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1mOOUeRON 
One of the main goah of functionai NMR is noninvasive, 
high resolution d d m d o n  of cerebd perfusion. 
With the development af rapid MIR imasIng requmcw. 
dynamic imaging of cuncentzation time c w m  after bo- 
lu s - in jon  of purely intravmcular contrast agmta h 
h a m e  passib18 on time d e s  wmpamble with ~lscu- 
hr mean tmsit times ('MITl- Us@ the ceuttal volume 
W r e m  11,2), these concentration h e  curves have been 
w e d  to calculate .epional cerebral b l d  volume ( m V )  
using CT (3) and, mom recently, M U  (4, 51. Attempts 
have been msde to use bolus of intrewsdar 
contrast agents to d c u l a b  regionat CBF (6- 8) and m p  

cardiaI prhsion (9). This technique involma b w l d g e  
of vascular structure through the residuefUnEfion, deter 
mining how the observed tmcer h aptahed in the vascu- 
lahue. This has mused some to reject thin as a m&od of 
de- blood flaw since the mmdw structure is 
not hown a prfori IIQI, whemaw OW have pursued 
math- ;and numerid deconvolud~n ap&& 
to detenmine M h  flow md the nwiw~sary &ammbtim 
of the d bed a pastewion ho& mewummmb 
(model indepadent a p p d e s )  (7, 8). The latter a p  
p r o d  in turn m y  pmvide importaut bfnrmatlon about 
the microvasculature. 0th authcm have proposed gen- 
4 anal- models to describe the shape of the resl- 
due function (model dependent appmadw] (11). 
In this study we d to &tannine a robust mahamat- 

ical approach to determine flow and vasEular trecm HI- 
tention by deconvolution of dynamic MRI: tissue concen- 
tration - with noninm3veiy d e b d n d  arterial 
hput CUNBS. W e  fmt review the theory and h h ~ t  
mathematid problems of flow mwnmm611ts witl I- 

dihsib1e trecm. Two main atqptim of n o ~ d c  
dsconvolution tecbniguas anr desmibd and m a e d  for 
use with MIU determination of rCBF. We thsa uss Monte 
&lo SPmWons to a d k  the possibilities of deter- - the shape of the vascular residue function wing 
nonpametric deeonvolution techniques. R d l y .  we 
a n a l p  rhe m r s  on the &m&d CBF vduw tbat may 
be irimlved fn (i) usiw simple, andyticni slxpmsims to 
d b b e  the d a r  &due function and [ii) wing non- 
parametric deconvolution techniques at signal-tbnoh 
ratios ISMR) typical of dynamic MRI expdmaats. 

m~ 3smbn fissep W e  briefly review the definitions of the MlT; h~,and 
Fm -w, -l -, CBF as welI as their inter-relationship @vmb$the m- 
@mwd Havard M a  Sdm& -, tral valume thwrem 11, 2). Given thege defidfiow, we 
#am-of -Pd- Md PEC-wX state and discuss the o e n M  eqwtion in onr appmnch to 
~ddmsl M.U., ~ ~ p ~ l a n e n t  the detmdnation of CBF using nondi£fwible',-- TF ..- 4. m w m  n e t i c ~ ~ ~ k e r i .  - . > :  zz%i 
A#.hrrdJk ly27 , tWdJarruaryS1.  l w - n u y g  tm. 

Consider a bdus of nondifisible traoer @&at time 

RJs wwk - - by The - - - fS8401&,, The 1 = 0 In the € d i n g  vaasel(s1 to a volume of interest [VOI) 
m B ~ounssl(i2-la-1, lm), ~ a n ~ p h  of Pfsusus. The individuel particles of the &car follow 

m w  d - - Compwy difsemnt paths through the VOI and thafr t m i t  h e s  ~ ~ h s - - ~ e m a l a l - , f h e ~ l n e k l ~ a h  
~ , ~ ~ ~ b y ~ - - ~ ~ ~ t -  thus have- a distribu~o~chamcteristic nlthe flow and the 
m. RO~-HWIQ. ttw mwm fmdatm ROI-CR&BOM. w vasculm structure. The probability densby Euncr-of w1-CMom. 
o?ml#/% $3.00 these transit times is denoted h(t). the hnsporl  fuL . 
w e  3898 b y ~ ~ l i a n r s ~ w t l k ~ n a  When an arterial input C,[tl i s  given to the VO , the 
A a ~ t s d ~ k r ~ f w m ~ .  

9 
concentration of tracer in the venous output, C&], CMm 
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G k t q p m d  d al. 

t h ~ q # m i ; s k @ ~ e n b y  'Note that by w o n  d h(t) as s phbaMity M y  - , function, R (0) = I and 4fl is a posithe, d m  
function of time. L C.(1) h ( f i  - The of wiw a giw VOI 

. 4 .  ~ D W  h W d M  
I 

I whem @ d w t w  ~andntion. The MTF fw thi mcer 
I ~ d ~ h . ~ d h - ? ~ d t h e d e n s i t ~ ~ :  

