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Abstract

Purpose: Assessment of cerebral ischemia often employs dynamic susceptibility

contrast enhanced magnetic resonance imaging (DSC-MRI) with evaluation of

various peak enhancement time parameters. All of these parameters use a single

time threshold to judge the maximum tolerable peak enhancement delay that is

supposed to reliably differentiate sufficient from critical perfusion. As the validity of

this single threshold approach still remains unclear, in this study, (1) the definition of

a threshold on an individual patient-basis, nevertheless (2) preserving the

comparability of the data, was investigated.

Methods: The histogram of time-to-peak (TTP) values derived from DSC-MRI, the

so-called TTP-distribution curve (TDC), was modeled using a double-Gaussian

model in 61 patients without severe cerebrovascular disease. Particular model-

based zf-scores were used to describe the arterial, parenchymal and venous bolus-

transit phase as time intervals Ia,p,v. Their durations (delta Ia,p,v), were then

considered as maximum TTP-delays of each phase.

Results: Mean-R2 for the model-fit was 0.967. Based on the generic zf-scores the

proposed bolus transit phases could be differentiated. The Ip-interval reliably

depicted the parenchymal bolus-transit phase with durations of 3.4 s–10.1 s

(median54.3s), where an increase with age was noted (,30 ms/year).

Conclusion: Individual threshold-adjustment seems rational since regular bolus-

transit durations in brain parenchyma obtained from the TDC overlap considerably
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with recommended critical TTP-thresholds of 4 s–8 s. The parenchymal transit time

derived from the proposed model may be utilized to individually correct TTP-

thresholds, thereby potentially improving the detection of critical perfusion.

Introduction

Although promising approaches were published so far, cerebral perfusion

measurement using dynamic susceptibility contrast magnetic resonance imaging

(DSC-MRI) still lacks a reliable procedure for quantitative measurement of

regional cerebral blood flow [1, 2, 3]. Alternatively peak-enhancement parameters

judging hemodynamic perfusion aspects, such as time to peak (TTP),

standardized time to peak (stdTTP) or time-to-maximum (Tmax), also provided

by DSC-MRI are used instead in diagnostic routine and in clinical studies

[4, 5, 6, 7, 8].

However, calculations of TTP and Tmax are quite ambiguous, since already

altering the model fitted to the voxel concentration-time curves leads to a

significantly differing size of the predicted critically hypoperfused volume [9].

Additionally, Tmax critically depends on selecting an appropriate arterial input

function (AIF) for deconvolution of the concentration time curves, which most

likely is a reason why this parameter appeared more robust than TTP in one

study, while other trials could not find any advantage in using Tmax instead of

TTP [10, 11]. Another peak enhancement parameter, which only requires critical

sampling of the cerebral bolus transit during its first pass, while keeping the

contrast level of the sequence acceptably high, is stdTTP [6]. This technique

reverts to the voxel peak enhancement time only to enable a global analysis of the

contrast distribution in the brain over time, without the need to specify any

model-fitting or AIF, and proved useful in acute stroke as well as in stenotic

carotid disease [12, 13].

Commonly, using any of the proposed peak enhancement parameters to

differentiate between regular and critical perfusion requires the definition of a

certain delay time threshold, where voxels showing time values higher than this

threshold are considered to be at risk for ischemic injury. Studies trying to define

the one ideal generally valid threshold for TTP and Tmax by testing the

parameters against positron emission tomography found a threshold range from

4 s–8 s only, which suggests relevant individual variations of the critical perfusion

thresholds [14]. Compared to TTP and Tmax, which lack a practical

recommendation, how to exactly handle the data during the calculation, stdTTP

provides a clear concept of how to calculate and judge regional bolus transit

delays. Although valid thresholds for regular and critical perfusion, of 3.5 s and

7 s respectively, were defined for stdTTP, a so called tolerance interval between

these extremes had to be postulated, which likewise seems to result from

individual variations of the critical brain perfusion threshold [12].
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While for TTP and Tmax at least some variations in the assessment of critical

perfusion can be traced back to ambiguities in the calculations, no such

inconsistencies are possible for calculating stdTTP, where for any given DSC-MRI

examination only one distinct solution exists [6, 12]. Thus, evidently, all peak

enhancement parameters, independently from their calculation method, are

therefore hampered by their rather ambiguous threshold definitions and this may

become even more troublesome when only one single threshold is used to reliably

demarcate critically perfused tissue in various patients. Consequently, the single

threshold concept has to be questioned.

