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Abstract.Functional  magnetic  resonance  imaging  techniques  are  currently  becoming  important
diagnostic tools in medical imaging. They enable the imaging of tissue function with very good spatial
resolution. In perfusion imaging by combining the use of paramagnetic contrast agents and ultrafast
magnetic resonance imaging it is possible to follow the first pass circulation of the bolus through the
brain. From these kind of data sets it is possible to calculate voxel-by-voxel basis synthetic maps
which reflect various aspects of the hemodynamics of brain like cerebral blood volume and flow and
mean-transit-time. Diffusion imaging is a powerful method to the early phase of ischemic stroke and it
can detect the permanently damaged infarcted tissue earlier than conventional MRI. It also can be used
to investigate the white matter tracts. By means of activation studies it is possible to localize the brain
activity accurately. It is also possible to study the neuronal mechanisms of higher cognitive functions
by means of fMRI. Combining activation studies with electrophysiological measurements like MEG
and EEG offers an effective method to study the spatiotemporal orchestration of working brain in
health and disease.

1. Introduction
During  the  last  ten  years  various  functional  magnetic  resonance  techniques  have  been
developed which can be used clinical patient studies. Two main prerequisites have enabled to
bring  these  techniques  into  clinical  studies.  First,  the  development  of  ultrafast  imaging,
especially echo planar imaging (EPI), nowadays available in 1.5 Tesla scanners. Originally,
the technique was proposed as early as 1977 by Mansfield . EPI is a method by which spatial
encoding for complete images is performed in a time shorter than, or comparable to, tissue
T2 decay times. Because it is fundamentally just a spatial-encoding technique, EPI has the
advantage of a rather similar image contrast  than conventional MR imaging. The second
prerequisite  for  the  development  of  fMRI  has  been  better  understanding  of  the  basic



relaxation phenomena, especially susceptibility contrast . In this review we discuss the basics
and  clinical  applications  of  three  important  functional  magnetic  resonance  imaging
techniques: diffusion and perfusion imaging, and brain activation studies.

2. Diffusion imaging
The basic principles of measuring diffusion by nuclear magnetic resonance were laid out
already in  the  1950’s  by  Stejskal  and  Tanner  .  In  MRI,  these  principles  are  utilized  in
studying the molecular diffusion of water - in diffusion weighted imaging (DWI). A proton
of  a  water  molecule  experiences  slightly  different  field strength dependent on  its  spatial
location because of local inhomogeneities in magnetic field. Because the field strength is
directly  proportional  to  the  precession  frequency,  the  moving  spins  acquire  phase  shift
compared to static spins. Thus, if a normal spin echo imaging sequence is used the echo is
formed normally for static spins but only a weak signal is detected for moving spins because
they do not reach their initial phase at the time of echo. Although, a spin echo sequence is
sensitive  to  diffusion  the  effect  is  usually  too  small  to  be  detected.  However,  diffusion
sensitivity can be increased by diffusion gradients put symmetrically around the 180 degree
pulse (Figure 1). Diffusion sensitivity is expressed in the so called b-value

where  G  is  the  gradient  amplitude,  d  is  the  length  of  the  gradient,  D  is  the  temporal
difference of the two gradient pulses, and g is the gyromagnetic ratio of a proton. The greater
the b-value the more diffusion weighting there is. Since signal intensity is

where S0 is the signal intensity without diffusion weighting and ADC the apparent diffusion
coefficient, the signal decreases with increasing diffusion weighting. The ADC-value can be
calculated by using two or more b-values, and thus diffusion can be measured quantitatively.

Diffusion of water in a tissue is restricted and anisotropic which makes it dependent on the
direction of measurement. Usually diffusion is measured in three orthogonal directions and
the mean value used to approximate diffusion in any direction. This mean is the trace of the
diffusion tensor – a mathematical object that fully describes the dependence of diffusion on
orientation. To determine the whole diffusion tensor a diffusion measurement is required in at
least  six  different  directions.  With  a  known  diffusion  tensor,  diffusion  anisotropy  can
quantified  and  there  are  indications  that  this  makes  it  possible  to  characterize  e.g.  the
orientation of white matter tracts .

