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Abbreviations 

ADC Apparent diffusion coefficient 
AIF Arterial input function 
ASL Arterial spin labeling 
CBF Cerebral blood flow 
CBV Cerebral blood volume 
CPB Cardio pulmonary bypass 
DSC-MRI Dynamic susceptibility contrast MRI 
MRI Magnetic resonance imaging 
MRS Magnetic resonance spectroscopy 
MTT Mean transit time 
R1 Longitudinal relaxation rate (s-1) 
r1 Dipolar T1 relaxivity of a contrast 

agent (s-1mM-1) 
R2 Transversal relaxation rate (s-1) 
r2 Dipolar T2 relaxivity of a contrast 

agent (s-1mM-1) 
R2* Effective transversal relaxation rate 

(s-1) 
SACP Selective antegrade cerebral 

perfusion 
SVD Singular value decomposition 
T/R Transmit receive 
T1 Longitudinal relaxation time (ms) 
T2 Transversal relaxation time (ms) 
T2* Effective transversal relaxation time 

(ms) 
TE Echo time (ms) 
TR Repetition time (ms) 
TTP Time to peak 
USPIO Ultrasmall particles of iron-oxide 
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Introduction 

The work presented in this thesis is the first half of a planned PhD project on 
a clinically widespread method to measure cerebral perfusion. In this first 
part, the method was applied in two studies; one clinical phase II contrast 
agent development study, in which the feasibility of applying the method on 
kidneys was evaluated, and one experimental study, in which the method 
was used to monitor the cerebral perfusion while varying the flow during 
cardio pulmonary bypass. In the planned second part, the method will be 
analyzed.  

Organ function, and ultimately cell survival, is dependent on adequate 
blood supply – the tissue perfusion. For pathologies where the perfusion is 
locally altered, for example tumors, a perfusion map is visually 
straightforward and an intuitive tool for the radiologist. There are several 
methods to accomplish these regional perfusion maps and all of them are 
image based. Basically, the methods can be grouped by three principles; 
dynamically monitor the kinetics of a tracer, statically measure the 
absorption of a tracer or collect images sensitive to blood motion. The 
modalities available to perform these measurements are magnetic resonance 
imaging (MRI), computer assisted tomography, single photon emission 
computed tomography and positron emission tomography. 

This work is focused on a method in which the perfusion is assessed by 
using MRI to observe the transport of a contrast agent bolus through the 
tissue of interest. The idea is that the amplitude and shape of the sampled 
tracer concentration curve, after being mathematically massaged, reflects the 
perfusion properties of the tissue; namely the blood flow, blood volume, 
mean transport time and time from injection to arrival. This technique is 
called the first pass method or dynamic susceptibility contrast imaging 
(DSC-MRI). It is not unique for MRI but was, in the early 1990’s, adapted 
from nuclear medicine where it was known as the indicator dilution method. 

Magnetic resonance imaging 
Magnetic resonance imaging is a remarkable technique to visualize the 
interiors of the human body and the function of its organs. The success of the 
technique relies on the continuous efforts of thousands to develop and 
improve the MR methods, but its existence depends on two fundamental 
insights. The first, presented in 1946 (1,2), is the behavior of the hydrogen 
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nucleus, and other particles with a spin angular momentum, in a magnetic 
field – the magnetization precesses around the magnetic field lines with a 
frequency proportional to the magnetic field. The second, presented in 1973 
(3), is the idea to generate images by manipulating the magnetic fields 
around the hydrogen protons. 

Nuclear magnetic resonance 
The frequency of the precession is referred to as the Larmor frequency or 
simply the resonance frequency.  The relation between magnetic flux density 
B and the resulting frequency is given by the gyromagnetic ratio γ and is 
written 
 
 

Bf γ=  (1) 

 
 
Clinical applications of magnetic resonance are almost exclusively based on 
the hydrogen nucleus, a single proton, for which the gyromagnetic ratio is 
approximately 42 MHz/T. The static magnetic field of clinical scanners, 
denoted B0, are typically 1.5 or 3 tesla (T), corresponding to resonance 
frequencies of about 63 and 127 MHz respectively.  
 
An ensemble of nuclei, or spins, will together constitute a magnetization M. 
The precessing motion of this M is described in (2) by 
 
 

( )BM
dt

dM ×= γ  (2) 

 
 
In order to manipulate the direction of this M we can either alter the B0 
direction or make use of the resonance phenomenon; by adding a time 
varying B field, denoted B1, at the Larmor frequency M will gradually 
change its direction. The amplitude of B1 is typically three orders of 
magnitude lower than B0. Superimposing B1 and B0 would then seemingly 
only affect the direction of the total B a fraction of a degree. That would be 
true for a static B1, but following from the resonance criteria, B1 is fixed 
relative the precessing M and hence causes an additional rotational motion 
independent of the rotation around B0. The two motions can be 
mathematically be described by  
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( ) ( ) ( )1010 )( BMBMBBM
dt

dM ×+×=+×= γγγ  (3) 

 
 
The resulting angle of M relative to B0 depends on the combination of 
amplitude and duration of B1. From a classical point of view, the 
manipulated M becomes magnetically “visible” if it no longer is parallel, or 
anti-parallel, to the axis of the precession (B0). The transverse component of 
M, orthogonal to B0, is a miniature equivalent to the rotating magnet inside a 
generator which causes a fluctuating electromagnetic field. This emitted 
field is the MR signal. 

Image generation 
Since the resonance frequency depends on the magnetic flux density B, it is 
by introducing controlled spatial variations in B, magnetic field gradients, 
possible to select which protons to excite depending on their location.  

The same mechanism makes it possible to introduce a spatial dependence 
of the frequency and phase of the excited protons. By applying these 
magnetic field gradients together with excitation pulses in an intelligent way 
it is possible to excite and spatially encode groups of protons and thus 
produce an image. 

Spin relaxation 
As described above, MR images are acquired by manipulating the magnetic 
orientations of the hydrogen nuclei. Spin relaxation is the process by which 
the nuclei returns to the resting state after one or several excitation pulses, 
see Figure 1. The relaxation process is generally treated as two independent 
processes with one model describing the recovery of the longitudinal 
magnetization and one describing the decay of the transverse magnetization. 
 
 

 
Figure 1. Illustration of the relaxation processes following a 90 degree excitation 
pulse for a group of spins. The transverse relaxation is the decay of the net 
transverse magnetization due to dephasing. The longitudinal relaxation is the 
recovery of the longitudinal magnetization. 
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Longitudinal relaxation 
The longitudinal relaxation process is the recovery of the longitudinal 
magnetization MZ along B0 after being tipped α degrees by an excitation 
pulse. If MR image sampling consisted of only one echo generated by a 
single excitation pulse, the initial amplitude of the signal would only depend 
on the spin density. However, since an image is constructed of numerous 
echoes evenly spaced by the repetition time of the sampling sequence, the 
rate of MZ recovery will influence the signal amplitude, and hence image 
signal intensity. The MZ after one RF pulse is described by 
 
 

( )1/
0 1)( Tt

ZZ eMtM −−= β  (4) 

 
 

where β, the fraction of MZ0 to be recovered, is given by (1-cosα) for flip 
angles α. The recovery rate of MZ, or decay rate of the unbalance, is given by 
the longitudinal relaxation time T1 (ms). 

The longitudinal relaxation process can be understood in terms of energy 
transfer. At excitation the potential energy of the spin ensemble is elevated. 
In order to return to the equilibrium state this energy must be transferred to 
the surrounding particles, the lattice. How rapid this process will be depends 
on the relation between the rotational and vibrational frequencies of the 
lattice and the Larmor frequency of the nucleus. The closer these frequencies 
are, the more effective the energy transfer process is. This relaxation process 
is also called spin-lattice relaxation. 

Transverse relaxation 
Immediately after an excitation pulse all spins are in phase. If the media is 
static and magnetically perfectly uniform all spins would precess with the 
exact same frequency and no phase dispersion would occur. In practice, 
there are always spatial and dynamic variations in the magnetic environment 
leading to different rates of phase dispersion. 
 
