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Background and Purpose—Many perfusion-related MRI parameters are used to investigate the penumbra in stroke.
Although time-to-maximum (Tmax) of the residue function has been suggested as a very promising parameter, its
physiological meaning and sensitivity to experimental conditions are not well-understood.

Methods—We used simulations to further our understanding of the practical meaning of Tmax and to provide
recommendations for its use in clinical investigations. We interpret in vivo examples guided by the simulation findings.

Results—Whereas Tmax has several attractive properties for clinical use, it is shown that its physiological interpretation
is complex and affected by experimental conditions. Tmax is found to reflect a combination of delay, dispersion, and,
to a lesser degree, mean transit time. It should therefore mainly be considered a measure of macrovascular
characteristics. Furthermore, based on the simulations, use of temporal-interpolation is highly recommended, as is
correction for slice-acquisition timing differences.

Conclusion—Special care should be taken when setting-up Tmax thresholds for data acquired with different protocols (eg,
multicenter studies) because various factors can influence the measured Tmax. Because of its complementary
information, used in conjunction with delay-insensitive cerebral blood-flow, cerebral blood volume, and mean transit time
maps, Tmax should provide important additional information on brain hemodynamic status. (Stroke. 2010;41:1169-1174.)

Key Words: magnetic resonance imaging � perfusion � stroke

The role of diffusion and perfusion MRI for the identifi-
cation of patients with stroke who are most suited for

thrombolysis is an active area of research. However, there is
still no consensus regarding the specific perfusion parameter
and optimal analysis method that best identify the penumbra.
The most commonly used perfusion parameters include
cerebral blood flow (CBF), cerebral blood volume (CBV),
and mean transit time (MTT). Recently, an increasing number
of studies have promoted the use of Tmax (the time to
maximum of the residue function obtained by deconvolu-
tion).1–5 Tmax has been used in recent clinical trials3,4 and
will be in the inclusion criteria in the forthcoming DEFUSE-2
and EXTEND trials. Despite a complex interaction of many
factors influencing the measured Tmax, there has been no
detailed investigation of its pathophysiological meaning or its
sensitivity to the experimental conditions.

The tissue contrast agent concentration [C(t)] can be
expressed as a convolution of the arterial input function (AIF)
and the residue function [R(t)]6:

(1) C�t��CBF��AIF�t�RR�t��

The residue function is obtained by deconvolution and its maximum
value occurs, by definition, at Tmax. Therefore, Tmax is theoreti-

cally the arrival delay between the AIF and C(t) (Figure 1; after
deconvolution, t�0 corresponds to the AIF arrival time).

However, other factors can influence Tmax in practice. For
example, patients with arterial abnormalities often exhibit bolus
temporal dispersion,7 which distorts the shape of the calculated
R(t) to a more peaked shape (Figure 1).8 In these cases, Tmax
will not only measure delay but also will be affected (in a
complex manner) by the degree of dispersion. A further practical
factor that can influence Tmax is the deconvolution analysis
itself. To minimize the high sensitivity to noise, deconvolution is
combined with a filtering technique (so-called regularization),9

which smoothes R(t) and introduces oscillations in its shape
(Figure 1).8 These deconvolution-related distortions will influ-
ence the measured Tmax. In addition, because the optimum degree
of regularization depends on factors such as MTT, CBV, and
signal-to-noise ratio (SNR), these can also affect Tmax in practice.

Because of all these factors, the physiological meaning of
Tmax is not straightforward. In this study we performed
simulations to investigate the influence of Tmax on tissue and
vascular parameters, experimental conditions, and analysis
methods. The aim of the in silico part of the study is to further
our understanding of the practical meaning of Tmax, to
provide a quantitative assessment of the factors that influence
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its measurement, and to provide recommendations for its
clinical use. In vivo examples are presented to illustrate the
conclusions from the simulation findings in real data.

Materials and Methods
In Silico Data
Data were simulated using well-established methods.8,9 In brief, the
AIF was modeled as a �-variate function9: AIF(t)�A0�tr�exp(�t/b).