Figure 1. Diffusion weighted spin echo pulse sequence. Diffusion gradients (amplitude



G, lenght δ, interval Δ ) increase the effect of magnetic field inhomogeneities and thus
diffusion sensitivity.

2.1 Clinical applications

The ability of diffusion weighted imaging to detect changes in molecular diffusion of water
can be utilized in imaging of cerebral ischemia. When cerebral blood flow diminishes below
a critical level, failure of ionic pumps in the cell membrane to maintain ionic gradients leads
to a net influx of water into the cell (cytotoxic edema). In 1990, Moseley et al. reported that
DWI was more sensitive than T2-weighted imaging in detecting early cerebral ischemia after
occlusion of the middle cerebral artery (MCA) in a cat stroke model . Reith et al. showed
DWI findings in rat 5 minutes after occlusion of the MCA . Hoehn-Berlage et al. showed that
by measuring  apparent diffusion  coefficient (ADC),  one can detect a  gradual increase of
severity of ischemia from the periphery to the core of the lesion . Determination of ADC
provides a method to evaluate the severity of the ischemic lesion. Although reperfusion has
shown to cause recovery of ischemic lesions in animals , there has been few observations of
recovery in humans . Warach et al. studied 32 stroke patients with DWI and showed it to be
more  sensitive  than  T2-weighted  imaging  also  in  humans  .  ADC  can  be  helpful  in
determining the age of an ischemic lesion: ADC is decreased for 3-4 days from ictus after
which a process called ´pseudonormalization´ occurs during days 5 to 10 . In chronic infarct,
the ADC is higher than in normal brain. ADC maps help to avoid wrong positive ischemic
findings a result of T2-shine-through, which is a problem in diffusion weighted raw images
and trace images. Lutsep et al. studied the clinical utility of DWI in assessment of ischemic
stroke and find  it  superior  to  T2-weighted imaging in acute situation  Acute DWI lesion
volumes have been shown to correlate with stroke scale scores and the final infarct volume .
Despite the observations that in experimental models of non-human stroke, DWI lesions can
recover  with  early  reperfusion,  lesions  with  decreased  diffusion  in  human  stroke  are
generally considered  infarcted.  DWI  is  clinically  applicable  method that  provides  useful
information about hyperacute ischemic stroke. In our material in Kuopio University Hospital
we have studied the natural course of ischemic lesion. We have observed that the DWI lesion
enlarges  between  the  day  of  the  ictus  and the  day  after  that,  when  the  first  DWI  was
performed approximately 10 hours from the onset of symptoms . A statistically significant
enlargement is seen even between the lesion volume on the second day and one week. This
temporal course of the ischemic process supports the view that human ischemic stroke with
partial occlusion and possible clot lysis differs from experimental stroke with animal models.

3. Perfusion imaging
By combining the simultaneous use of paramagnetic contrast material and ultrafast imaging
it is possible to study the hemodynamics of normal and diseased human brain . Perfusion
refers to blood circulation at the capillary level. In perfusion weighted imaging (PWI) the
first-pass of an intravascular, paramagnetic, non-diffusible contrast agent through a region of
interest, is  studied. While in normal MR angiography the image voxel contains 100% of
flowing elements  in  PWI  the percentage is  only  2-4% which  makes the  technique  very
delicate. The magnetic susceptibility difference between the capillaries filled with contrast
agent  and  the  surrounding  tissue  induces  local  magnetic  field  gradients  which  alter  the
measured  signal .  In  human brain  the first-pass  of  the contrast  agent  bolus  is  about 15
seconds which  demands  ultra-fast  imaging in order  to adequately  sample the signal-time
curve. MR signal is  converted into concentration-values by assuming a linear dependence
between contrast agent concentration and T2 relaxation rate. It is commonly believed that
susceptibility contrast with a spin echo (SE) echo planar imaging (EPI) sequence is specific
to small vessels, in contrast to gradient echo EPI . Relative cerebral blood volume (rCBV)
can be determined by numerically integrating the concentration-time curve during first-pass
of the bolus. rCBV is a measure of the amount of capillaries in a volume element. Relative
cerebral blood flow (rCBF) can be determined if the arterial input function of the contrast
agent is know . By deconvoluting the tissue concentration time curve by the AIF, CBF and



the  residue  function  R(t)  (which  describes  the  fraction  of  injected  tracer  present  at  the
vasculature as a function of time) can be determined

.