 

2/
0)( Tt

XYXY eMtM −=  (5) 

 
 

MXY(t) is the remaining transverse magnetization at time t after the 
excitation, MXY0 is the initial transverse magnetization after excitation, when 
all spins are in perfect alignment, and T2 is the transverse relaxation time. 
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Contrast agents 
MR contrast agents are pharmaceutical substances injected intravenously in 
order to enhance, or generate, differences in signal intensity between tissues 
or regions in the MR image. This effect of the contrast agent molecules, 
themselves invisible in the MR image, is due to their power to accelerate the 
relaxation processes of surrounding native protons. Compared to the contrast 
agents used in X-ray applications, the mechanisms are fundamentally 
different – in an X-ray image the contrast agent itself is depicted. A contrast 
agent particle consists of a magnetically active component, such as a metal 
ion, and a carrier component. Together, these two components determine the 
relaxation properties and the biodistribution of the contrast agent. 

The measure of how effectively the contrast agent alters the relaxation 
rate is described by its relaxivity ri, where i is 1 and 2 for longitudinal and 
transverse relaxation respectively. The relaxivity defines how much the 
relaxation rate Ri is altered per concentration unit, and is written 
 
 

CrRR iii += 0  (6) 

 
 
R0 is the original relaxation rate in s-1, C the contrast agent concentration in 
mM and consequently the relaxivity r in s-1mM-1. 

There are two mechanisms by which the contrast agent particles affect 
proton relaxation – dipolar and susceptibility induced relaxation. Dipolar 
relaxation refers to when a proton magnetically interacts directly with 
another particle. Susceptibility induced relaxation refers to the proton being 
influenced by variations in the magnetic field due to the presence of the 
contrast agent particle  

Omniscan – a chelated gadolinium agent 
Omniscan belongs to the group of contrast agents most frequently used in 

the clinic; chelated gadolinium agents or paramagnetic ECF agents. 
Chelation is a form of molecular shield – a single atom, the gadolinium 

ion, is bound centrally inside a molecule, the ligand DTPA, preventing it to 
chemically react with the surrounding.  

Gadolinium(III) is a metal ion, belonging to the group lanthanides, and it 
has three properties making it suitable for this application. First, it has seven 
unpaired electrons, each having a magnetic moment of about 650 times that 
of a proton. Second, the frequencies of these electrons are close to the 
Larmor frequency of the protons leading to effective dipolar relaxation. 
Third, it chelates strongly with the carrier molecule DTPA, a valuable 
quality due to the good biodistribution properties of DTPA but from a safety 
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perspective crucial since gadolinium is toxic and must not be released inside 
the body.  

Paramagnetism is related to the magnetic susceptibility χ of the agent. 
For any compound positioned in a magnetizing field H, the induced 
magnetization M is given by the compounds magnetic susceptibility 
according to 
 
 

HM χ=  (7) 

 
 
For paramagnetic particles χ is positive – the magnetization M is parallel to 
H and the magnetic field is locally increased. However, when the particle no 
longer experiences the H field the magnetization M returns to zero. 

ECF is the abbreviation for extracellular fluid, referring to the distribution 
volume. The size of the chelate enables it to leak out of the intravascular 
volume into the interstitum, except for regions with intact blood-brain 
barrier. Also due to the low molecular weight, these agents are eliminated by 
glomerular filtration 

Clariscan – an USPIO blood pool agent 
USPIO stands for ultrasmall particles of iron-oxide. To qualify as ultrasmall 
the total particle size should be less than 50 nm, larger particles, 50-200 nm, 
are categorized as small (SPIO). 

Blood-pool refers to the biodistribution – in contrast to the gadolinium 
ECF agents these particles are too large to leak into the interstitium. Instead 
they are contained in the intravascular volume. The size also affects the 
elimination process, instead of being filtrated by the kidneys the USPIO 
particles is eliminated by the reticuloendothelial system (liver, spleen, bone 
marrow). 

The iron oxide particles are crystals made up by thousands of iron ions 
(Fe2+ and Fe3+). Individually, these iron ions are paramagnetic, but 
magnetically ordered in the crystal the magnetic field is “amplified” and the 
particle is categorized as superparamagnetic. 

Dipolar relaxation 
For gadolinium based agents, the dipolar relaxation is described as three 
separate processes depending on the distance between the proton and the 
gadolinium ion – they are called inner, second and outer sphere relaxation 
respectively. However, the contribution of the second sphere component is 
usually combined with the outer sphere component (4) and the relaxivity of a 
paramagnetic agent is written 
 



 16 

 
( ) ( ) ( )outeriinneripi TTT /1/1/1 +=  (8) 

 
 
where i is 1 and 2 for the longitudinal and transverse relaxivity respectively. 
 
Although the DTPA molecule effectively contains the gadolinium ion, there 
is one gadolinium correlation site, of totally nine, available for water 
molecules (5). The resulting effect will depend on the relaxation rate of the 
protons of the correlated water molecule TiM, the residence time of the water 
molecule τM, the amount of paramagnetic particles P (mole fraction) and 
correlation sites q (5) and is written 
 
 

( )
MiM

M
inneri T

qP
T

τ+
=/1   (9) 

 
 
The term TiM is given by the Solomon-Bloembergen-Morgan equations, a 
formalism outside the scope of this text. There is an additional correlation 
process, when a hydrogen proton of the water molecule correlates with an 
atom of the surface of the ligand, leading to second sphere relaxation. 
However, as mentioned above, the contribution is usually not treated 
individually but incorporated with next term, the outer sphere relaxation. 
 
For the USPIO agent there is no inner sphere relaxation component due to 
the molecular design, the surface of the iron oxide core is completely 
covered by the coating layer and there are no correlation sites available. 

 
Outer sphere relaxation stems from the motion, diffusion, of the bulk water 
molecules relative to the contrast agent particle. The molecules are modeled 
as hard spheres and the components included in the calculations are the 
concentration of the gadolinium complex, the distance of closest approach 
and the diffusion constants of the molecules (6).  

Relaxation due to susceptibility 
The models of dipolar relaxivity are developed for contrast agents in 
solutions – contrast agent particles surrounded by free bulk water molecules. 
However, once injected into biological tissue, the contrast agent will be 
compartmentalized – depending on the biodistribution of the particle and the 
tissue structure. It is this compartmentalization that gives rise to the 
susceptibility induced relaxation. As the particles are unevenly distributed 
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there will be local spatial variations in the magnetic field. Recalling the 
fundamental relationship described by Eq. (1), every B distribution results in 
a corresponding frequency distribution and, consequently, the phase 
dispersion denoted susceptibility induced relaxation. 

Dynamic susceptibility contrast MRI 
As briefly touched on earlier in the text, the general idea behind the DSC-
MRI method is that the tissue perfusion can be characterized by observing 
the tissue signal response to a short pulse of intravascular contrast agent. The 
perfusion parameters determined by this method include the tissue blood 
flow (FB) in ml/min/100g tissue, tissue blood volume (VB) in ml/100g tissue 
and mean transit time (tMTT) in seconds. In addition to these three parameters 
it is also common to calculate the time to peak (tTTP), or delay, also in 
seconds. Note that all parameters are given in units reflecting absolute 
perfusion values. 

Model of blood kinetics 
Following the conventional way of presenting the fundamental relations 
building up the DSC-MRI method (7-9), the blood volume is given by 
 
 

dttC

dttCk
V

A

T

B

∫

∫
∞

∞−

∞

∞−=
)(

)(

ρ
 (10) 

 
 
CA(t) is the arterial input function and CT(t) the tissue response. The factor k 
accounts for the difference in hematocrit level H between large and small 
vessels, k=(1-Hlarge)/(1-Hsmall). This since the contrast agent distribution 
volume is the plasma volume – the intravascular volume minus the volume 
of the erythrocytes. ρ is the tissue density in g/ml.  

For tissue response dependence on volume, consider a fixed input and a 
variable volume. For increasing volume, the time during which the tracer 
particle is inside our volume, and hence contributes to the integral, increases 
proportionally. 

Next relation involves the tissue blood flow FB and is, depending on 
reference chosen, either presented as 
 
 

∫ −=
t

ATT dtRCF
k

tC
0

)()()( τττρ
 (11) 
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or 
 
 

∫

∫

∫
∞

∞

∞=
0

0

0

max

)(

)(

)( dttC

dttC

dttR

Rk
F

A

T

B ρ
    (12) 

 
 
The similarity may not be obvious, but integrating both sides of Eq. (11) and 
applying Fubini’s theorem, which states that the integral of the convolution 
of two (integrable) functions are the product of their integrals give  
 
 

∫∫∫
∞∞∞

=
000

)()()( dttRdttCF
k

dttC ATT

ρ
  (13) 

 
 
and rearranging the second equation 
 
 

∫∫∫
∞∞∞

=
00

max
0

)()(
1

)( dttRdttCF
Rk

dttC ABT

ρ
 (14) 

 
 
Considering that Rmax, which represents maximum proportion of entered 
tracer still in the volume, should be identical to unity the two expressions are 
identical.  