.2 *. Cl 
g. . TMT~~T . :' I 

.. 
TI& qu&n has h used to & e m h e  flow unda 
&@mm1 asamptiom ahmi the ~ o ~ p  
m e n d ~ a ~ ~ ~ l i m c r o f ~ ~ ~ ~  
wtwt hlus  ($1. As gohbtl oyt by W e W f f  w@. [fa), 
~ & ~ b & w ~ t h i s h f I T a n d t h e f u s t ~ t  of 
~ ~ ~ t i o n ~ ~ ~ r v ~ g 0 J j t ~ f m m i m a g h g O f  
imavmndm b o b  pssagb~ is, howaver* m u d  in at- 
ttmglprn nwamra &solute n o w ~ u ~ ~ ~ a r  mc- 
m. 
~ h % a n l , d o f i ~ ~ t ~ a d ~ ~ - ~ h ' l f ~ ~ i ~ h t ~  
mind by 

h t h e ~ o f ~ t i s s u e w i t h e n i n t a c t ~ b r a i n  
W a r  IBB8), the Wbulion space of -on para- 
magndc W-?mst agents is qua1 to the ~ v & w -  
la ,  e x h w ~ s p a w ~  $.em, ths plasma duma The fme 
tton of t isue a~&hMs for bacw is hue 
('I-- . CIBVt, w b m  H G  IS the ~ V B S C U I W  h m -  
omit and a v f  iS fie w*A full blood volume. & is 
a compbtd function of 4 g h ,  flow, and patho- 
p h p i d y  colldlti0118 but k m@dlr 40-100% of the 
s y M c  load b e m a t h  (1 33. The discussion of these 
efbctfi is outside the scope arihis papcw- T h u g b u t  our 
$imtMma, valuss of CBF md CBV wiP F&W w MI 
b W  flow, wWeg a macnrvnscular to ml(xwa&dtrx 
hmmt mi0 a~ &$ txa], indepdmt d w. 

Witb the d e h i t h  and CBV above, the mibal 
volume theorem b, 21 atat- that the dalimship be- 
t- these end tissue flow, Ff 

The d qmnti~y in bolus-passage experiments ig 
~ . & @ m  of igtjpcted tmw sti11 present In he vaeu- 

ea-tw..it tm t ,  dqmhd rh msjdus ~ U P C ~ ~ C U I  R&L 

EqW5nn (01 b the d equation in A* a p e  to 
~ % m ~ n ~ ~ l e L w ~ I t ~ ~  
the hitid hd# dtb dmlnvolved wncmeid t3ma 
e u r v e ~ t h ~ ~ , ~ p  h L h m t  tbmbW.the  
a r t m i d h p t t t ~ f # E q .  l e l m q ~ q a d i s p e m b n  
d ~ ~ p ~ ~ t h e p f n t o f ~ b ~  
pa rip^^. This diqt~mion w h h s d m d m a t h -  
ematidly w a ~volutfon wiih P vascular bauqork 
W o n  h*lt) Id. 111). Ii Wdw h c t h  d- 
m i I m d b g w i u g a n & d b p  b $ i s s u l M € q d y  
d i s m a  , h t a d  R*M and h =truew F O ~ W  

tim It3, $q, lel would w-quendy W8 - 
h*Id, 8 m), T b  W he&@ of the decorivohd c m ~  
wiU ths  bupnd-d by the rpread In R"L t4. 'IW 
tmierh~~ the Wpr&ma of memuring the ar&& 41- 
put values close 40 tae qbemmd tigsue to avoid d iqe r  
sim. 

Equalion [B] is xrat stmight forward tp w b  for F, 
bemause Nt) is an d n a w a  fondion d q d t  on l d  
v a s w h  Wh ThIs type of m-dqd iawm9 
probbmr 'B4, IS], where integmal metions are d v e d  
with respdtoaa & o m  k m d ,  appears h q m t l y  in 
the b i a w d i d r -  eaeinty hfhe context of veqotrar 

output -:#&. [Ill. The basic prlndph 5u 
aalw WdW aei.*, g ~ r a H y  + 

m&ia W.WWq we will apply and refer* &ma 
in the mnkixt bfkwcdk d d u e  fi;motioas. 

The appmhhwtb d-dke Eq, 181 are &viM into 
twb m & i " c ~ t q g ~ .  hmd11 d e p d e n t  khnqtws,  we 
i&iuiipE,a s p k i i b  aaaiytid qmssion OF &ape of 
fit). ASS- a &pa tw R[CI iam-g 
ti- on &'WE? &hoveseuleture. For this ~easw, 
some haw agUk?d3&ak @q* 161 mxlot ba used to deter- 
&9  OW d S 0 ~ d 8 t f ~ n  Wtb d#l a t t e a  mf funa 
tiom in pm s h  fifl cuhbot la known a prfoi with 
auiliderit m a n  (101. This prrmhl- can, at 1-t in 
thw, l~ cimmnVBPted by p m k k n h g  nanpammetric 
deeorayeb$on without a p d ~ ~  laowl~dge 61 at). The 
1- m& Indepndenr a m & ,  where tha &w a d  
tb shape JAM are de!twmined from the experinmi7 by 
eonpwametrk ~ E C ~ W ~ L U ~ O D ,  forms the othar m& W- 
e g q  of approechas tu sdva Eq. 161 for F, and Rlo- 
The god d tbIa W h  w a ~  to Br~d the optimal dmn- 

r01ution appmcb tu &low detemhation of fit] and 
tissue flow b.om Fq. 161. In khe hilowing, we d d b e  
b w  we modilitrd and compared pd model-depen- 
dgnt as wall as model-independent a p c h ~  for the 
special q u h e m m t s  of CBF measummmb uping nondif- 
fusible mxwtibilily tracers in MRI. 