Therefore, we derived individualized thresholds from an unambiguous global

cerebral bolus transit analysis. The aims of this study were (1) to compute

individualized thresholds by (2) ensuring the comparability of the data across

patients, and (3) to explore the physiological range of these thresholds.

Methods

Patients

Patients who received DSC-MRI examinations at our institution were selected

from our database (n5 app. 5881) using randomly generated study dates (http://

www.random.org). Inclusion criteria were: (1.) sufficient image quality of DSC-

MRI to calculate perfusion maps, (2.) no sign of focal diffusion restriction in

diffusion weighted MRI at a b-value of 1000 s/mm2, (3.) no tumor or other

defects (e.g., due to infarct or bleeding) with a size .5 mm, (4.) no sign of any

other focal disturbance of the blood-brain-barrier or of a vascular malformation,

(5.) no cerebrovascular stenotic or occlusive process detectable on MR-

angiography (range: aortic arch to the circle of Willis), and (6.) no severe,

presumably microangiopathic alterations (5 grades 2 and 3 according to the

Fazekas 4-grades scoring system [15]). Approval of the study, registered under:

GS4-EK-4/220-2013, was obtained from the Lower Austrian Ethics Commission.

Informed consent of retrospectively acquired data from the database was not

required since all data were analyzed anonymously. Prospectively included

patients (stroke examples) gave written informed consent prior to participation in

this study and were also processed anonymously in the further work up.

Magnetic Resonance Imaging

All examinations were performed on a clinical 1.5T MR-scanner (Avanto, Siemens

Medical Systems-Erlangen, Germany). The standard perfusion protocol (54

patients) included DSC-MRI, diffusion weighted MRI (dual-b SE-EPI: b150 s/

mm2; b251000 s/mm2), MR-angiography and conventional MRI including

enhanced PD/T2w-IR-imaging [16]. DSC-MRI was performed using a short-TR

dynamic contrast enhanced T2*-weighted single shot GRE-EPI-sequence

(TR5689 ms/TE517 ms/FOV5240 mm/slice thickness: 6 mm/image matrix:

1646208 voxels) that allowed acquisition of 81 image-stacks, with 20 slices each,
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at a scan time of approx. 60 seconds. Additionally, 2 patients (female, 81 a; male,

44a) suffering from acute stroke, who were examined with the standard perfusion

protocol, could be assessed with the proposed method in order to gain some

preliminary data about potential limitations of individual threshold adaptions.

Corresponding diffusion weighted imaging from follow-up examinations .48 h

after stroke were compared to the initial infarct prediction of zf-score maps

obtained in the acute phase. Alternatively to the standard perfusion protocol, a

comparable GRE-EPI-sequence (7 patients) with: TR51030 ms/TE516 ms/

FOV5240 mm/slice thickness: 6 mm/image matrix: 2046204 voxels was

employed for DSC-MRI, which enabled acquisition of 50 image-stacks, with 20

slices each, within approx. 52 seconds. The corresponding sampling rates for the

global brain bolus passage were 1.45 Hz (TR5689 ms) and 0.97 Hz

(TR51030 ms), respectively, for an expected regular minimal arterio-venous

bolus-transit time of about 3.5 s [17, 18].

Modeling of the Global TTP-Distribution

Anonymized DSC-MRI examinations were transferred to a PC-work station and

stdTTP-maps were computed using in-house developed software

(jPerfusionModule; v 2.0.0; available from the corresponding author).

Hypoperfusion was ruled out in all cases by stdTTP, which is described in detail

elsewhere [6, 12]. The computing kernel of stdTTP provides also a global TTP-

distribution curve (TDC) and the correlated mean signal curve (MSC). The TDC

describes the chronological arrangement of TTP values of an examination and

displays for each time-step of the dynamic scan the relative frequency of voxels

showing a peak-enhancement time equal to the respective time-step. The MSC

displays the correlated averaged relative signal measured in the voxels from at each

time-step of the TDC (Fig. 1A).