The classic interpretation of Eq. (11) is that the initial value of the 
deconvolved response function is the tissue blood flow, that is – the 
amplitude of the tissue response to an impulse is (proportional to) the blood 
flow. 

The mean transit time, or alternatively mean residence time, is either 
given by the relation between volume and flow 
 
 

B

B
MTT F

V
t =  (15) 
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or by the integral of the residual R 
 
 

∫
∞

=
0

)( dttRtMTT  (16) 

 
 
The integral in Eq. (16) is equivalent of adding the residence time of all 
particles and dividing the sum by the number of particles. 

Deconvolution techniques 
The DSC-MRI method involves retrieving the impulse response by 
deconvolving the arterial input function from the tissue response function. 
The methods can, in principle, be divided into two groups depending on if 
they use assumptions or a priori knowledge of the tissue vasculature.  

Model dependent methods 
These methods rely on a priori knowledge or assumptions of the vascular 
system. It means that the mathematical solution is restricted to fit into a 
certain set of boundaries - conditions that can guarantee a physiologically 
plausible solution. However, it is important to keep in mind that by defining 
these constraints, the quality of the result depend on how well the model 
correspond to the actual vasculature. Abnormal signal behavior, which may 
be the result of pathology, may be forced into a normal physiologic pattern. 

An example of such a model is to use one or a combination of several 
exponential terms to describe the impulse response. One single exponential 
term corresponds to a single, instantaneously well mixed compartment. 

Model independent methods 
Here a more strictly mathematical solution is produced. In principle it does 
not rely on any assumptions of the vascular structure or hemodynamics, but 
in practice some sort of condition must be included to promote “well 
behaved” solutions, e.g. suppress oscillations and negative values.  

The most widely used and established method in this group is the singular 
value decomposition method (SVD). The components of the convolution 
equation are written in matrix form and the equation is solved by linear 
algebra (7,10). 

An alternative method that has shown promising results is Thikonov 
regularization (10). Regularization refers to mathematical methods to deal 
with ill posed problems and to prevent overfitting. The Thikonov version is 
in short an extension of the linear least squares minimization of a residual. 
The residual is extended by a term to promote or suppress certain properties 
of the solution, most central in the DSC-MRI application is to promote 
smoothness and reduce oscillations. 
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A computationally less exhaustive approach is to mathematically 
transform the components into another domain in which the deconvolution 
operation is reduced to a much less complicated mathematical operation 
(11). In the Fourier domain, for example, the equivalents of convolution and 
deconvolution are multiplication and division respectively.  
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Aim 

General aim 
The general aim of this work was to apply and study the properties of the 
DSC-MRI method. 

Specific aims 

Study I 
Study feasibility of DSC-MRI for kidneys using an USPIO contrast agent. 
Study the DSC-MRI sensitivity to longitudinal relaxation when only 
transverse relaxation is assumed. 

Study II 
Study the influence of blood flow level on risk factors for cerebral ischemia 
for subject on cardio pulmonary bypass. Adjust and apply DSC-MRI to the 
experimental setting to monitor the cerebral blood flow. 
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Methods 

Study I 

Study design 
The patients underwent one renal DSC-MRI with an iron oxide contrast 
agent. The study was performed at three different centers; DKFZ 
Heidelberg, Germany (H), Rikshospitalet University Hospital, Oslo, Norway 
(O) and Uppsala University Hospital, Uppsala, Sweden (U). The study was 
part of a phase II clinical trial for the iron oxide contrast agent. 

The trial was approved by respective regional ethics committee and 
informed consent was obtained from all patients recruited for the study. 

Population 
Ten patients with confirmed unilateral renal artery stenosis were included in 
this study, four of these were later excluded after examination of the MR 
images, see Results section for details. The ten patients were distributed 
among the centers as follows; H five patients, O one patient and U four 
patients. The status of the renal arteries was determined by X-ray 
angiography and kidneys with no significant renal artery stenosis were 
considered normal. 

MR imaging 
A single slice double–echo gradient echo sequence with temporal resolution 
of 1 second was used, i.e. every second two images with different TE were 
generated for the same slice. The slice was oriented to include both kidneys 
and a section of the abdominal aorta. In order to eliminate the normal 
breathing induced motion of the kidneys, imaging was performed during 
breath-hold. A selection of imaging parameters: TR/TE1/TE2/flip/voxel size 
= 11.7 ms / 4.5 ms / 9.0 ms / 12° / 2.75 × 2.72 × 6.0 mm3 (H and O) and 11.8 
ms / 3.4 ms /9.0 ms /12° / 1.37 × 1.37 × 6.0 mm3 (U). All imaging were 
performed on clinical 1.5 T MR-systems; Magnetom Vision Plus (Siemens 
Medical Solutions, Erlangen, Germany) (H and O) and ACS Intera (Philips 
Medical Systems, Best, The Netherlands) (U). 
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The contrast agent was manually injected as a rapid bolus at a dose of 
1.25 mg Fe/kg body weight.  

Contrast agent 
NC100150 Injection (ClariscanTM, GE Healthcare, Oslo, Norway), is a 
superparamagnetic monocrystaline iron oxide particle based contrast agent. 
The contrast agent is cleared from the blood by the reticuloendothelial 
system, mainly in liver, spleen and bone marrow, with no uptake or filtration 
in the kidneys. The plasma half-life of the contrast agent is approximately 
2.5 h in humans (12). 

Data analysis 

Signal conversion 
The first step in the analysis was to convert the contrast agent induced signal 
change into corresponding change in R2* for all pixels. The R2* conversion 
was performed for both single and double echo data according to previously 
described methods assuming mono-exponential decay and a linear relation 
between contrast agent concentration and R2* (13). 

 
For single echo data, assuming T1-effects to be negligible, the change in R2* 
is given by: 
 
 

( )
TE

tSS
R

)(/)0(ln
2 =∆ ∗  (17) 

 
 
S(0) and S(t) are the pixel signal intensities at baseline, when no contrast 
agent is present, and at time t respectively. For double echo data absolute 
R2* values were calculated by 
 
 

( )
12

21
2

/ln

TETE

SS
R

−
=∗  (18) 

 
 
S1 and S2 are the pixel signal intensities at echo times TE1 and TE2 
respectively. 
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Perfusion parameters 
Regional blood flow (rBF), regional blood volume (rBV) and mean transit 
time (MTT) was calculated pixel-wise for both single and double echo data 
following the method described in (7) and outlined in the introduction. The 
correction factor to account for tissue density and the difference in 
hematocrit between large vessels and capillaries were set to 0.705 (11). 
Deconvolution was performed with the singular value decomposition 
method with threshold value set to 0.2. 

The AIF was sampled in single echo data only (TE1) in the visible section 
of the abdominal aorta and a gamma-variate fit was used in order to avoid 
influence of recirculation. The AIF was visually inspected for signal 
saturation and if saturation was evident the data set was excluded.  

In order to estimate the total cortical perfusion, the cortical tissue was 
segmented by manually defining maximum and minimum intensity 
thresholds in ∆R2* maps. 

The perfusion parameters were measured in the normal kidneys. The 
breath-hold approach worked well and no motion correction was required. 

All image processing was performed in nordicICE (NordicNeuroLab, 
Bergen, Norway). 

Estimation of T1 influence on single echo AIF 
Due to the large difference in R2* effects in the aorta and the renal cortex 
only the first echo (TE1) was used to calculate ∆R2* for the AIF - for the 
second echo (TE2) the signal in the aorta was saturated at bolus peak 
concentrations. This makes the sampled AIF susceptible to T1 influence, the 
impact on the R2* response was estimated by simulating the signal response 
to boluses with different peak concentrations. 

 
The simulation consisted of three steps:  
1) Generate a gamma variate shaped concentration-time curve, 

C(t), which simulates the actual bolus concentration 
2) Calculate the corresponding signal intensity curve SI(t) for a 

spoiled gradient echo sequence with echo times TE1 and TE2 
3) Calculate and compare the ∆R2*(t) response curves based the 

signal intensity curves in step 2 
 
The relative signal intensity was estimated using the standard expression for 
spoiled gradient echo sequences  

 

))(exp(
))(exp(cos1

))(1exp(1
sin)( *

2
1

1 CRTE
CRTR

CRTR
CSI ⋅−⋅

⋅−⋅−
⋅−−∝

α
α  (19)  
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R1(C) and R2*(C) are the contrast agent induced changes in blood relaxation 
rates, α is the flip angle, TR and TE are repetition and echo time 
respectively. The blood relaxation rates were calculated with Eqs. (20) and 
(21) from in vivo measurements in pig (14). 
 