One reason for describing mt) with an analytical function 
is partly that it makes the dsconvolution in Eq. id more 
stable since it reduces the degreeg of M o r n  for the 
resulting shape or the shape of at). To clarify the divi- 
sion of approach- in this pmpph.  we use the term 
"deconvolulinn" to d m  the d&ermhtion of CBF 
and MTT fmm arterial and h e  cancentsation time 
curves by nonlinear leaat squared fit?ing, although this 
tarmInology should perhaps k d for the model- 
depdent approaches below. Tbis approach introduces 
tkw mmmptiw that the actual vascular structure can be 
desaibed by a particular funetioa 

Exponential decrease has h e n  p r o p o d  as a general 
model for r ime midue fundona. This is based on a 
simple model of the vaaculat bed as one single, ~ 1 1 -  
mixed carnpment. For such a system, the residua h c -  
tion is an exponentid (18,171. Taking into accouat more 
corsplicatd models of capillaries including the e b  of 
"pl* flow [the fact that the red blood cells 6ll the 
capillary lumen comphtely and thus to some extent p m  
vent mixing), it has been argued that a linear combina- 
tion of a finite number of exporntiah stil l  may be an 
appropriate model h r  the raaidue function (1 1). 
W e  ussd a single exponential as a M-order m ~ h i  to 

describe the residue function: 

We usad general no- least quared miaimlzation to 
fit for WIT and F, (15). 

In this eppmch, RIil is determined dong with F, Equa- 
tions 111 and 161 am, with raspat to a[B, both Fredhoh 
int@ equations of the first Icind (14, 15). Thewe qua- 
tiow are generally unstable in tb sense that idinitmi- 
-1 changes [in our ease naisel in in,[ (0 give rise to 
finite chmges in R(t). The t e c h p i p s  desctild below 
mainly differ in the way t h y  moderate the effects of 
noise in the measurements. The techniques fall into two 
subcategories: In the first, lmnsfom approach. the con- 
volution theorems for the Fourier, 2, or Kaplace tmw 
forms are used to deconvolve Eq. 161. In the second, 
akebrnic approach, Eq. (61 is matten as a ma& qua- 
tion and salvd. 

These techniques have mainly bwn applied at high 
SNR to find residue or transport functions with long 
MTTs cumpamd with the temporal resolution of the ex- 
periments. In the following, we will focus on modifica- 
tions necessary for our applications, finding CBF using 
dynamic MU of bolus pesrages. 
Tmnsform Approach. In this approach, the convolution 
theorem of the Laplace, 2, or Fourier transform (lT] is 
used (7,8,18-213. Denoting by f l l  the Fourier transhn 
(FT), the canvolutian theorem states that Ftl is multipli- 
cative to convalution. Equation It51 thus becomes: 

where F'() denotes the inverse IT. The widue function 
and flow can thus be determined by taking the i n n  
of the ratios of two transforma at every time point of the 
known arterial input and tissue timegetivity m e .  This 
approach is-in this form-very sensitiw to noise. The 
FT of the arterial and d r a l  curves. h o w ,  yield a 
hquancy represatation of the data where noise is rep 
meuted at high fqueneies, w h e ~  "real" physioio@- 
cal rmal has higher power at lower hquency. This 
allows one in prlndph to apply e filter that retains 
"physiological" bquencies but damps n o b  hfore per- 
formirrg the inverse Fourier transform to determine 
F, at). We implemented an automatd atering prom+ 
dure described by hbbsl and Fib 17), which is a mad- 
i6ed d o n  of the Wiener filter (151, hcmaing the 
stength of the filter uatii a global constraint on tbe h g m  
of oscillations was fulfilled. h p p  et d. (81 ahto r+ 
parted using an optimal Wiener mter for dmanvoiution 
of titisue eoncenfmtion time curves to defemdxi~ %ow. 
Algdmic Appmch.  This approach is based on an 
bmic rsformul&lion of the convolu~ou int@ in Egs. 
111 and 161 and has been used extensively in the analysis 
of tracer transport functions (22-261. 

Assume that the &%rial and cerebral c o n c e n ~ o u s  
am measured at a set of equally s p d  time wsts 
t,,&,. . . ,tw Assume h t ,  over small time 
residue function and arterial input values a m  co d 
The cctnvolution in Bq. [81 can then be formdated as a 
matrix equation (22): 

In the foliowing we shall use the short-hs$d mctut 
notation ' ., 

A . b =  c - <  [ I Z ]  
:-? -: 

for this equation. whare b contains the elem-f f i t , ] ,  
i = 1.2.. . . ,N, and c are the m - u d  -b& tracer 
concentrations (22-261. Note that Eq. i l l 1  can b solved 
iteratively tor ihe elements of b. This approach is, how- 
ever. extremely sensitive lo noise, musing R(Q to oxil-  
late. Solving Eq. I121 thus involves minimizing ae ef- 
fects of noise and at the same time minimizing ' 