Further assessment was performed using the software packages R (version

3.0.1) and SPM8 (Statistical Parameter Mapping 8, UCL-Wellcome Trust Centre

for Neuroimaging) [19]. The MSC was smoothed using normal mixture modeling

for model-based clustering and was used only to estimate the time points for the

arrival of the contrast bolus in the skull and the end of the first pass [20]. The time

of the bolus arrival was assumed when the MSC exceeded the pre-contrast base

line threshold (meanBL+2.5*SDBL; SD … standard deviation) for at least 2 s, while

the end of its first pass was set at the time point, when the MSC-signal level fell

below approx. one third of the MSC-peak signal to a distinguishable local

minimum or the end of the scan was reached. Then the TDC was fitted to a

double-Gaussian model within this interval using finite mixture modeling that

incorporated the expectation-maximization algorithm (Fig. 1B) [21]. The double-

Gaussian model was chosen assuming at least to different vessel components with

an early fast filling arterial and a late slower filling venous phase. In this model

parenchymal voxels were expected to be represented as a mixture of these two

major components in the middle of the TDC main-peak. Means, SDs and

probability weights provided by the model were used to derive a standard normal
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distribution based zf-score for each TDC time point or TTP-value, respectively,

where the probability weights correspond to the proportional probability of the

respective fitted single Gaussian curve in the model. The distribution function

Wf (TTP) of the normal distribution served to calculate quantiles for each TDC

time point according to the model (equation 1):

Wf (TTP)~
X2

n~1
pn

ðTTP

{?

1

sn
ffiffiffiffiffiffi
2p
p exp {

(TTP{mn)

2s2
n

2� �
dTTP, with : p1zp2~1 ð1Þ

where TTP applies to a given time point in the TDC and m, s and p are the mean,

SD and probability weight of the respective Gaussian sub-function in the model.

Since double Gaussian fitting was performed the maximum value for n was 2.

Thereafter, standard normal distribution based zf-scores were calculated for

Wf (TTP) using the R built-in approximation algorithm AS 241 for estimation of

quantiles of the normal distribution [22]. Thus a distinct zf-score could be

assigned to each TTP-value and vascularity maps containing the voxels (v) in the

following three time intervals: Ia5{v |22 # zf(TTPv) ,21}, Ip5{v |21 #

zf(TTPv) # +1}, Iv5{v |+1, zf(TTPv) #+2} were generated, where zf means the

generic z-score according to the applied model that corresponds to the individual

TTP-value measured in a certain voxel v.

Individual Threshold Calculation and Statistical Analysis

In a second step TTP-values corresponding to zf523, 22, 21, 0, +1, +2, +3 were

computed iteratively (Fig. 1C) and the interval durations between these limits

were calculated as: DIa5TTP(21) 2TTP(22), DIp5 TTP(+1) 2TTP(21) and

Fig. 1. Example of a global perfusion event derived from DSC-MRI. A) The time-to-Peak (TTP)-distribution curve (TDC) describes the chronological
arrangement of the relative amount of voxels showing their peak enhancement at a certain time step during the examination (grey solid lower line). In parallel
the mean signal curve (MSC) (blue dotted upper line) for all voxels with the same TTP-value is displayed in relation to the TDC. Mind the characteristic
double peak structure of the MSC that was always arranged around the main TDC-peak. The red vertical lines mark the estimated beginning (dotted) and
end (solid) of the wash in and wash out phase, respectively. B) After extraction of irrelevant fluctuations in the mean signal curve (blue solid line) the residual
components were used to define an arterio-venous transit interval (marked by vertical dotted and solid red lines). Within this interval a double Gaussian
model was fitted to the main TDC-peak (gold solid line). C) In the last step of the analysis, based on the fitted double Gaussian model zf-scores were
computed and the time points (marked by vertical lines) for integer scores of zf52/+3 (green dashed lines), 2/+2 (red dashed lines), 2/+1 (black dashed
lines) and 0 (orange dashed – extended line) were estimated. These zf-scores, which were derived from the fitted model, served then to create vascularity
maps, which allowed a differentiation between large arteries and veins as well as parenchymal vessels without any a priori defined absolute time thresholds.

doi:10.1371/journal.pone.0114999.g001
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DIv5TTP(+2) 2TTP(+1). Where, more formally TTP(zf) corresponds to f21(W(zf)),

with f21 being the inverse of the distribution function W(zf) of the fitted model.

About ,65% of all voxels of the total intracranial volume were found to

represent brain parenchyma in space defining analysis (probability level .0.9)

using SPM8. Since the TDC displays parenchymal voxels around the top of the

main-peak and, according to the applied model, the TDC interval Ip with zf-

limits: 2/+1 includes 68.27% of all voxels, the interval Ip should describe the

parenchymal bolus transit best. Consequently its duration DIp can be interpreted

as a measure of the individual regular perfusion threshold, as this should be the

maximum delay possible for regularly perfused parenchyma.