 

17114111)( 2*
2 +⋅+⋅= pp CCCR  (20) 

 
 

 CCR ⋅= 9.13)(1 (C) (21) 

 
 
R1(C) and R2*(C) are given in s-1, Cp is plasma concentration and is 
converted to blood concentration by C=Cp/(1-hct). A baseline T1 in blood of 
1500 ms was used in the simulation. The single echo ∆R2*(t) was calculated 
with Eq. (4). The simulation was performed for five different peak 
concentrations; 4, 3, 2, 1 and 0.5 mM, 

Statistical analysis 
The difference between perfusion parameters based on single and double 
echo data was statistically analyzed with single sample t-test. Confidence 
intervals were calculated for 95% and differences yielding p-values of 0.05 
or less were considered significant. 

Study II 
Pigs were used to assess the consequence of lowering the blood flow during 
cardio pulmonary bypass procedure. Several markers of the status of the 
animals were continuously monitored during the experiment, one being the 
cerebral perfusion monitored by DSC-MRI. 

Study design 
The animals were divided into two groups; in group 1 (n=6) the blood flow 
was stabilized at blood flow levels 8, 6, 4, 2 and 8 ml/kg/min, where kg 
refers to body weight. In group 2 (n=5) the blood flow was kept constant at 6 
ml/kg/min. At each flow level, and at corresponding times for group 2, a 
series of measurements was performed; MR perfusion, MR diffusion, MR 
spectroscopy, blood gas analysis and protein S100β. The time needed for 
each such measurement series was approximately 45 min, see Figure 2 for a 
schematic illustration of the experiment. 
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The project was approved by the Uppsala Ethical Committee for Animal 
Research and human care was taken in compliance with the European 
Convention on Animal Care. 
 

 
 

 
 

 
 

 
 
 
 

 

 
 

 
Figure 2. Diagram describing the experimental procedure. The top part illustrates 
the flow for the two groups; stepwise changes for group 1 and constant flow at 6 
ml/min/kg for group 2. The part below illustrates the timing and duration of the 
different measurements relative to the flow levels. The MR measurement series 
consists of three individual measurements; perfusion (red), diffusion (blue) and 
spectroscopy (grey). Timing of blood samples are indicated with (x) for blood gas 
and (∗) for S100β. The baseline samples were collected just before the switch to 
selective antegrade cerebral perfusion.  

 

Animal model 
The pigs were of mixed breed of Hampshire, Yorkshire and Swedish 
landrace weighing 37.3±3 kg (32.5 – 42 kg). Two different cardio-
pulmonary bypass circuits (CPB) were established, see Figure 3; one during 
preparation and one during the experiment. The first circuit included the 
whole body, the CPB pump and a blood cooler. The purpose of the first 
circuit was to effectively lower the temperature in the whole body in order to 
reduce the metabolism to a minimum. When a core temperature of 20°C was 
reached, the circuit was modified to only include the head and the CPB 
pump, see illustration below. This circuit is called selective antegrade 
perfusion circuit. The procedure is common practice in the clinical situation. 

 



 27 

A B 

 
 

 

Figure 3. Illustration of the aortic arch and associated vessels. (A) Before surgery; 
the great vessel, bottom left (1), is the aorta coming from the heart. (B) At surgery; 
the arterial cannula is inserted into the ascending aorta. Two venous cannulas are 
inserted into superior and inferior vena cava respectively (not shown). The cooling 
circuit: the circulatory function of the heart is overtaken by the CPB pump 
supplying cold blood to the whole body. The selective antegrade circuit: after 
ligation at (1), (2) and (3), only the head is supplied through the carotis communis, 
marked with arrows. Unknown origin of illustrations. 

 
The animals were anesthetized at arrival to the facility and the anesthesia 
was maintained continuously until sacrificed by an intravenous injection of 
potassium chloride at the end of the experiment. 

Anesthesia was induced by a subcutaneous injection of xylazine 2.2 
mg/kg and tiletamine/zolazepam 6.0 mg/kg. Anesthesia was maintained by 
ketamin 30 mg/kg/h, fentanyl 0.04 mg/kg/h, midazolam 0.1 mg/kg/min and 
pancuronium bromide 0.3 mg/kg/h. 

MR imaging and spectroscopy 
MR imaging and spectroscopy was performed with a clinical 1.5T whole 
body scanner (NT-Intera, Philips Medical Systems, Best, The Netherlands) 
with a T/R head coil. The pigs were positioned supine in the scanner. For 
perfusion and diffusion imaging, as well as a set of morphological images, 
identical geometrical parameters were used in order to facilitate registration 
between the data sets; acquired voxel size and matrix were 1.67×1.67×4 
mm3 and 96×96×12 respectively. The images were oriented to correspond to 
transverse images of the human brain. 
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MR perfusion 
Perfusion data sets were acquired using a gradient echo sequence with single 
shot EPI readout, temporal resolution 1.6 s and echo time 40 ms. A MRI 
compatible power injector (Spectris, Medrad, Warrendale, USA) was used 
for the contrast agent bolus injection (Omniscan, GE Healthcare AS, Oslo, 
Norway). It was connected to the distal end of the arterial cannula through a 
one-way valve. The contrast agent was diluted 1+1 with isotonic water and 
well mixed, injection volume 2 mL and flow rate 0.5 mL/s.  

MR diffusion 
Diffusion data sets were acquired using a spin echo sequence with single 
shot EPI readout, diffusion encoding in three orthogonal directions and b-
values 0 and 750 s/mm2. 

MR spectroscopy 
For the single voxel spectroscopic data a PRESS pulse sequence was used to 
collect 16 non-water-suppressed and 128 water-suppressed scans with 
repetition time 5000 ms, echo time 22 ms, typical voxel size 20×20×30 mm3, 
spectral bandwidth 1000 Hz, 1024 points and 16 phase cycle steps.  The 
voxel was positioned central in the cerebrum, thus avoiding the cerebellum 
and skull bone. 

MR image and spectroscopy analysis 
For each perfusion data set four sets of parametric images were calculated; 
relative blood flow (BF), relative blood volume (BV), mean transit time 
(MTT) and time to peak (TTP). The regional signal change during the 
contrast agent passage was transformed to relative concentration curves, 
assuming a linear response between contrast agent concentration and R2*. 
BF is proportional to the maximum of this curve, BV to the area under the 
curve, MTT is the quotient of BV/BF (13) and TTP is the time elapsed from 
sampling start to the peak of the concentration curve.  

For each diffusion data set, parametric images of apparent diffusion 
coefficient (ADC) were calculated.  

For each subject, all parametric maps were coregistered to the first 
volume of the first perfusion data set.  

All parametric images were visually inspected to detect any regions of 
deviating perfusion and diffusion developing during the experiment.  

MTT was measured for the whole brain while ADC was measured for 
basal ganglia, cortex and whole brain.  

Image processing regarding perfusion, diffusion and coregistration was 
performed using a commercially available software package (nICE, 
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NordicNeuroLab, Bergen, Norway). The spectroscopic data was processed 
by linear combination of model spectra (LCModel). 

Physiologic and hemodynamic monitoring 

Blood gas 
Blood samples for venous oxygenation saturation (SvO2), arterial 
oxygenation saturation (SaO2), oxygen pressure PO2, pH, BE (base excess) 
and Hct were drawn twice during each measurement series – in the middle 
and at the end of the series plus one at baseline. 

S100-beta 
Blood sample for protein S100β analysis was collected in the beginning of 
each measurement series, totally five samples per subject.  

Blood lactate 
Lactate analysis performed on blood sample for blood gas. 
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Results 

Study I 
Renal perfusion parameters could be determined in 6 out of 10 patients. 
Three patients were excluded due to AIF saturation and one was excluded 
due to technical problems – substantial signal intensity oscillation 
throughout the data set. 

Examples of resulting BF, BV and MTT maps are shown in Figure 4. The 
mean values for cortical BF, BV and MTT in the normal kidneys were 
measured to 339 ± 60 ml/min/100g, 41 ± 8 ml/100g and 7.3 ± 1.0 s 
respectively, all based on double echo data. 

