM curve using f=vp=0.0074, 
Ds=0.001 mm2/s, Df=0.01 mm2/s and b-values (0, 50, 100, 150, 
200, 500, 600, 700, 800, 900, 1000, s/mm2). Noise was simulated 
having standard deviation 0.05 normalised units.

 Simultaneous fitting using the cost function proposed in 
the previous section has been performed. Starting values were: 
Ktrans=1, kep=0.5, vp=f=0.5, Ds=1e-3, Df=10e-3. The Levenberg- 
Marquardt algorithm in Matlab has been used.

 Monte Carlo simulation on 10 repetitions has been 
performed on the same noisy data but with different starting 
points chosen randomly within 10% of the starting values 
reported in the previous paragraph. 

RESULTS

Figures 1 and 2 report the simulated curves with superimposed 

Figure 1: DCE simulated data without and with noise superimposed. It 
is assumed that a fast pulse sequence is used (e.g. such as TWIST7) 
capable to acquire an image every 3 seconds. The noise level (std) has 
been fixed to 0.01 mMol. Noise distribution was assumed zero-mean 
Gaussian.



Radiology

Open Journal
http://dx.doi.org/10.17140/ROJ-1-105

Radiol Open J

ISSN 2473-0947

Page 33

noise. Figure 3 report the result of fitting using the proposed 
cost-function (Figures a and b) , and separately fitting the data 
(Figures c and d).

 When using simultaneous cost-function, mean 
relative error (expressed in percentage %) on parameters were: 
Ktrans=-7.20%, kep=11.54 %, vp=f=21.01%, Ds=-5.1132%, Df= 
-99.9850%. When the fitting were performed separately mean 
percentage errors were: Ktrans = -3.75 %, kep=6.37% vp=4.25% 
for the ETK model and f=6*106%, Ds=6.13%, Df= 347%.

 DISCUSSION

In this study we explored the possibility to perform simultaneous 
fitting of DCE and DWI data under the hypothesis that plasma 
fraction and perfusion fraction are the same as suggested by Le 
Bihan et al.5 We performed Monte Carlo simulations with noisy 
DCE and DWI data. Simulated data were fitted separately and 
in combination.

 Results suggest that DCE fitting can lead to better 

Figure 2: DWI simulated data without and with noise superimposed. It is 
assumed that a typical range of b-values has been used (0, 50, 100, 150, 
200, 500, 600, 700, 800, 900, 1000, s/mm2). The noise level (std) has been 
assumed 0.05 normalized units. Noise distribution has been assumed zero-
mean Gaussian.

(a) (b)

(c) (d)

Figure 3: (a) and (b) fitting using the cost function proposed combining DCE and DWI. (c) and (d) fitting separately DCE 
and DWI.
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results when performed alone. However, DWI data fitting 
can lead to huge errors in parameter estimates that might be 
attenuated when fitted simultaneously with DCE data.

 Although results seems promising, we must underline 
the limits of this study. In our study we did not evaluate the 
impact of different curve fitting algorithms, the influence of the 
noise level, the influence of the number of b-values used.

 It seems reasonable that a larger number of b-values 
might improve DWI fitting alone and consequently also the 
combined fitting.
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