1A.b - cl 
4 

I131 

where I I denotes the vector norm. 
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, ?  
TIW alg%brPic appmch h been used extinsiv* in 7he SVD constructs rnatri- V. W, and W so that the 

tF- m;alysis of tmcer transport functions and midue inverse of A in €q. 1121, A", can be written: 
'011s in orp is  with &lively long MTh. Tha re* 

e amitnee that arte- a d  tissue concentrations are LJ A"= V.W.1IT 1171 
coktant between mewmments. ~n &e context of ICBF 
mewumnents using dynamic MR imaghg of intravastu- 
1- bolus puttap, both the arbrial input W o n  aad 
tha residue function am expected to vvary oveg d time 
sales wpm3 4 t h  the temporal mhrtion of the mart- 
s-& (1-1.5 s for typical spin-echo BPI imaging). 
The aonsbnq d (heset functions btwmm mtasumments 
is thus a poor approximation. In our apprcach we as- 
sumed * C,It) and R(tl both varg Linearly with time. It 
miin be sbp- that the slenl.m~ts a,] of the matrix A in Eq. 
B13 b e y q  

In our woxk, &en, &is matrix was u d  for A when 
solving Eq. 1131- 
ReguImtion. A widely used approach to solve Q. 1131 
is ~ m ~ m ~ o n ,  minimizing 

rather than w. 1131, where flb), the regularization tam, is 
a hction of b. By appropriately choosing f, the saZutIon 
* e m  be camtrained to be methmatically "weU4ehavad" 

at P e  same thm be physiologically m d g f u l .  m- 
e t i m  , in a biologid context, has mainly been ap- 

plied to det-e -port functions (cf. 3q. jlJ1, Wt- 
ing r s g u b t i o n  appmaches am thus not applicable h 
our purpose, determining residue function. The major 
drawback of regularization is tbet, like analykioal dwm- 
voluiioa, it creates a result that matches a pri& expap 
tatiwa of the shape of b at the expense of the the q d t y  
d ib fit 40 the eetllel data (25). 
We implemented a r e g w t i o n  term modified for 

finding residue functions witbout signifircautly decting 
the fit to axprimentally dete- d a b  The regular- 
izari~n term I[b] Imps a mild c;oastraint on at) of 
being a d m i n g  hxnaian of time: 

Pm*thj-4-r) $b j< l - l .bF ,  
else l l6l 

where P,, is a irm pwmerer. Increasing P-'a rim 
allows one to slcengthen the constraint an Rtt) of bing a 
d e m b g  function of time relstivtt to that of solving Eq. 
Is]. This +ari&ion term has the advantage of disap- 
pearing when mi) is a decreasing function of time and 
thus will not affect the quality of the f i t  as long as this 
single physiological constraint is fulfilled. We solved Eq. 
1151 for tbe elements of fit,] by least squared minimiza- 
tion (15). 

SG-tguIar Value &composition (SVW. Another technique 
olve Eq. I121 uses the S M .  Apart from changing the 

b b w  h in Eq. 1111 for the use wilh npidly varying 
functions of time, we did not modify the SVD technique. 
We will Ihus reslrici ourselves to a brief general d d g  
fion of the tsehnique. 

&em W is a diagonal matrix [i.e., off-diagonal elements 
are am). V and UTam orthqond and tmqose  dq- 
oml metriem (idea, have orthugcmal, uait length ool- 
urns), respectively. Given this invim8 mew, b, aad 
mequently f i t ) ,  in found simply as 

Tbe main form of the SVD is that th8 di@&ments 
in W ere zam w close to zem ~~panding to Enlipear 

equations ia Eq. Ill] that are close ta being linear mm- 
binations of each d e r .  This k t  thus allows one to 
identi@ elements in t h e m W A  that GBUSW the solution 
b to o d l a t e  m otherwise be ms)min$ms in a biomedical 
modeling context. In twms of sampdylg data fmm bolw 
paasage experiments. the fact that eqrratiws in Ep. Ill] 
are h to being h e w  wmbinatisns of each other 
means that data am being sampled at time pohk where 
changm In artW or cerebral conarimdon time 
o m  time am d ~ I e t i v e  to the noise. By eriminathq 
(setting equal in ZBIO~ & g o d  demmts blow a certain 
thwhold in W. o m  can consequmlly minimize &we 
effds befm d d a t i q  b. The d t i n g  b (after &mi- 
nation of h g m d  dements) can be e h m  to be ?he best 
possible 801ution of Eq. 1131 m e least squared areme (16). 
Far mom detail. m~ Rsars et al. (15) and Van Ruffel et d 
(263 and rsEatmnces theruin. 

SIMULATION SCHEME 

We perfamned a series of Monte Carlo simulations to 
determine the perfoagaslce of the dewnvolulion tech- 
niques d m  difbmnt physioIogicd h c t o r i s t h  and 
SNRs. We &st deacrfbe the merid input end the p h p  
iological chmaeristtc~ of thb vascular bed used in our 
simulations. aad t h ~ n  d e d b  haw tb nonparamebic 
deconvolution hcbiqu~ wed we& optimized at e d  
SNR Mom our hula ti om^ 

Simulated Arterial Input 

For our simulations, we used an arterial input with a 
shape and siee that could typically be obtained using a 
standard injection x b ~ m e .  This was done by adjusting 
the parameters of a gamma variate function combined 
with a dispersion term to resemble the averaged arterial 
bolus s i m  and shape obserrvttd around I q e  vessels in six 
normal volunteers pariicipaiing in clinical iesdng (27) of 
Sprodiamide (Nycomed lnc., Princeton, NJ, and Ny- 
corned Imaging AS, Oslo, Norway). The resulling analyt- 
ical expression was: 

where t, is  the tracer arrival lime. The subsequent recir- 
culation was modeled to have a delay of 8 s and a dis- 
persion with a time constant of 30 s. This was achieved 
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slice. Tabhe 2 xummarizcs the main fcmucs of the dif- 
ferent ASL -IS, which are Mid more fully in 
thc f d l o w m g ~ .  