All individual vascularity maps were then coregistered to the corresponding

anatomical MR-images and spatial normalization to MNI-standard space, as

provided by SPM8, was performed. Cumulative vascularity maps showing the

probability of each voxel to belong to either of the intervals were generated for

measurements with short and long TRs (Figs. 2 and 3), to test for the ability of the

described method to identify parenchymal perfusion.

Finally, quality of fitting was controlled by calculation of R2 between the

respective TDC and the associated fitted model curve (fTDC) as (equation 2):

R2~1{

Pn
t~1 (TDCt{f TDCt)

2Pn
t~1 (TDCt{TDC)2 , ð2Þ

where TDC is the mean of the observed data, and TDCt and fTDCt are the TDC-

and fitted-TDC-values at a certain time point t.

Generally, descriptive statistics for interval scaled data, also performed in R-

statistics, were computed as median, minimum, maximum as well as 5%- and

95%-percentiles for time based data, otherwise mean, SD or/and confidence

intervals are quoted. Group-level correlations were tested using Spearmen rank-

correlation tests.

Results

In total, 61 patients (27 female: 58.0¡15.5 years, 34 male: 59.3¡13.2 years) were

included.

The interval Ip showed the parenchymal perfusion phase on the subject- as well

as the group-level best. The median duration for DIp was 4.3 s (n561) with a

range between 3.4 s [min] and 10.1 s [max], where the 5- and 95-percentiles were

3.6 s and 7.1 s, respectively. Linear regression analysis (n561; model: DIp,age;

g(x)50.03x+3.1; p50.012; R2
adj50.086) demonstrated an increase of DIp with

increasing age (Fig. 4).

Evaluations with respect to TR showed the median of DIp, when TR5689 ms

was used, at 4.3 s (n554) with a range from 3.4 s [min] to 10.1 s [max]. The 5-

and 95- percentiles were 3.5 s and 6.9 s, respectively. For TR51030 ms (n57) the

median of DIp was: 4.1 s, where the values ranged from 3.8 s [min] to 8.4 s [max].
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The correlation of TDCs before fitting for TR5689 ms was 0.86 (mean-

Spearman’s rank correlation coefficient; n5
54
2

� �
), where the median for

intersubject correlations was at 0.94 and the 5 and 95- percentiles were 0.43 and

0.99, respectively (Fig. 5). In examinations with TR51030 ms, the TDC

correlation was 0.75 (mean-Spearman’s rank correlation coefficient; n5
7
2

� �
).

The median was at 0.75 and the 5 and 95- percentiles were 0.40 and 0.96,

respectively. The over-all TDC correlation before fitting was 0.85 (mean-

Spearman’s rank correlation coefficient; n5
61
2

� �
), where the median was at 0.92

and the 5 and 95- percentiles were 0.42 and 0.99, respectively.

R2 for double-Gaussian fitting was 0.967 (mean) with a confidence interval for

mean-R-squared with a50.05 and n561 of 0.952-0.981.

Fig. 2. Cumulative vascularity maps (n554; TR5689 ms) of zf-intervals. Row A: Ia5{v | 22#zf(TTPv) ,21}, row B: Ip5{v |21#zf(TTPv) #+1} and row
C: Iv5{v |+1 ,zf(TTPv) #+2}. Using the proposed zf-intervals regions containing mainly arterial vessels (maps in row A), regions containing mainly capillary
and small cerebral vessels (maps in row B), and regions mainly containing veins and sinuses (maps in row C), could be easily differentiated. Note, that the
interval durations for the different maps were solely derived from the global TTP-distribution, which could be used for individual adjustments of vessel
segment specific thresholds. An excellent agreement (shown in green – white colors) between the different exams could be demonstrated, especially for the
parenchyma. Anatomical variability between patients, which is expected to be greater concerning the individual shape of the arterial and venous vessel tree,
as well as the known technical limitations of echo planar imaging are precluding a 100%-match of the zf-score based compartment-classification in the
tested samples.

doi:10.1371/journal.pone.0114999.g002
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Discussion

Modeling the parenchymal cerebral bolus transit in patients without manifest

cerebrovascular disease provided evidence that normal bolus transit durations

significantly vary and potentially overlap with the postulated range of critical

perfusion thresholds for the frequently used peak-enhancement parameters

[5, 7, 8]. This agrees to the inability of numerous studies to exactly define one

single valid threshold that reliably demarcates critical from regular perfusion in

different examinations [1, 2, 3, 9, 10, 11, 14]. Replacing the single threshold

concept in favor of an individualized threshold concept should be considered.