Using single echo instead of double echo data gave on average 25% lower 
cortical flow values compared to the double echo approach, illustrated in 
Figure 5.  

 

 
Figure 4. Examples of regional perfusion maps generated using double echo data; 
(a) blood flow, (b) blood volume and (c) mean transit time. 
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Figure 5. Illustration of the results acquired using double echo (white) and single 
echo (grey) data. 

Study II 

Feasibility and general findings 
Twelve pigs were successfully prepared and connected to CPB, eleven of 
which were included for further analysis. One pig was excluded because of 
SVC obstruction with pronounced venous congestion and undetectable 
cerebral circulation obvious already at the first SACP level. 

Physiology and blood gas analysis 
The initial SACP flow was 290±23 ml/min (8ml/kg/min) in group 1 and 
230±21 ml/min (6ml/kg/min) in group 2. The SvO2 decreased with reduced 
flow in group 1 with and significant difference between groups (-44±17% 
vs. -4±1%; p=0.001) at 2 ml/kg/min, see Figure 6F. 
The PO2 and SaO2 was normal or supranormal in all cases and flow levels 
while the pH, BE (base excess), pCO2 and Hct decreased in both groups 
from the start of CPB until the end of the experiment. No significant 
differences were seen between groups. Similarly, the mean arterial pressure 
did not differ between the groups, see Figure 6E. 
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Metabolic changes 

Lactate 
Blood lactate concentrations in arterial blood increased through the 
experiment without significant difference between the groups, see Figure 6B. 
The retrieved MRS lactate peaks appeared as double peaks at 1.3 ppm as 
expected. These peaks were normalized to the concomitant creatine peak at 3 
ppm, generally considered constant over time in repeated spectra, see Figure 
7. At 2 ml/kg/min, the lactate to creatine ratio had increased significantly in 
group 1 compared with group 2 (167±76% vs. 38±12%; p<0.05), see Figure 
6A. 

Analysis of cerebral injury  

Diffusion-weighted imaging (DWI) 
Technically adequate ADC maps were obtained from each animal and 
scanning panel. No pig displayed regional changes indicative of focal 
ischemic injury. The regional analysis of the mean ADC in the basal ganglia, 
neocortex and entire hemispheres showed no difference between the groups.  

Protein S100β 
The possible ischemic effects on protein S100β concentrations were assumed 
to appear less rapidly than venous saturation and lactate changes, and 
consequently, the last flow step of 8 ml/kg/min was included in the between-
group comparison in order to detect effects on the 2 ml/kg/min level. No 
significant difference was present at baseline. A subtle tendency towards 
higher levels in group 1 could be seen at the start of SACP, however the 
values were close to baseline and no significant difference was seen between 
groups. At the flow level of 2 ml/kg/min, a marked increase in mean protein 
S100β levels was observed in group 1 but not in group 2, and after the return 
to 8 ml/kg/min, there was a statistically significant difference (115±66% vs.-
35±26%; p<0.05) between groups Figure 6C.  

Perfusion 

Perfusion-weighted imaging (PWI) 
The MTT maps were analyzed and showed globally increasing transit times 
in response to the stepwise reduced flow rate in group 1 Figure 6D. Relative 
to the flow of 8 ml/kg/min, the increase in global MTT was 26%±6%, 
81%±38% and 220%±167% at flow levels 6, 4 and 2 ml/kg/min, 
respectively. On return to 8 ml/kg/min, MTT recovered accordingly.  
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In group 2, the MTT was slightly prolonged at each step of the 
experiment, and at the last time point, the observed change reached 
+50±29% relative to baseline. 

Lateral perfusion asymmetry, defined as a hemispherical difference in 
CBF of 30% or more, was discovered in 12 of the total 55 perfusion scans 
and distributed among five subjects; three in group 1 and two in group 2. Of 
the three subjects in group 1 with CBF asymmetry, occurrence of CBF 
asymmetry seemed to increase with CBF reduction; 1/6, 0/3, 1/3 and 3/3 at 8 
(first and last steps), 6, 4 and 2 ml/kg/min respectively. 
 
 
 
 

 

 

 

 
Figure 6. Diagrams describing data collected during the experiment for group 1 (■) 
and group 2 (□), last data set at 8 ml/kg/min dashed grey. * = P<0.05 
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Figure 7. MR spectra collected at five flow levels for one subject, last dataset at 8 
ml/kg/min dashed grey. The peaks correspond to different metabolites and the 
amplitude of the peak to the metabolite concentration. The double peak at 1.3 ppm is 
lactate and is seen to increase during the experiment while the creatine peak, which 
is used for normalization, at 3 ppm is constant.  
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Discussion 

Study I 
Renal cortical blood flow was measured to 339 ± 60 ml/min/100g with 
individual values covering a range of 274 - 447 ml/min/100g.  

Reference values 
Expected values for total renal blood flow range between 350 and 460 
ml/min/100g (15-17). Since the cortical blood flow is many times greater 
than the medullar blood flow, the total renal blood flow may be considered a 
low estimate of the normal cortical flow. 

MR based perfusion values 
Reported values for the upslope model are 220±69 ml/min/100g (18) and 
3.4±1.8 ml/min/100g (19), which must be considered suspiciously low. For 
continuous ASL reported values are 278±55 ml/min/100g (20), for pulsed 
ASL range 200-270 ml/min/100g (21) and 200-280 ml/min/100g (22). Using 
single echo DSC-MRI and the same contrast agent as in the current study, 
cortical perfusion was measured to 379±54 ml/min/100g  (23), this value for 
the two healthy kidneys included in that group. 

With the exception of values presented in (19), the reported values on 
cortical flow are in the same range and agree fairly well considering they 
represent three fundamentally different methods. However, it seems that the 
first-pass approach with iron oxide nanoparticles yields values in the upper 
end of that range, and hence also closer to the estimated reference values. 
One potential confounding factor in the current study was the fact that all 
subjects had a unilateral renal artery stenosis and although perfusion was 
measured in the healthy, as in non-stenotic, kidney the potent renal 
regulatory mechanisms may of course have affected the perfusion in both 
kidneys.  

In study I, cortical blood volume was estimated to be 41±8 ml/100 g, 
which is higher than the expected range 20-28 ml/100g (23-25) (note that 
dog and man is considered to have similar values of kidney BF and BV). The 
over-estimation of BV suggests that the AIF is under-estimated. BV is 
calculated from the ratio of the area under the first-pass R2* curves in tissue 
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vs. in blood. Signal saturation in blood will therefore cause peak R2* change 
in blood to be under-estimated with consequent over-estimation of BV. The 
fact that BF appears to be under-estimated rather that over-estimated in the 
current study may seem contradictory since the AIF saturation argument 
should also lead to an over-estimation of BF. 

T1 influence 
The contrast agent induced T1-effect was accounted for by using a double 
echo sequence. The magnitude of this effect is illustrated by Figure 8. Due to 
large T2* effects in blood, complete signal saturation occurred in blood for 
all second echoes (TE2) and hence it is not possible to measure the T1 effect 
on the AIF using these data. However, the high contrast agent concentration 
levels combined with the high blood velocity in the aorta are likely to 
suppress the confounding T1-effects in the aorta, as illustrated by the 
simulation in Figure 9.  

The single echo approach was shown to underestimate the tissue blood 
flow. Hence the double echo results in this study would be expected to yield 
higher values than in (23), in which single echo data was used, but on the 
contrary they were lower. However, the results in the current study and in 
others cited above demonstrate a fairly large variation between individuals. 
Considering that only two normal kidneys were included in (23) individual 
variation may explain the discrepancy between their results and the current 
study. Also, in (23) the AIF was determined in the renal artery which, due to 
its small diameter compared to the abdominal aorta, increases the risk for 
partial volume effect. This would lead to underestimation of the AIF and, 
consequently, an overestimation of the blood flow. 
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Figure 8. Example of calculated change in R2* during first pass of a bolus of the 
contrast agent in the aorta (•), using single TE data, and renal cortex, using single 
(■) and double TE data (□). The lower first-pass response obtained from the single 
TE data is due to counteracting T1 effects of the contrast agent, which leads to an 
underestimation of the true R2* response. 

 
 

 
Figure 9. Simulated single echo ∆R2* curves for five peak concentrations; from top 
to bottom 4, 3, 2, 1 and 0.5 mM. The curves are normalized to corresponding double 
echo curve. The underestimation of peak concentration due to T1 shortening 
decreases with increasing concentration, i.e. dose. 
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Signal saturation 
The most important issue regarding DSC-MRI with iron oxides is signal 
saturation. The risk for signal saturation depends on the combination of dose 
and echo time, a risk that is reduced by decreasing the dose and/or 
shortening the echo time. 