Ech p&w bwging a d  s i g d  tarprlrg with alter- 
w i n g  --. '1Che - of the PASL group of 
~ o n ~ ~ w a s ~ b y  M- 
ct at in 1994 aad k known as echo planar imaging and 
signal targeting with alternating radiofrequency 
(EPWWZ) ( B c b m  et al, 1994). 'Lhis tecbniqw ir 
similar-ymCASL ~ s a ~ o n o f  dm 

* imaging slice (sw Transit Time Ef&w lam), a slab 
- p m x i m d t o ~ ~ s l i e ~ i s $ a b t ~ u a i l n g a s i a g k  

sbwtRFia~m~.TbbWintbisslabtbaak 
. al lowedLoflowiatothe~$Iie€,andanimagtb 

~ d b r a t i m t T t A ~ ~ a r r o t ~ h i s ~  
for which the lab1 k applied distat m tht imaging slab 
(EdeImaneteI., 1994orwithnosm~gradient  
( a V a r i M t k a a w ~ a s P I C O k E ~ ~ ~  

I comO1 for  off-^^ dfeds, woag tt aL, 1m). 
Reixntly, in an appmd~ similar in cmqt to rhat of 
A h p d D t t m f o r C A S L ~ b d i n t h e p V i ~  
d o n ,  the cod101 image wau aoqrriFed by applying a 
"dotlble inversion" pulw pair (EBelmm and Chen. 
I W 8 ) . T b t ~ ~ ~ o a r t h e ~ s ~ i s ~ ~  
i a t h e ~ ~ i l t r o l a m i ~ ~ ~ , s r n d i a n o w ~  
b ~ i n t t m c o n m l i m a g e i s f u U y ~ d s h c t i t c x -  
peaieaoes an o v d  00 nutation. Subtmctim of the im- 
ages mUits in a flowdcpuknt image with a signal 

w b e c e A M i s t h e d i f f e r e w x i ~ ~ ~ p e r U o i t  
~ ~ d E ~ d m n t r o 1 i m a g ~ M ' , h ~  
qilibrinm tissu~ -on ptr lmit maas of dssue, 
d T I i P t h e c i r n e ~ ~ i D . ~ n a n d i m a g e  
aqubition (ivemion rim)+ This themhid signal dif- 

is lesp h a  that of CASL by a factor of YP(-Tl/ 
TI). &pation 13 d i e  un mad simp- a s s u p  
c i a a p , s u h a s ~ ~ b l a d l T , ~ ~ a n d ~  
afticieacy of& iaversionpbc b h g q a l  to 1. Uiwk 
~ ~ ~ t h # i t a s ~ U D l @ ~ x u ~ ~ ~ ~ ~  

and a more g m d  analysis .(&hm~~k et & 119%) 
p d k t s  a b i n e n f i a l  relation batween AM and TE 

4 

~ ~ a , i k e ~ ~ o f i n ~ ~ ~ i o n o f t l w g p i D ~  
pub d T w  is d e f d  hEq. 9. K T 1 , - T f b a u d ~  
is unity, Bq. 14 reduces to Eq. 13. Hqwevcr, for 

u 

FAIR PASL slicoatww -K M k a m u -  
imvrrrion ~~~~+ 

W ' F ~  p u t  -K h4-w 
f-by * -m 
d e u h w  

WSTAR PASL . RoxloulW IfWthbhu;rsbRor 
m- -in- 

P?mRE PASL PnrMrhb  w @ = r p p l i D d  h FAm 
iwadm aritbt=knivc - 

Q U W  PASL 3 d w I i # - w i i & i i m + b y ~ r o a p l l r t i n  O e n a i c ~ d r r d u c i n g  
mfl imyby (QUIPSS) a hbdsd rrgioa Sw Fq, i in (Wmg O( 11.. I-) M v i l y  of lhe PASL 
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qxescm IIU ma of W imaging s l i i ;  depieb thc invurd area and dusolg prcwumtion of IIW imaging s t i ~  Tlse sckmalic 
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FIG. 2. Reproduction of Row m b m  for d l fhmt  w n g  ml- 
dwf ip lca iansforh jegrr lar tmt ion(a landSVD(b)~  
~ W I y , a t S N R = l O . I n ~ ~ a s e , v a e a r k \ r o k r m e ~  
a s s a . i 4 0 b t b t h R o w s m d w ~ ~ s h o w  
a ~ ~ ~ n C E W , ~ t h i s w e s l e a s p r o m l n a n t  
withthSVDapprrrath(cwrpar~~W Fhp. 11 and lh).Th hlgh 

- H o w ~ ~ t o l w l e s s ~ a t t h k ~ m t h m i n  
WesseofaCWd3.0%Fig. fh). 
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~ l u r i i  approach 
CBF CBV stnrctura 