Fitting the proposed double-Gaussian model to the TDC enables to switch

between model-based generic zf-scores and correlated individual TTP-values.

Consequently, generic zf-scores warrant the comparability of measurements across

patients. Furthermore, the reliability of the link between zf-scores and individual

TTP-values was demonstrated by the excellent correlation between the model and

the TDC in all patients (mean-R2: 0.967). Therefore zf-score-based bolus transit

intervals defined in this study always relate to the same physiological periods in

the fitted model, but correspond to individually different absolute bolus transit

durations. This opens a sensible way to measure durations of individual bolus

Fig. 3. Cumulative vascularity maps (n57; TR51030 ms) of zf-intervals. row A: Ia5{v |22#zf(TTPv) ,21}, row B: Ip5{v |21#zf(TTPv) #+1} and row
C: Iv5{v |+1 ,zf(TTPv) #+2} (same as Fig. 2). Using the proposed zf-intervals, independently of the clearly longer TR, regions mainly containing arterial
vessels (maps in row A), regions containing capillary and small cerebral vessels (maps in row B), and regions mainly containing veins and sinuses (maps
in row C), could be readily distinguished from each other. (Note that due to the smaller number of patients in this group the maps appear less homogeneous
and more noisy than those in Fig. 2.)

doi:10.1371/journal.pone.0114999.g003
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Fig. 4. Distribution of durations found for the interval Ip5 {v |21#zf(TTPv) #+1} are depicted in relation
to the patient age. An increase of approx. 30 ms per year on average was obtained from the linear
regression analysis (red trend line). The dashed horizontal, blue lines mark the 5%- (lower) and 95%- (upper)
percentiles of the Ip - interval, where the median shows at 4.3 s (green dashed horizontal line).

doi:10.1371/journal.pone.0114999.g004

Fig. 5. When overlaid within comparable time intervals, the raw time-to-peak distribution curves (TDC)
showed considerable variance, but their similarity of the basic structure is evident, which is also
reflected by the moderate correlation across patients (r50.86; Spearman rank correlation; n561). The
mean curve (red line) and the interval: mean 2/+1*SD (green dashed lines) are shown.

doi:10.1371/journal.pone.0114999.g005
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transit intervals and to correct a threshold according to the given individual

lengths, since the bolus transit duration is known to depend on various

hemodynamic factors [10, 13, 23, 24, 25, 26]. Moreover, the intended threshold

correction in this study is an inherent part of the proposed model, because any

threshold defined by a certain zf-score automatically translates into case-specific

time values and vice versa. We were able to prove the validity of this assumption

by generating vascularity maps of intervals Ia, Ip and Iv, which were defined by

generic zf-scores only and showed the same bolus transit phases in all patients,

despite different absolute durations of these phases in the individual examination.

In concordance to simulations prior to the evaluations the interval Ip contained

,68.3% of all voxels in the middle part of the TDC main-peak with a probability

.90% to represent cerebral tissue. The interval Ip clearly depicted the brain

parenchyma independently from the absolute TTP-values, while intervals Ia and Iv

reliably displayed the arterial and venous phase of the bolus-transit in all cases

(Figs. 2A,B,C and 3 A,B,C).

Under conditions of regular brain perfusion the duration DIp of the

parenchymal bolus transit interval Ip, defined by generic zf-score limits: 2/+1,

varied considerably from 3.4 s to 10.1 s, within 90% of all patients exhibiting

transit times between 3.6 s and 7.1 s. This remarkably corresponds to the

proposed thresholds of 3.5 s and 7.0 s for regular and critical perfusion for the

stdTTP-parameter [6, 12], on the one hand, and also matches the common

thresholds for TTP and Tmax, ranging from 4 s to 8 s, on the other hand

[10, 14, 29, 30]. One study comparing critical perfusion measured with DSC-MRI

directly to positron emission tomography measurements in the same patients

postulated a threshold range of 3.9 s–6.6 s, with a mean of 5.5 s, for Tmax and a

range of 2.8 s–5.8 s, with a mean of 4.2 s, for TTP [10]. All these findings together

reveal a variability comparable to the variation found for the bolus transit

duration in our study. Furthermore, the inter-subject correlation between DSC-

MRI and positron emission tomography in the same study was not significant,

while on the subject-level such a correlation was very well found. The latter

finding is highly suggestive that probably the lack of a subject-specific

normalization that would have corrected the individual variances - which is the

proposed individualization of the threshold in our study - was the reason why no

correlation on the inter-subject level of the analysis was found in this former

study. Considering the high variance of the regular bolus transit duration of about