According to the central volume theorem, the mean transit time (MTT) of the contrast agent
through a  voxel can be obtained as the relation of  rCBV to rCBF. Recently,  it  has been
proposed that in addition to relative values, also absolute values can be obtained with PWI .

3.1 Clinical applications: Ischemic stroke

Imaging of brain perfusion by using single photon emission computed tomography (SPECT)
and positron emission tomography (PET) do not give morphological information about the
brain, which seriously limits the clinical use of these methods in daily practice. Perfusion
weighted  MR imaging provides  an  opportunity to  image perfusion  in the  same imaging
session as DWI and conventional, more morphologically oriented MR imaging. Villringer et
al. introduced the susceptibility effect of gadolinium in 1988 . It is the basis of contrast agent
bolus tracking technique, which is at present clinically the most applicable PWI method. In
the  material  of  Warach  et  al.  DWI  and  single  slice  PWI  were  more  accurate  than
conventional MRI in predicting clinical  improvement . Studies combining DWI and PWI
have suggested that an acute infarct (detected by DWI) surrounded by hypoperfused zone
(detected by PWI) could especially be at risk of enlargement . In a study of ten patients by
Tong et al. lesion sizes in DWI and PWI correlated significantly with acute stroke scale score
and final infarct size . They used time to peak maps and observed a hypoperfusion area larger
than or equal to the DWI changes in all patients. Barber et  al.  observed larger perfusion
defect in 11 out of 17 patients by using mean transit time maps and this perfusion-diffusion
mismatch predicted infarct expansion . Acute PWI and DWI lesion volumes correlated with
clinical outcome. Lesion volumes detected by PWI depend on the type of perfusion map used
in volumetric analysis of hypoperfused tissue. In our series of 26 patients, the PWI lesion
was larger than DWI lesion in 7 cases when measured from rCBV (relative cerebral blood
volume) maps, in 15 cases when measured from rCBF (relative cerebral blood flow) maps
and in  18  cases  when measured  from MTT (mean transit  time)  maps  .  In  the study of
Sorensen et al. rCBF maps combined with DWI predicted infarct growth more often (12 of
15 subjects) than rCBV maps combined with DWI (8 of 15 subjects), whereas rCBV and
DWI lesion volumes showed better correlation with eventual infarct volume . Figure 2 shows
a  representative  case  with  acute  perfusion-diffusion  mismatch  and  subsequent  infarct
enlargement. The rCBF map shows a hypoperfusion area that is of about the same size than
the perfusion defect on SPECT. In our material, the perfusion-diffusion mismatch volume on
the first day predicted worsening in early clinical outcome assessed with National Institute of
Health Stroke Scale (NIHSS) . As a conclusion, combining perfusion and diffusion imaging
seems to be a particularly effective method to assess the early hemodynamic changes in the
acute ischemic stroke.

Ultra fast MR imaging sequences have made it  possible to combine DWI and PWI with
conventional imaging sequences and MR angiography. Clinically informative MR scanning
can be performed in about 20 minutes, which is tolerated by majority of the patients with
acute stroke. This robust method is and obviously will be harvested in clinical trials studying
medical treatment of acute ischemic stroke. In the future, it is likely that combined DWI and
PWI is part of our clinical routine when examining patients with acute ischemic stroke.



Figure 2. Seventy-three years old female with left hemiparesis. The first MRI (a-d) was
performed 6.5 hours from the onset of symptoms. T1-weighted (a) and T2-weighted (b)
image show very subtle findings. DWI (C) clearly shows ischemic lesion on the right
hemisphere. Map of relative cerebral blood flow (d) shows larger perfusion defect on the
right hemisphere, which is of about the same size than the perfusion defect on SPECT
(e). DWI on the next day shows the enlargement of the infarct.