W d  dependent (expanenUal) + 
Fsulier Iransfm + + 
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sm + + t 

Fbw *slimate 01 a glm quantlty b -led by t , depert- 
oarceby*. 

ww a general h d q  of our simWans that there was 
no sudden loss of the d e p x  to which the G t t d  cwws 
reflected the underlying h e  residue function. Ratha, 
the shape char& from h t  of the true underlying resi- 
due function to a smooth curve with only few of the 
deteils or tbe uader1ying residue fundim. 
The qularhrion approach (Pi. 4b) generally 

showed e tendency LO change ihe fitted residue function 
into a trhuguler shape when going toward lower SNR. 
This is prow due to t h m  eonstmint i m p d  by the 
r q @ e t i o n  term, favoring this shape. Also. 6 4 3  point 
of the fitted N4 ww determined with inmewed upcar 
tainty at the lower SNR We believe this bias t d  e 
k h g d a r  shape is the muse of the wemeslimatton of 
fIow n o l i d  for mgddmtiw appmach in FSg. 2a. 

b d y ,  us@ the SVD, at a SNR d below 50-100, 
the noise rm 4 point on the ddBmdPed underlying 
w idw fun~on was too latge to yield qualitative infor- 
mation on the underlying curve. For the mgddmtiw 
appp~ach, h i g h  SNR was found to be neceegary to d+ 
terrmine the shape of the rasidue function. 

h r  sirmdatfons clearly demonstrate the potential dan- 
gers of using simplified aammptiona when modeling the 
vasculw midue function. Assuming a simple, mono- 
expoaential residue function will thus inimduce large 
systematic 0mrs when flow8 in two mgions with differ- 
ent midue bct iom are compared. This is in Iine with 
the conclusions made by Lamen ( 10) and Weisskoff et al. 
(121. We p e r f a d  simulations to waluats if using a 
multi-mpmgtlJ reddue model impmad the r e p  
duction of flow. 'fhr introduction of extra parameters, 
however, did not Ghasge this g e d  c~ndusioxl. This 
result is a dmwback to the choice of the exponential as a 
k t  mppmximation to the residue Function in h m o d -  
d e p d a t  approach- h~ a companion paper (311, we 
quaiilatively a n a l p  other simple, mdyt ical expms- 

FIG. 3. of Rwr at a C8W of 3.0% d t b  SVD 
n l o d d - ~ ~ ~ ~ . T h e t i s s u e -  
t m t h  t i m e m w d d a y d  by 2srebtivetothem&atinput. 
N o t e h o w m c a u s e s ~ i a l ~ ~ o f I l o w a t h i g h  
flow V-. w k w a  low flow m& are sfill wels -ed. 
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0 10 20 30 40 50 60 70 
Actual Flow. mW1M)rnl/min 

a 

Q 10 ZQ 330 40 50 60 70 

Actual Flow, rn1/100ml/mkr 
b 

FIG. Z Repmdwth of k w  vahres fw d M  underlytng W 
due fmdms fw ote r~uhkation (a) and SVO (b) 
-, at SNR = 10. In thla cme, vascular d u r n  was 
4.5%. Mute that tlw~ Ilwvs M by rqularlratlon appmch show 
a s b m g ~ a n C B V , w h e r e a s t h l a w a s h p r o m l n e n t  
withtheSVlPappw&(comparewithngsR Ifryldlh).TMhlgh 
fbw vahmseem to be b s  mdmdmated at this votum than In 
the case of a CBV of 3.0% (Fig. th). 

Flow &hate 

oe#m&liiawroaeh 
- Of 

was a general finding of our sim Jations that there was 
no sudden loss of the degree to which the fitted mwea 
d e c t e d  the underlying true midue iunction. Rather, 
the shape changwl h m  tbat of the true underlying resi- 
due function to a smooth m e  with only few of the 
derails 01 the underlying residue function. 
The qu1deation approach Wig. 4b) p d l y  

&owed a tendency to change the fitted residue function 
into a triangular shape when going toward lower SNR. 
7% is probably due to the constrairrt imposed by the 
r ~ m i m i o n  term, favorfag this shape. Also. each point 
of tbet Kitad Rltl was determined with incrsased un- 
tainty at the lower SNR. We believe this bias toward a 
triangular shape Is rbe c a m  of the o v ~ ~ t i o n  of 
flaw noticed for regularization approach in Fig. 28. 

Canerally, ulng tbe SVD, at a SNR of below 50-100, 
the noise on meh point on the d e t d e d  tmdm1yhg 
residue function was too large to yield qualitaiiv.ve infor- 
matian on the underlying e w e .  For the regularization 
approach, higher S N R  was found to be necessaFy to de- 
termine the shape of the residue function. 