3.5 s, found in our study, this again emphasizes the need to individually adjust the

thresholds and provides further evidence of the limitations of the single threshold

concept.

Furthermore, using one single threshold relies on comparing lags of the

regional bolus transit to a previously determined maximum delay that safely

separates critical from regular perfusion. This assumes a highly homogenous

bolus-transit in all examinations, because TTP depends on the arterio-venous

transit [23, 27]. In our study the cerebral bolus passage was described by modeling

the TDC that reflects the global chronological distribution of TTP-values.

Evidently, the chronological order of TTP-values in the course of the TDC is not
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arbitrary, but determined by the rather rigid concept of a cascaded filling of

various vessel segments, which forms the basic structure of the TDC and complies

with the arterio-venous bolus transit. Comparably to the proven concept of early

and late filling vessel segments in intra-arterial angiography this leads to a tight

relation between TTP, vascular anatomy and the arterio-venous bolus transit [28].

Variations of the TDC are most likely caused by numerous, mostly hemodyna-

mically meaningful, factors which modify length and amplitude of the cerebral

bolus transit, like cardiac output, age, gender, the extent of global degenerative

cerebrovascular disease, but also by methodical aspects, like the chosen injection

protocol, etc. [23, 26, 27, 28]. Despite this, the rather similar basic structure of the

raw TDC found in all examinations (mean-r: 0.86) could primarily result from

the same inner circulation structure (ICS) of the brain dictated by the comparable

cerebrovascular anatomy in all patients. This similarity is obviously not strong

enough to overrule the effect from every factor and so to enable the definition of a

single threshold valid for all DSC-MRI examinations, but could explain why single

threshold concepts worked at least to a certain extent in the past.

On the other hand, our model conforms to a generic description of the sum of

implications from the ICS and other factors on the global bolus transit, which

neither requires absolute homogeneity of the data, nor a correction of all factors,

since the comparability of the data is accomplished inherently by the model used.

For instance, assessing the proposed parenchymal interval Ip, we found a trend for

an increase of DIp of 30 ms per year of life (Fig. 4) that confirms earlier reports

[31]. Additionally, a certain dependency of absolute TTP-values on TR seems

plausible, because higher TRs could introduce a bias due to undersampling of the

time-contrast curves. Since fitting certain models to the undersampled curves was

also shown to introduce an additional error [9], the prescribed sequence should

better be balanced between sufficient contrast and sufficient time-resolution.

However, the zf-score based interval definitions were not affected by these findings

and the various bolus transit phases were reliably identified across patients, while

individual variations were well preserved in the absolute TTP-measurements. This

seems important, since parameters like Tmax, which attempt to reliably eliminate

all spurious run time delays, are also losing hemodynamically relevant

information [10].

However, our study has several limitations. With respect to critical sampling of

the bolus transit rather short TRs were used. Nevertheless, a serious impact on our

investigations is unlikely, as signal levels were found sufficient and no other data

quantification step except calculating TTP was performed. Additionally, the

shapes of MSC and TDC could change when using a spin echo - instead of a

gradient echo EPI technique [17]. Therefore, future applications of our approach

will be restricted to a direct assessment of the TDC, as the TDC is expected to

remain quite unchanged in different examination techniques. Furthermore, in

case of ischemia, double-Gaussian fitting could be hampered by an increasing

number of voxels with late peak enhancement. On the other hand, as brain

parenchyma represents the largest fraction of voxels in the TDC, double-Gaussian

fitting should remain stable in acute stroke. Additionally, voxels with only weak
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correlation to the proposed model can be easily identified, which, for instance,

could be used to define the infarct core in acute ischemia more accurately. To

what extent zf-score based thresholds, which translate into different absolute time

thresholds, will effectively reduce over- or underestimations of impending brain

damage in ischemia remains yet to be proven. Nevertheless, first anecdotic data

presented here by standard viewing software appears promising to correct

spurious overestimations [32] (Fig. 6). At this point further investigations on this

topic including a much bigger sample are clearly required.