3.2 Clinical applications: Tumor imaging

Blood volume mapping has been shown to be potentially useful in the grading of primary
gliomas.  MR  blood  volume  mapping  was  found  to  correlate  strongly  with  PET-
fluorodeoxyglucose (FDG) finding in most gliomas studied by Aronen et al . They found that
high-grade gliomas were more heterogeneous in blood volume maps compared with low-
grade lesions, making possible the grading of gliomas with CBV-mapping . Recently, it has
been further  confirmed that  MR perfusion  imaging offers  powerful  tools  for  addressing
pathophysiological changes associated with blood-tumor-barrier.

4. Brain activation studies
The development of fast magnetic resonance imaging methods have enabled monitoring of
dynamic  processes  in  the  human  body.  As  long  as  one  hundred  years  ago  Roy  and
Sherrington introduced the idea of a close connection between cerebral activity and cerebral
circulation and since the production of the first useful MR brain images 1973, a number of
researchers have speculated on the possibility of imaging brain physiology as well as brain
anatomy. Recent development of ultrafast magnetic resonance imaging (MRI) has enabled a
fast  and  accurate,  non-invasive way of  human brain  mapping -  blood oxygenation  level
dependent contrast functional MRI (BOLD-fMRI) .

It  has been known for a long time that  the magnetic  state of hemoglobin in red cells is
strongly dependent on oxygen saturation and that deoxygenated blood is considerably more
paramagnetic than oxygenated blood. It is also known that cortical neuronal activation not
only increases regional oxygen consumption, but also regional blood flow and regional blood
volume. The sum of these events is a local transient hyperoxemia associated with neuronal
activity. This decrease of capillary and venous deoxyhemoglobin concentrations is reflected
as an increase in the MRI relaxation parameter T2* and consequently an increase in the
signal intensity of T2* (susceptibility)-weighted MR images. However, the signal changes
related  to  cerebral  activation  are  close to the  noise level and  therefore  numerous  signal
processing techniques are used to overcome the low signal-to-noise ratio . It was more than
fifty years later after the discovery of Pauling and Coryell until the first fMRI results were



published  .  Since  then  the  BOLD  technique  has  been  successfully  applied  to  many
examinations of human visual, motor, somatosensory, auditory and speech areas as well as in
studies of higher cognitive functions.

4.1 Preoperative surgical planning

Until recent years non-invasive methods for determining individual functional anatomy prior
to neurosurgical procedures have not been available. Advances in several medical imaging
modalities have made this possible. Today it is possible to use positron emission tomography,
functional  MRI,  magnetoencephalography  (MEG),  electroencephalography  (EEG),  and
transcranial magnetic stimulation to map eloquent brain areas before surgical intervention.
Knowledge of the location of motor areas or language areas, for example, will reduce the risk
of iatrogenic damage causing severe disability to the patient. This has also large economic
impact as postoperative rehabilitation is expensive.

With functional MRI it possible to locate primary sensory and motor areas (Figure 3) as well
as areas related to higher cognitive functions such as language and memory and possibly also
evaluate  the  hemispheric  lateralization  of  these  functions  Intra-operative  real-time
monitoring with functional MRI has now been demonstrated . Recent results indicate that
fMRI may also have a role in localization of epileptogenic foci  .  The studies evaluating
functional MRI in clinical use have so far been conducted on relatively small patient groups
(10-20 patients). The results have been encouraging in all studies performed.

Two main concerns in clinical use of fMRI are the artefacts and noise from motion and non-
specificity  to  microvasculature.  Since  patient  movements  of  the  order  of  couple  of
millimeters during the imaging can severely deteriorate the quality of the data and induce
severe artefacts, it is obvious that very good co-operation is required.

Other important movement related noise sources are the brain pulsation during the cardiac
and  respiratory  cycles.  In  the  future,  prospective  motion  compensation  techniques  may
improve the clinical applicability to less co-operative patient groups, such as children.