Our simulations d d y  demonrtmte the potential dun- 
gers of using simplifJed assumptions when modeling the 
vascular residue fundon. Assuming a simple. mono- 
exponential residua W o n  will thus introduce large 
systenmle errors when flow in two regions wiih difler- 
a t  residue functiow are compared. This is in h.s with 
the- condusiom made by lassen (10) and W e W 5 e t  al. 
(12). We performed simulations to evaluate if using a 
rnulti-8xpmmtial d d u e  model improved the repw 
duetion of flow. The introduction of exb-a param-. 
however, did not &ango &is general conclusion. This 
d t  b a drawback to the choice d tbe exponential = a 
first approximation to the residue function in the model- 
dependent approach. In a companion paper (31). WB 
quditatively analyze other simple. analytical e x p m  

0 10 20 3,O 40 50 60 70 
Actual How. mV1Dht/min 

FIG. 3. Reproduction of flow at a CBV of 3.0% and the SM 
mod&-b-t d ~ ~ m d u t h  eppp~ach. The tierswt concen- 
t r m  brim curve was delayed by 2 s relative to the merlal hput. 
Note how this carrses substantid undefestImation of flaw at hlgh 
flow v- wheceas low Row rates we sllM well reproduced. 
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RG. 4. ( a ) o p a r ~ ~ d t h e u l d e r l y ) n e ~ k n e # o n b t t w S M ~ ~ t a c h n i q u e a t t w o ~  
wbeWs,8NR-  150BndSW - 1 0 . ~ s d f d f i n e i n d t F a a s s h M m d e r ( y i n g ~ l u n e t k n , W t h a t t h e s h g p s ~ ~  
r e s e m ~ t o t h e ~ ~ h K I c b l o n ~ ~ k w # ~ . # V w g s 3 . O P 6 . @ ) ~ ~ d I h s l n d a t y h l  
~ f r * I F t i o n I w l h e ~ ~ d e e w r t m l u t t o n t e c h n l q u e a t t w o ~ ~ l e v d s , W R = 1 5 0 a d W - 1 0  
T t r e ~ O n e ~ t t r e h U e , w r d a t y l n g r a d d r # ~ ~ t t r a t t h e ~ ~ ~ ~ ~ ~ a n g u l a r a s ~ S E R ~  

the mudying m&tion tenn. CBV was 3.0%. 

rions to c-rim the wrebral res idum function. Mod- 
els including very detailed models of vascular t r a n s p t  
and exchange have been pro@ (331. Further work is 
needed to provide opamtom that d d b e  a wide variety 
oi vascular residue functions In the brain. 

Qf non parametric decoovolution techniques evalu- 
ated, the Fourier &ansfom failed to reprodm Ft at short 
M?Xs just as it showed a dependency on the the under- 
ly ing residue function. These facts are both reilections of 
the properties of the in h a  physiological context ia 
whi& w e  applied it. Even tbe ~XWI ICB oE noisa, the lT 
gives apptoximateiy F42 at the initial poiat of the re- 
sponse function. The flow is thus estimated from the 
following paint on tbe response m e .  This has two 
effects. First, for relatively short WS cornpad with 
the sarnpling rate, the impuise response function wl l  
haw decayed substantially at the first sample of the 
residue function. leading to undarestimation of flow as 
we found in our simulations. Secondly, of 
demy of the response function bfom lhe second sample 
is  dependent on the mihe model. In agreement with 
this, flaw was most sevemIy underestimated for the mmt 
rapidly dwmasing residue model, namely the exponen- 
tial. Furthermore, applying filters to improve the SPlR of 
the measurement introduces a blurring in the time do- 
main, causing the maximum point on the response curve 
to be further underestimated. This was demomtreted in 
our simulations hy the mom severe underestimation of 
flow at low SNR where more powerful filtering had been 
applied. 

The underestimation of flow far short MTfs relative to 
the wnp1ing rate has severe impliea tians for determina- 
tion of flow using FT. In comparing two regions with 
equal actual flow, the region with the highest CBV (and 
thus longest m) will appear to have a h i e r  flow rate 
wing the m, making !he estimates biased by the rCBV. 
The FT approach is thus misleading in evaluating states 

of high flow and short MIT u h  the sampling mte car 
ba improved relative to the MTb in q~esll~a. Xnterest 
ingly, the we of an uamodi6ed Wiener filter, may not b 
optimal in kding residue functions, The Wiser i: 

to middm the mean ware e m r  over all eimt 
w h e m  we. for eatimam of flow, wish to ' ' ' thc 
m s  in just the initial value of the residua W o n  
Because of these differences, the u6e of a bum Wiene 
filter would produce large und-OW flow. L 
light of thesa tbeomtlcal con-, WB mupad sirnula 
tion d t s  obtained with the m o w  Wieher filter (6 
to similar results obtained with a m i n g  mter a h  
optimization to yield similar standard deviatiopg of tb 
flow esbitisnaies. We got comparable reproductiw of £lo\ 
mtw for the two appmchm, demonstrating that tb 
mndikatioasi to the Wiener filter approach by GobM t 
a1 (61 compensate for the theomtical drew* men 
Uoned &ow. 

Nonpafametdc deconvolutim using regulerhtio 
could be aptimhd to yield g o d  qmduction of flop 
However, sllbsequent use of the t~~hnique,g! a difhm 
rCBV showed some dependence on vaxulyvolume. W 
believe this effect should be seen as a of the fa1 
that changing CBV effectively changes the"SNR of rh 
concantration time curve. Since the o p q t i o n  of th 
regularization is  depetldent bn the SPlK ond-Ch0i.m I 
this opthieation may not suffice to op 
duction of now for all values of CBV, 
the observd bias o n  flow rates. More optimal re&&# 
tion terms &an the one we used here may improve th 
technique. 