Conclusions

TDC-modeling enables unrestrained switching between individual TTP-values

and generic zf-scores, which maintains comparability across patients, while

preserving all hemodynamically relevant individual data. Defining generically

comparable, and now individualized, thresholds to assess TTP seems therefore

Fig. 6. Exemplary use of TDC-modeling. TDC-modeling adapts thresholds automatically, since the same zf-score corresponds to individually different
absolute thresholds. The TDC interval: [+1,5zf,5+4] (overlain with correlated diffusion weighted imaging [DWI]) is shown in rows A and C. Areas colored
in yellow in the TDC-maps display zf-scores.5+2 (putative critical perfusion), while red colored regions mark areas with zf-scores ,+2 (putative tolerable
hypoperfusion). In rows A and B acute cardioembolic stroke is depicted, where only few yellow areas with critical perfusion (row A) match well with the
DWI-alterations (row B). The same behavior was found in the patient shown in rows C and D, who suffered thromboembolic stroke due to acute occlusion of
the internal carotid artery on the right and a high grade stenosis on the left side. Again a good match of the TDC prediction (row C) with real ischemic injury
in DWI-images (row D) on both sides was found. Note that although the same zf-scores were used in both cases and no severe overestimations for critically
perfused areas occurred, the automatically calculated individual critical thresholds were 9.7 s for case 1 (rows A & B) and 5.8 s for case 2 (rows C & D).

doi:10.1371/journal.pone.0114999.g006
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feasible. Investigating individual durations of the parenchymal bolus transit

determined by generic zf-scores revealed regular transit times significantly

overlapping with threshold-ranges postulated for critical perfusion in DSC-MRI

using peak enhancement parameters. Thus adapting applied thresholds to the

individual parenchymal transit duration seems to provide a logical extension.

Supporting Information

S1 Data. Contains the TDC data as provided by the perfusion software used in

this study.

doi:10.1371/journal.pone.0114999.s001 (ZIP)

Author Contributions

Conceived and designed the experiments: CN KK RB EM. Performed the

experiments: CN KK RB. Analyzed the data: CN KK RB EM. Contributed

reagents/materials/analysis tools: CN KK RB EM. Wrote the paper: CN KK RB

EM.

References

1. Zaro-Weber O, Moeller-Hartmann W, Heiss WD, Sobesky J (2009) The Performance of MRI-Based
Cerebral Blood Flow Measurements in Acute and Subacute Stroke Compared With 15O-Water Positron
Emission Tomography: Identification of Penumbral Flow. Stroke 40: 2413–2421.

2. Ibaraki M, Shimosegawa E, Toyoshima H, Ishigame K, Ito H, et al. (2005) Effect of regional tracer
delay on CBF in healthy subjects measured with dynamic susceptibility contrast-enhanced MRI:
comparison with 15O-PET. Magn Reson Med Sci 4: 27–34.

3. Carroll TJ, Teneggi V, Jobin M, Squassante L, Treyer V, et al. (2002) Absolute quantification of
cerebral blood flow with magnetic resonance, reproducibility of the method, and comparison with
H2(15)O positron emission tomography. J Cereb Blood Flow Metab 22: 1149–1156.

4. Albers GW, Thijs VN, Wechsler L, Kemp S, Schlaug G, et al. (2006) Magnetic resonance imaging
profiles predict clinical response to early reperfusion: The diffusion and perfusion imaging evaluation for
understanding stroke evolution (DEFUSE) study. Annals of Neurology 60: 508–517.

5. Lansberg MG, Straka M, Kemp S, Mlynash M, Wechsler LR, et al. (2012) MRI profile and response to
endovascular reperfusion after stroke (DEFUSE 2): a prospective cohort study. Lancet Neurol 11: 860–
867.

6. Nasel C, Azizi A, Veintimilla A, Mallek R, Schindler E (2000) A standardized method of generating
time-to-peak perfusion maps in dynamic-susceptibility contrast-enhanced MR imaging. AJNR
Am J Neuroradiol 21: 1195–1198.

7. Davis SM, Donnan GA, Parsons MW, Levi C, Butcher KS, et al. (2008) Effects of alteplase beyond
3 h after stroke in the Echoplanar Imaging Thrombolytic Evaluation Trial (EPITHET): a placebo-
controlled randomised trial. Lancet Neurol 7: 299–309.