Currently the most widely used imaging sequences in fMRI are gradient-echo sequences,
which provide the greatest sensitivity to BOLD signal. They are, however, not selective to
signals from microvasculature only. According to optical imaging results the spread of signal
to draining venules and thus introducing localization inaccuracy . All forms of functional
MRI can benefit from use of higher field strengths as signal to noise ratio increases linearly
with  the  field  strength.  This  can  be  used  for  either  shortening  imaging  times,  higher
resolution or increased sensitivity.



Figure 3. Sensorimotor cortex localized preoperatively in a tumor patient. The tumor is
located parietally immeaditely posterior to the primary sensory cortex. Resection could
be performed without loss of sensorimotor function.

4.2 Working memory and attention

Functional magnetic resonance imaging faces its greatest challenges and expectations in the
field  of  cognitive  neuroscience.  It  is  hoped  that  this  method  would  lead  to  a  deeper
understanding of the neurophysiological basis of behavior.

We have recently initiated a series of studies concerning neuronal mechanisms of visual and
auditory working memory and attention. Working memory refers to temporary storage of
information that is processed in a range of cognitive tasks . We applied the functional MR
imaging technique to  study the distribution  of  brain  activation  in  humans  engaged in  a
visuospatial working memory task performance. Neurologically healthy subjects performed a
visuospatial  n-back task with three load levels (0-,  1-, and 2-back tasks).  In all  subjects
studied,  significantly  activated  voxels were detected  in  areas  which  -  according  to  their
Talairach coordinates - were located in the middle frontal gyrus in the prefrontal cortex, in
the superior frontal sulcus and gyrus and in the intraparietal sulcus (Figure 4) . Several other
cortical areas, including areas in the cingulate cortex, the insula, and the superior and inferior
parietal  lobuli  were also  activated  in  relation  to  the  task  performance  suggesting  that  a
network  of  distributed  cortical  areas  is  engaged  in  visuospatial  working  memory  task
performance in humans.

While visual working memory mechanisms have been studied extensively during the past
years,  the  functional  organization  of  auditory  working  memory  has  received  much  less
attention. There may be practical reasons for the lack of fMRI studies on auditory working
memory. Functional MR imaging is accompanied with a relatively high level of background
noise, which in auditory memory tasks may be a greater problem than when imaging during
visual memory tasks. It is, however, possible to trigger the imaging so that the background
noise related to the imaging does not coincide with the presentation of the auditory stimuli.
On the other hand, the unavoidable background noise is similar in all imaging conditions,
minimizing its effects on the task-related changes in regional cerebral blood flow detected by
the fMRI.  We  have recently  initiated  an  auditory  fMRI  project  in  which  the  functional
organization  of  auditory  working  memory  is  studied.  By  using  the  same  n-back  task



paradigm as in our visual working memory task and by triggering the imaging right after the
end of the auditory stimulus, it was possible to overcome some of the problems related to the
background noise .

The visuospatial, as well as the auditive working memory task performance revealed marked
consistency  between  different  subjects  in  the  areas  that  were  found  to  be  statistically
significantly activated during functional MR imaging. The n-back task paradigm is thus well
suited for functional MR imaging and may therefore prove diagnostically useful in studying
patients suffering  from different kinds  of  memory disorders (e.g.  dementias,  Parkinson’s
disease, stroke).

Figure  4.  Visuospatial  working  memory  as  revealed  by  fMRI:  A  sagittal  and  three
coronal slices illustrating brain activation in the Medial Frontal Gyrus, Superior Frontal
Sulcus, Superior Frontal Gyrus and Intraparietal Sulcus.

5. Future Trends
Functional magnetic resonance imaging and magnetoencephalography provide a partial, but
not overlapping view of the physiological events. This implies that the combined use of these
techniques, multimodal imaging, could lead into a better understanding of human physiology
. Most immediate applications of multimodal imaging are in neurosurgery where mapping of
brain functions can be used in the planning of operations and risk assessment as well as intra-
operatively for navigation in order to avoid unnecessary iatrogenic damage to the patient.
Other  promising  areas  include  diagnostics  and  characterization  of  many  neurological
conditions (especially ischemic strokes, epilepsy and dementia) and psychiatric disorders.
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