DSC-MRI method vs. Gd up-slope  
Compared to the Gd-based up-slope method, iron oxide DSC-MRI is 
independent of renal excretion and extravascular leakage. The absence of 
model dependence on renal function is an important criterion considering the 
target group – a population which can not generally be expected to have 
normal renal function. In addition to blood flow, DSC-MRI also yields 
estimates of blood volume and mean transit times. The latter parameter has 
proved to be a sensitive marker for areas at risks in patients with ischemic 
cerebral stroke (26), and it may be hypothesized that MTT can provide 
clinically important information for patients with renoparechymal damage.  

DSC-MRI method vs. ASL 
Compared to ASL techniques in general, the observed signal change due to 
tissue perfusion is much greater using iron oxide agents. Typical signal 
change in healthy kidneys is about 10-15% using ASL while iron oxide 
agents may yield up to 100%. Considering the pulsed ASL technique used in 
(22,27) it is sensitive to blood flow direction - only the blood flow 
component perpendicular to the imaging plane will contribute to the 
perfusion induced signal change. Hence, for single orientation measurements 
pulsed ASL will by definition underestimate tissue perfusion. 

Summary study I 
The influence of T1-shortening on first-pass perfusion using iron-oxide based 
contrast agents and single echo sequences is substantial. The results suggest 
that renal perfusion can be estimated in human subjects using an 
intravascular iron oxide based contrast agent in combination with a double 
echo sequence.  

The method is fast (single breath-hold), independent of the glomerular 
filtration rate and provides information about regional blood volume and 
mean transit time. The great T2* effect of iron oxide based agents yield high 
sensitivity and the method should therefore also be attractive to study tissues 
with low blood flow. 
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Study II 
Based on clinical experience and data from previous experiments, it was 
suspected that high selective antegrade cerebral perfusion flow levels 
actually may be harmful and not only constitute what is called a luxury 
perfusion. This is contrary to the normal concern where the focus is to avoid 
hypoperfusion and resulting ischemia – a critical condition that may lead to 
severe brain damage. 

While a flow of 6 ml/kg/min appeared to provide acceptable physiological 
conditions signs of transition into ischemic metabolism was observed at 4 
ml/kg/min and significant signs of deterioration was, as expected, apparent 
at 2 ml/kg/min.  

There is no consensus on appropriate flow levels in the clinical practice. 
However, normal values are in the range of 600-1000 ml/min which for a 
person of weight 70 kg corresponds to 8.5 – 14.3 ml/kg/min.  

In previous experimental settings the flow level 10 ml/kg/min was used. 
However, arterial hypertension at such flow levels have been observed, both 
locally and by others (28). This lead to an adjustment of the flow used 
experimentally down to 8 ml/kg/min – hence was 8 ml/kg/min selected as 
start level for study II.  

Observations of ischemia 
With normal arterial oxygenation decreased venous oxygen saturation SVO2 
indicates impaired perfusion and below the threshold for anaerobic 
metabolism lactate production will increase and lactate concentration rise.   

The present results showed stable SVO2 at the higher flow rates of 8 and 6 
ml/kg/min, consistent with adequate oxygen delivery, while 4 and 2 
ml/kg/min resulted in declining of SvO2 and increased lactate concentrations. 

The changes in group 2 were discrete despite prolonged SACP, being 
consistent with stabile conditions at 6 ml/kg/min. 

While lactate in blood may originate from extracerebral regions, the 
lactate peaks on MRS more specifically reflects the cerebral ischemia with a 
direct representation of intracellular concentrations as well (29,30). Lactate 
concentrations drifted across time in both groups, but in group 1, the lactate 
concentration measured by MRS increased significantly in response to the 
flow reduction. It has been reported that lactate in blood underestimate 
critical ischemia in dogs where histological damage has been observed 
despite acceptable lactate levels in blood during SACP and hypothermic 
circulatory arrest (31). 
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Analysis of cerebral injury 
Regional changes in ADC maps are an established marker for cerebral 
ischemia and based on the maps collected in current study there were no 
regions of ischemia in any subject. These results may be interpreted that the 
hypothermia protects the brain from ischemic injury. The alternative 
interpretation is that the sensitivity of the ADC approach is reduced by the 
hypothermia, there are reports of very low ADC response to acute focal 
ischemia during mild hypothermia  (32,33).  

The protein S100β is a well-established marker for cerebral damage 
including cell death and/or blood-brain barrier dysfunction (34). The present 
study corroborates the conclusions by Tanaka et al (31) that low flow levels 
are associated with manifest ischemia even at deep hypothermia  

Cerebral perfusion 
The global cerebral perfusion during SACP was measured using the MTT 
for a gadolinium contrast agent. 

MTT in group 1 
The observed changes in MTT in group 1 of 26, 81 and 220% following the 
stepwise reduction of the flow were in the range of what would be expected 
of an ideal vascular system with uniform CBF and constant CBV, i.e. 33, 
100 and 300%. 

MTT in group 2  
The global MTT increase in group 2 could result from of an increase in 
CBV, a decrease in CBF or a combination thereof. The underlying dynamic 
data indicate that the increase in MTT is mainly due to an increase in CBV 
as the concentration curve peak was almost constant while the washout 
phase was prolonged as illustrated in Figure 10. This is further supported by 
the decrease in mean arterial pressure across the experiment, being 
consistent with vasodilatation and thereby a greater cerebral blood volume. 
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Figure 10. Example of tissue response curves for a subject in group 2, the group 
with constant blood flow at 6 ml/kg/min. Together with the observed decrease in 
mean arterial pressure, the kinetic behaviour supports the observed increase in MTT 
– the mechanism is interpreted as a gradual increase of the cerebral blood volume. 
The colours represent measurements one to five in the order ■ ■ ■ ■ ■. The curves 
are not normalized. 

 

Lateral asymmetry 
The lateral asymmetries observed, illustrated in Figure 11, may indicate 
lateral differences in vascular regulation, a phenomenon controlled by 
factors such as cooling, hypothermia and metabolites (35,36). In absence of 
significant embolism, the flow distribution is largely determined by the 
vascular fluid resistance, and notably, the vessel radii also affect the blood 
volume. To date, the literature does not provide explanation to these 
asymmetric findings. In contrast, Ye et al  observed uniform blood 
distribution with perfusion weighted imaging during the course of SACP at 
15°C (37), and similar observations were made by Strautch et al (38), using 
microspheres to measure CBF during SACP at 25°C and 30°C. However, in 
another study by Strautch et al, inhomogeneous cerebral perfusion was 
described during SACP, following a neuroanatomical (39) rather than 
hemispheric pattern as with the present study. 

Inhomogeneous contrast agent distribution could be another explanation, 
but analysis of the underlying dynamic data for the 12 cases showed nine 
cases of symmetric arterial contrast input while the tissue and venous 
contrast response displayed substantial differences. In one of the remaining 
three cases, symmetric perfusion was evident in the extracerebral tissue – an 
extremely unlikely situation if the observed cerebral unbalance would be 
caused by inhomogeneous blood and contrast agent mixture. Hence, in ten of 
12 cases inhomogeneous contrast distribution can with high probability be 
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ruled out as explanation of the observed lateral unbalance. Instead, the 
findings suggest underlying regional differences in perfusion during SACP 
in this model, and if present also in humans, the phenomenon may give 
important contribution to the patophysiology of ischemic brain injury 
following otherwise normal SACP. 

The contrast agent mixing with blood at injection was assessed by 
substituting the contrast agent and blood for dyed and clear water 
respectively.  Repeated injections were then performed in still and moving 
water and evaluated by visual inspection. Although the injection flow rate 
was low, the injection liquid formed a jet into the water in the cannula, and 
mixing seemed to appear rather instantaneously. Also, the end of the cannula 
has the shape of a macaroni; small inner diameter and quite sharply curved, 
and will contribute to additional mixing of the passing blood. 