8. Ma H, Parsons MW, Christensen S, Campbell BCV, Churilov L, et al. (2012) A multicentre,
randomized, double-blinded, placebo-controlled Phase III study to investigate EXtending the time for
Thrombolysis in Emergency Neurological Deficits (EXTEND). International Journal of Stroke 7: 74–80.

9. Forkert ND, Kaesemann P, Treszl A, Siemonsen S, Cheng B, et al. (2013) Comparison of 10 TTP and
Tmax Estimation Techniques for MR Perfusion-Diffusion Mismatch Quantification in Acute Stroke.
American Journal of Neuroradiology 34: 1697–1703.

Improved Quantification of Cerebral Hemodynamics

PLOS ONE | DOI:10.1371/journal.pone.0114999 December 18, 2014 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114999.s001


10. Zaro-Weber O, Moeller-Hartmann W, Heiss WD, Sobesky J (2010) Maps of Time to Maximum and
Time to Peak for Mismatch Definition in Clinical Stroke Studies Validated With Positron Emission
Tomography. Stroke 41: 2817–2821.

11. Thijs VN, Somford DM, Bammer R, Robberecht W, Moseley ME, et al. (2003) Influence of Arterial
Input Function on Hypoperfusion Volumes Measured With Perfusion-Weighted Imaging. Stroke 35: 94–
98.

12. Nasel C, Kronsteiner N, Schindler E, Kreuzer S, Gentzsch S (2004) Standardized time to peak in
ischemic and regular cerebral tissue measured with perfusion MR imaging. AJNR Am J Neuroradiol 25:
945–950.

13. Nasel C, Azizi A, Wilfort A, Mallek R, Schindler E (2001) Measurement of time-to-peak parameter by
use of a new standardization method in patients with stenotic or occlusive disease of the carotid artery.
AJNR Am J Neuroradiol 22: 1056–1061.

14. Sobesky J, Weber OZ, Lehnhardt FG, Hesselmann V, Thiel A, et al. (2004) Which Time-to-Peak
Threshold Best Identifies Penumbral Flow?: A Comparison of Perfusion-Weighted Magnetic Resonance
Imaging and Positron Emission Tomography in Acute Ischemic Stroke. Stroke 35: 2843–2847.

15. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA (1987) MR signal abnormalities at 1.5 T in
Alzheimer’s dementia and normal aging. AJR Am J Roentgenol 149: 351–356.

16. Nasel C (2005) Protoneus-sequence: extended fluid-attenuated inversion recovery MR imaging without
and with contrast enhancement. Eur J Radiol 55: 219–223.

17. Ostergaard L (2005) Principles of cerebral perfusion imaging by bolus tracking. J Magn Reson Imaging
22: 710–717.

18. Greitz D (2004) Radiological assessment of hydrocephalus: new theories and implications for therapy.
Neurosurg Rev 27: 145–165.

19. R Development Core Team (2008) R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.
org

20. Fraley C, Raftery AE (2006) MCLUST Version 3 for R: Normal Mixture Modeling and Model-based
Clustering. Technical Report No. 504, Department of Statistics, University of Washington (revised 2009)

21. Gruen B, Leisch F (2008) FlexMix Version 2: Finite mixtures with concomitant variables and varying and
constant parameters. Journal of Statistical Software 28: 1–35, URL: http://www.jstatsoft.org/v28/i04/

22. Wichura MJ (1988) Algorithm AS 241: The Percentage Points of the Normal Distribution. Applied
Statistics 37: 477–484.

23. Yamada K (2002) Magnetic Resonance Perfusion-Weighted Imaging of Acute Cerebral Infarction: Effect
of the Calculation Methods and Underlying Vasculopathy. Stroke 33: 87–94.

24. Hales PW, Kawadler JM, Aylett SE, Kirkham FJ, Clark CA (2014) Arterial spin labeling
characterization of cerebral perfusion during normal maturation from late childhood into adulthood:
normal ‘reference range’ values and their use in clinical studies. Journal of Cerebral Blood Flow &
Metabolism 34: 776–784.

25. Kreitner KF, Kunz RP, Weschler C, Ley S, Krummenauer F, et al. (2005) Systematische Analyse der
Geometrie eines definierten Kontrastmittelbolus - Implikationen für die kontrastmittelverstärkte 3D-MR-
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