The S W  nmparametric deconwlution technique--: 
contrast to the other model-independent approaches- 
showed an excellent ability to r e p d u e  flow with gol 
accuracy independent d B e  underlying vasaler stru 
ture and volume. The bias of underlying residue finetic 
increased somewhat toward combinations of Mgh flo 



and short MT. This should probably be saen as a mflw- tion could potenlially place, Again, Us di~psrsion 
lion d the fact that liaeat approximation to the underly- will be dependent on the h w  rate in the d m n t  vesse1s 
ing midw function between measurements mssum8d in and thus on titissue flow. w i o n  for vmdar  
this approah is poor under &me conditions. This Mas sion requires spgafic models for vasculm transport and 
IXI be minimized by improving lemparal resolution of is the subject of m-going d (33). 
the imaging sequence, making the linear approximation 
between memud points better. Also, the elements in 
the wnvolution matrix Ian. la]) can be furher m o u d  CONCLUSION 
to produ a smmtlter fn~~&&011 of the residue func 
tion rnensured points. The SVD nmparameiric 
deconv&Uion &us shows good pmmlse as a nonpam 
metric ddmvol~tion technique for bolus passage dud- 
ies in the brain. 

For d hnwIut ion  techniques, flow estimates be- 
came r n ~ ~ t l l l c d a b  tDwrard ~hortm MTT. This is  an 
&ct of tbb- input varying slowly compwed with 
m, tlie characteristic time =le of the midue function 
that wmt to sample. Note that the chmd~risiic t he  
imk vf &e qtdd hput used in our s i m d a t i ~ s  is 
m.*p 1.5 s &q. F19U. This general consfmint can only 
k h v m k e d b g .  using rapid bolus Injmi~xls to meat0 
verJr dwp m&at input p d w .  
The abflfty of nonpapametric dacmvolntion tech- 

niqueu to reproduce the shape underlying &due fun0 
tion Rlt) ww3 genedy poorer than the ability to repro- 
b flow, Mcdel-independ-t appmdaea in ow 
s h d e t i m s  qurPed hi& SNR (50-400 with e typical 
cantrast hjecticm, im@g sequwuze mid d u t i o n  in 
tha bmh) to repmductt the t ishe midus fundim. This 
sbrodd'k corn& with h e  pixel-by-phd SNEl of 
&nut 10 in our actual -ts. Performing 
-anal rather than pixel-by-pixel deconvolutIa will 
&us still pro* m d y  qwlitaihe information on the 
shape of tbn &dug function just as tissue hetmogmeity 
win wwb a 1- of S ~ C ,  localized h f o m a t i ~ ~ ,  This 
t-qw thus awaits the development of more 
cmtmst q~ntrr and ways of oblaining higher S#R in 
W H u h  of Rlf). En an m m t a l  set%* bow- 
-, animal exprlmenb~at high Beld * iron aide 
m t  agents m y  pmide sufBcient SNR and 
to-nab ratio [C;NRl to allow higb m1Wtm studies of 
HQ with this tachnique. This may, in turn, provide im- 
*ant idamation on vascular 3truchm and reactivity 
in normal as well m pathob@& brain h e .  

Our analysis shows that delays btwmn arkaid input 
and the tissue m i p m  are imp~rm~P in acxumie1y de- 
tamhhq flow. It is impmhnt to note that tracer arrival 
delays o b n  eccus h states where Bow is low, for ex- 
ampla as a result or collateral circulation in the periphery 
of atmkm areas. In h situations, our simul&ons indi- 
ate that Bow will only be slightly underestimated. h 
@OXIS of high fiw, bigh flow rate in the efferent varsds 
wlll t m d  b w e  a mlatively shorter d e b .  On the ohm 
hand, undhtpstirnation of tissue flow were shown to be 
more sw4m. and dalays should consequently b COT- 
mt& dwiw -4s analyds by either fitting the delay as 
a h e  parame?= [madatdependent approach] or inde- 
pndenh detdnation 01 the tracer arrival delays (mod- 
el-iudependenk approaches). W e  are prwsenuy investjw- 
ins methods for performing this correction. Also, it 
shpuld be noted that the pathologis mmtianed above 
are mamples where dispersion of the merial input fune 

We have & m e d  Monte Carlo simulations lo test the 
ability of analyiicd (model-independent) as well as nm- 
parametric (model4apendent) deconvohtion tach- 
niques to reproduce flow in MRI bolus experime~1ts at a 
range of S m .  The use of model-dependent a p p d e s  
map lead to large systematic error in comparing mans 
with different residue function. 

The model-independent approaches allowed good re- 
pmduetion of the w e ,  underlying vascular midue fuTla- 
Uon only at h@i SNR Toward lower SNR, the fitted 
midue fundions wme in mare qualitative m a t  
with the actual, under1yiug -due function. 

We demonstrated that SVD Is able to reproduce flow 
witb good am- relativdy indqendent ofthe d e r -  
lying vascular structure wen at the SNR typical of pixel+ 
by-pixel dwonvolution after 3-by-3 u n i h  Mtering of 
the imagm. T W  appaeb thu shows promise as an 
approach to hi& w~~iution model-independent determi- 
nation of CEF using dynamic hnging of pmamqpetic 
bolw p s a p l  in humans. 
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