Serious attempts were made to quantitatively measure the blood flow 
distribution to the brain and to the rest of the head by identifying the carotis 
vessels by inflow angiography and then perform phase contrast MRI. 
However, the vessels proved too small to perform stable velocity 
measurements and due to the limited coverage of the T/R head coil there 
were uncertainties regarding the vessel anatomy. Ideally, the MR 
angiography would cover the whole distance from the aortic cannula to the 
brain. 
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Figure 11. Four types of 
relative parametric images 
(rows) illustrating the regional 
distribution of the perfusion 
parameters for two subjects 
(columns). From top down the 
images reflect CBF, CBV, MTT 
and TTP. Left column subject 
display lateral differences in 
contrast to the symmetry of the 
subject in the right column; 
right hemisphere have, relative 
to the left hemisphere, reduced 
CBF and CBV while MTT and 
TTP are prolonged. Both data 
sets are the second measurement 
for the subjects and acquired at 
6 ml//kg/min. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12. Example of 
observed cerebral unbalance in 
flood flow map. 
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Figure 13. Illustration of arterial and venous ∆R2* response in the image data for 
the blood flow map in Figure 12. The image slice closest to the base of the brain. A)  
EPI image before bolus arrival B) Same slice in arterial phase, arrows indicate a 
lateral pair of arteries. The dashed rectangle indicate, approximately, the area cut out 
to images C and D. C) Map over ∆R2* in the arterial phase, visually symmetric. D) 
Map over ∆R2* in the venous phase, apparently asymmetric, 

 

Relative DSC-MRI values 
In order to even try to obtain quantitative perfusion values using DSC-MRI, 
a well defined arterial input function must be at hand. The choice to not use 
arterial input functions in this study, and hence assessing only relative 
measurements, was due to the difficulties in identifying a region, or rather a 
common artery, that would produce robust input functions for all animals at 
every flow level.  

The culprit is the spatial resolution. However, increasing the resolution 
could in the current setting only be attained by sacrificing temporal 
resolution or number of slices. The temporal resolution of 1.6 s is already in 
the upper range of what is generally recommended. The number of slices 
was chosen to guarantee whole brain coverage with zero gap. This was 
important in two aspects; first, the perfusion data must allow search for any 
cerebral region developing deviating perfusion during the experiment. 
Second, by putting together the flow values produced by the DSC-MRI 
method for each slice, an estimate of the total cerebral flow can be acquired.  

An alternative way to enhance the spatial resolution without directly 
sacrificing temporal resolution or coverage would be to utilize parallel 
imaging. Due the use of the single channel T/R head coil this functionality 
was not at hand. 

Contrast agent injection 
The parameters defining the contrast agent injection are dose (amount of 
gadolinium), concentration, volume, injection rate and injection site. The 
combination of these determines the bolus characteristics, and hence the 
quality of the tissue response observations. To ensure a good quality of the 
observed bolus responses there are three fundamental requirements. First, the 
arterial signal must not be saturated but still well defined. Second, the tissue 
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response must be strong compared to the signal to noise level. Third, due to 
the repeated injections there is a risk for accumulation of gadolinium. 
Ideally, the choice of dose balances these requirements.  

The arterial injection site allows much more condensed input functions 
compared to the normal venous injection. The influence of the deconvolution 
calculations would, in theory, be reduced as the sampled tissue response 
comes closer to the sought impulse response. On the other hand, the arterial 
input function must still be defined using the limited temporal resolution. 

Due to the wide range of flow levels, 1:4, one must consider whether to 
use the same injection for all levels or a flow adjusted injection. Merely 
considering optimal signal behaviour, a flow dependent injection would be 
preferable. From a methodological perspective however, keeping the 
measuring system constant throughout the experiment minimizes bias due to 
choice of flow compensation strategy. Adjusting the injection is not as 
straight forward as, for example, adapting the velocity encoding during 
phase contrast velocity measurements.  

Practically, the selected injection pattern should allow multiple injections 
without refilling the power injector – both to save time and to avoid the risk 
of injecting air, hence the injected volume should be rather small. Each of 
the five flow steps lasted for 45 minutes up to one hour, and since time is 
critical even at physiologically favourable flow levels, all procedures 
prolonging the measurements must be carefully considered. Also, since the 
injection site is in the artery an accidental air bubble might directly impact 
the perfusion of a cerebral region. This compared to the normal venous 
injection where a bubble of air would be trapped in the lungs before entering 
the head. 

Summary study II 
In summary, this study demonstrates that lowering of the SACP flow to 6 
ml/kg/min in the present model appeared to produce adequate perfusion in 
the majority of cases up to 4 hours of SACP. Ischemic signs in response to 
stepwise flow reduction occurred at 4 and 2 ml/kg/min. Group 2 show signs 
of continuously increasing cerebral blood volume interpreted as a 
consequence of vasodilatation. Also, unexplained regional differences in 
perfusion were observed in 45 % of the subjects. The results support an 
ischemic threshold close to 6 ml/kg/min, and may challenge standard 
settings in order to further understand and develop optimal flow for SACP.  



 46 

General summary 
The settings in these two studies may appear completely different in most 
aspects – type of contrast agent, subject and anatomy. To find, or construct, a 
main thread at this stage might be considered a challenge.  

On the other hand, as mentioned in the introduction, these studies only 
constitute the first, application oriented, part of the whole project and as such 
the studies fit very well together. By representing fundamentally different 
applications of the same method, the experiments have the potential to 
highlight a broad range of aspects of the DSC-MRI method. 

Future studies 
Although the DSC-MRI model is generally accepted and well established 
there are components of the model that would be very interesting to review. 
The planned studies include experimental data in form of a subset of the data 
collected in study II, computer simulations and a theoretical review of the 
DSC-MRI model. The aim of the study is to thoroughly analyze the model 
and if possible, identify limitations and suggest improvements. Parts of the 
work are completed and selected preliminary results will be presented at the 
licentiate seminar Friday 10th of December 2010. 



 47 

Acknowledgements 

Main supervisor professor Atle Bjørnerud, for patience and kindness and for 
sharing your unique understanding of MRI and its applications 
 
Supervisor professor Håkan Ahlström, for plenty of scanner hours and a fair 
amount of gadolinium 
 
All co-authors of papers I and II 
 
Fredrik Lennmyr and Ove Jonsson, for true teamwork, it has been a pleasure 
 
Lars Johansson for sharing your expertise in experimental MRI and 
storytelling with equal generosity 
 
Anders Lundberg for sharing your skills in piloting the scanner 
 
Christl Richter-Frohm for keeping order of all administrative issues 
regarding the postgraduate studies 
 
Håkan Pettersson for preparation of figures in manuscripts I and II 
 
My colleagues in the clinical Medical Physics radiology group; Karin, 
Malin, Per-Erik and Ragge for the friendly environment. Group leader Lars 
Jangland for all support. Anders Montelius, head of Medical Physics, for 
research time. 
 
All colleagues at BFC; Britt-Marie & Tomas B, Agneta, Annelie, Erik, Eva, 
Gunilla, Irfan, Johan W, Lillemor, Maggan F, Martin et al and all colleagues 
at MIT radiology; Erik, Håkan, Manne, Martin, Niklas, Per and Åke. Small 
talk and smiles makes the world go around 
 
Eva, Tyra, Axel and Elsa for all things important in the real world 
 



 48 

References 

1. Purcell, E, M. Resonance absorption by nuclear magnetic 
moment in a solid. Phys Rev 1946;69:37-38. 

2. Bloch, Felix. Nuclear induction. 1946;70:460-474. 
3. Lauterbur, Paul. Image formation by induced local 

interactions. Examples employing nuclear magnetic resonance. 
Nature 1973;242:190-191. 

4. Lauffer, Randall, B. Paramagnetic metal complexes as water 
proton relaxation agents for NMR imaging: theory and design. 
Chem Rev 1987;87:901-927. 

5. Caravan P, Ellison J, McMurry T, Lauffer R. Gadolinium(III) 
Chelates as MRI Contrast Agents: Structure, Dynamics, and 
Applications. Chem Rev 1999;99(9):2293-2352. 

6. Freed, Jack, H. Dynamic effects of pair correlation functions 
on spin relaxation by translational diffusion in liquids. II.Finite 
jumps and independent T1 processes. Volume 68. J Chem 
Phys; 1978. p 4034-4037. 

7. Ostergaard L, Weisskoff R, Chesler D, Gyldensted C, Rosen 
B. High resolution measurement of cerebral blood flow using 
intravascular tracer bolus passages. Part I: Mathematical 
approach and statistical analysis. Magn Reson Med 
1996;36(5):715-725. 

8. Calamante F, Thomas D, Pell G, Wiersma J, Turner R. 
Measuring cerebral blood flow using magnetic resonance 
imaging techniques. J Cereb Blood Flow Metab 
1999;19(7):701-735. 

9. Knutsson L, Ståhlberg F, Wirestam R. Absolute quantification 
of perfusion using dynamic susceptibility contrast MRI: 
pitfalls and possibilities. MAGMA 2010;23(1):1-21. 

10. Calamante F, Gadian D, Connelly A. Quantification of bolus-
tracking MRI: Improved characterization of the tissue residue 
function using Tikhonov regularization. Magn Reson Med 
2003;50(6):1237-1247. 



 49 

11. Rempp K, Brix G, Wenz F, Becker C, Gückel F, Lorenz W. 
Quantification of regional cerebral blood flow and volume 
with dynamic susceptibility contrast-enhanced MR imaging. 
Radiology 1994;193(3):637-641. 

12. Rydland J, BjØrnerud A, Haugen O, Torheim G, Torres C, 
Kvistad K, Haraldseth O. New intravascular contrast agent 
applied to dynamic contrast enhanced MR imaging of human 
breast cancer. Acta Radiol 2003;44(3):275-283. 

13. Bjørnerud A, Johansson L, Ahlström H. Renal T(*)(2) 
perfusion using an iron oxide nanoparticle contrast agent--
influence of T(1) relaxation on the first-pass response. Magn 
Reson Med 2002;47(2):298-304. 

14. Bjornerud A, Johansson LO, Briley-Saebo K, Ahlstrom HK. 
Assessment of T1 and T2* effects in vivo and ex vivo using 
iron oxide nanoparticles in steady state--dependence on blood 
volume and water exchange. Magn Reson Med 
2002;47(3):461-471. 

15. Dworkin LD, Brenner BM. The renal circulations. In: Brenner 
BM, Rector FC, editors. Brenner & Rector's the Kidney. 7. ed. 
Volume 1. Philadelphia, PA: Saunders; 2004. p 309-352. 

16. Giebisch G, Windhager E. Glomerular filtration and renal 
blood flow. In: Boron WF, Boulpaep EL, editors. Medical 
physiology : a cellular and molecular approach. Philadelphia, 
PA: Saunders; 2003. p 757-773. 

17. Greger R. Introduction to renal function, renal blood flow and 
the formation of filtrate. In: Greger R, Windhorst U, editors. 
Comprehensive human physiology : from cellular mechanisms 
to integration. Volume 2. Berlin: Springer; 1996. p 1469-1487. 

18. Vallée J, Lazeyras F, Khan H, Terrier F. Absolute renal blood 
flow quantification by dynamic MRI and Gd-DTPA. Eur 
Radiol 2000;10(8):1245-1252. 

19. Michoux N, Montet X, Pechere A, Ivancevic MK, Martin PY, 
Keller A, Didier D, Terrier F, Vallee JP. Parametric and 
quantitative analysis of MR renographic curves for assessing 
the functional behaviour of the kidney. Eur J Radiol 
2005;54(1):124-135. 

20. Roberts DA, Detre JA, Bolinger L, Insko EK, Lenkinski RE, 
Pentecost MJ, Leigh JS. Renal perfusion in humans: MR 
imaging with spin tagging of arterial water. Radiology 
1995;196(1):281-286. 



 50 

21. Karger N, Biederer J, Lüsse S, Grimm J, Steffens J, Heller M, 
Glüer C. Quantitation of renal perfusion using arterial spin 
labeling with FAIR-UFLARE. Magn Reson Imaging 
2000;18(6):641-647. 

22. Martirosian P, Klose U, Mader I, Schick F. FAIR true-FISP 
perfusion imaging of the kidneys. Magn Reson Med 
2004;51(2):353-361. 

23. Schoenberg SO, Aumann S, Just A, Bock M, Knopp MV, 
Johansson LO, Ahlstrom H. Quantification of renal perfusion 
abnormalities using an intravascular contrast agent (part 2): 
results in animals and humans with renal artery stenosis. Magn 
Reson Med 2003;49(2):288-298. 

24. Aumann S, Schoenberg SO, Just A, Briley-Saebo K, Bjornerud 
A, Bock M, Brix G. Quantification of renal perfusion using an 
intravascular contrast agent (part 1): results in a canine model. 
Magn Reson Med 2003;49(2):276-287. 

25. Chinard FP, Enns T, Goresky CA, Nolan MF. Renal Transit 
Times and Distribution Volumes of T-1824, Creatinine, and 
Water. Am J Physiol 1965;209:243-252. 

26. Butcher K, Parsons M, Baird T, Barber A, Donnan G, 
Desmond P, Tress B, Davis S. Perfusion thresholds in acute 
stroke thrombolysis. Stroke 2003;34(9):2159-2164. 

27. Karger N, Biederer J, Lusse S, Grimm J, Steffens J, Heller M, 
Gluer C. Quantitation of renal perfusion using arterial spin 
labeling with FAIR-UFLARE. Magn Reson Imaging 
2000;18(6):641-647. 

28. Halstead JC, Meier M, Wurm M, Zhang N, Spielvogel D, 
Weisz D, Bodian C, Griepp RB. Optimizing selective cerebral 
perfusion: deleterious effects of high perfusion pressures. J 
Thorac Cardiovasc Surg 2008;135(4):784-791. 

29. Payen JF, LeBars E, Wuyam B, Tropini B, Pepin JL, Levy P, 
Decorps M. Lactate accumulation during moderate hypoxic 
hypoxia in neocortical rat brain. J Cereb Blood Flow Metab 
1996;16(6):1345-1352. 

30. Harada M, Okuda C, Sawa T, Murakami T. Cerebral 
extracellular glucose and lactate concentrations during and 
after moderate hypoxia in glucose- and saline-infused rats. 
Anesthesiology 1992;77(4):728-734. 

31. Tanaka H, Kazui T, Sato H, Inoue N, Yamada O, Komatsu S. 
Experimental study on the optimum flow rate and pressure for 



 51 

selective cerebral perfusion. Ann Thorac Surg 1995;59(3):651-
657. 

32. Yenari MA, Onley D, Hedehus M, deCrespigny A, Sun GH, 
Moseley ME, Steinberg GK. Diffusion- and perfusion-
weighted magnetic resonance imaging of focal cerebral 
ischemia and cortical spreading depression under conditions of 
mild hypothermia. Brain Res 2000;885(2):208-219. 

33. Mancuso A, Derugin N, Hara K, Sharp FR, Weinstein PR. 
Mild hypothermia decreases the incidence of transient ADC 
reduction detected with diffusion MRI and expression of c-fos 
and hsp70 mRNA during acute focal ischemia in rats. Brain 
Res 2000;887(1):34-45. 

34. Zimmer DB, Cornwall EH, Landar A, Song W. The S100 
protein family: history, function, and expression. Brain Res 
Bull 1995;37(4):417-429. 

35. Schmoker JD, Terrien C, 3rd, McPartland KJ, Boyum J, 
Wellman GC, Trombley L, Kinne J. Cerebrovascular response 
to continuous cold perfusion and hypothermic circulatory 
arrest. J Thorac Cardiovasc Surg 2009;137(2):459-464. 

36. Strauch JT, Spielvogel D, Haldenwang PL, Zhang N, Weisz D, 
Bodian CA, Griepp RB. Impact of hypothermic selective 
cerebral perfusion compared with hypothermic 
cardiopulmonary bypass on cerebral hemodynamics and 
metabolism. Eur J Cardiothorac Surg 2003;24(5):807-816. 

37. Ye J, Dai G, Ryner LN, Kozlowski P, Yang L, Summers R, 
Sun J, Salerno TA, Somorjai RL, Deslauriers R. Unilateral 
antegrade cerebral perfusion through the right axillary artery 
provides uniform flow distribution to both hemispheres of the 
brain: A magnetic resonance and histopathological study in 
pigs. Circulation 1999;100(19 Suppl):II309-315. 

38. Strauch JT, Haldenwang PL, Mullem K, Schmalz M, 
Liakopoulos O, Christ H, Fischer JH, Wahlers T. Temperature 
dependence of cerebral blood flow for isolated regions of the 
brain during selective cerebral perfusion in pigs. Ann Thorac 
Surg 2009;88(5):1506-1513. 

39. Strauch JT, Spielvogel D, Haldenwang PL, Shiang H, Zhang 
N, Weisz D, Bodian CA, Griepp RB. Changes in regional 
cerebral blood flow under hypothermic selective cerebral 
perfusion. Thorac Cardiovasc Surg 2004;52(2):82-89. 

 
 