To investigate the influence of AIF on Tmax, 2 cases were
considered: a “typical” AIF (r�3; b�1.5)9 and a wider version
(r�3.25; b�1.75). The scaling constants were chosen to simulate
signal intensity decreases observed for normal gray matter (�40%).
Two R(t) models were considered, single-exponential and linear
models,9 with MTT of 4 to 14 seconds (1-second increments), for
each of 2 CBV cases (2% and 4%). Delay was modeled by shifting
the tissue concentration curves, with delays (d) between �4 and �4
seconds in 0.5-second increments (d�0 corresponds to AIF and
tissue curves aligned). Bolus dispersion was modeled using an
exponential vascular transport function10: VTF(t)�exp(�t/D)/D,
where the dispersion parameter D�1,2,3,4 seconds. Gaussian noise
was added to the tissue signal intensity time courses (SNR�10, 50,
200; corresponding to low, typical, and high SNR, respectively).
Simulations were performed for gradient echo sequences (echo time
[TE]�50 ms; repetition time [TR]�1 to 2.5 seconds, in 0.5-second
increments). For simplicity, T1 relaxation effects were not
included.11

Simulations: Data Analysis
Deconvolution was performed using oscillation index regularized
block-circulant singular value decomposition (oSVD) (which pro-
duces delay-insensitive CBF and MTT values),12 with 2 levels of
regularization: oscillation index (OI)�0.085 and 0.095. To allow
interpretation of historical data, some results are also reported for
singular value decomposition (SVD),9 with 3 levels of regulariza-
tion: SVD threshold PSVD�5,10,20%. Tmax was calculated from the
time-to-maximum of the deconvolved residue function.1 To investi-
gate the effect of discretization errors (attributable to data sampling
at TR intervals), Tmax was also calculated after temporal interpola-
tion of the calculated R(t): interpolated to TR/4 using Fourier domain
interpolation.13 For each condition, 1000 noise realizations were
performed.

To investigate the influence of the various factors that affect the
measured Tmax, regression models with terms delay (d), dispersion

Figure 2. Measured Tmax values for data simulated using a typical AIF, exponential residue function, CBV�4%, SNR�high, TR�1.5
seconds, and no temporal interpolation. Left, Tmax as a function of delay and MTT for fixed dispersion (D�0 seconds). Middle, Tmax
as a function of delay and dispersion for fixed MTT (MTT�4 sec). Right, Tmax as a function of dispersion and MTT for fixed delay (d�0
seconds). Top row, Tmax values calculated using oSVD (OI�0.095). Bottom row, Values calculated using SVD (PSVD�10%). The mea-
sured Tmax increases with increasing delay, dispersion, or MTT, although with different sensitivity to changes in these parameters.

Figure 1. Schematic examples of theoretical and measured resi-
due functions. Thick, solid, black line, Ideal residue function in
the presence of delay (A, arrow indicates theoretical Tmax).
Solid gray line, Corresponding function including distortions
introduced by deconvolution (B, arrow indicates measured
Tmax). Dash/dot black line, Case in the presence of delay and
dispersion (C, arrow indicates measured Tmax). Dashed gray
line, Corresponding function including the deconvolution-related
distortions (D, arrow indicates measured Tmax). Tmax corre-
sponds to delay only in the ideal case.
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(D), and MTT were used (other factors, eg, TR, SNR, were kept
constant for each regression). Because SVD has now been super-
seded by its delay-insensitive version oSVD,12 regression analyses
were only performed for the latter. Based on a preliminary analysis,
a linear relationship was sufficient for delay and MTT, but a
nonlinear effect was observed with dispersion. Similarly, interaction-
effect MTT dispersion was detected. Therefore, the following model
was considered suitable:

(2) Tmax�C0�Cd � d�CMTT � MTT�CD � D�CD2 � D2

�CMTT�D � MTT�D�CMTT�D2 � MTT�D2

where the various C are the coefficients of the regression (eg, Cd is the
linear-dependency on delay, CD2 is the quadratic term on dispersion,
CMTT�D is the interaction term between MTT and dispersion, etc). Note
that MTT in equation 2 indicates the true value and not the measured
value.

In Vivo Data
To illustrate the results from the simulations, data are shown from 2
acute stroke patients (labeled P1 and P2). Time-to-onset/National
Institutes of Health Stroke Scale scores were 4 hours and 55
minutes/19 for P1 and 1 hour and 45 minutes/10 for P2. In both
cases, the neurological deficits were stable before MR scanning,
which was performed before thrombolysis. Both patients had a right
internal carotid artery occlusion. Perfusion data were acquired at 3 T,
with TR of 1.5 seconds and 0.1 mmol/kg bolus of contrast agent
(injection rate�5 mL/sec). The AIF was measured from the con-
tralateral middle cerebral artery. All maps were calculated using
oSVD (OI�0.095). Informed consent was obtained from all patients
and the study was approved by the local ethics committee.

Results
In Silico Data
Figure 2 shows representative results obtained using oSVD
(top row) and SVD (bottom row). The plots show the
dependency of Tmax on 2 of the 3 remaining variables (delay,
dispersion, and simulated MTT) when the third one is kept at
a constant value. SVD gave similar results to oSVD, with the
obvious exception that SVD does not allow for negative

Tmax (a zero value is found).12 Visual inspection of the
surface plots shows all 3 variables influence the measured
Tmax, with bolus delay having the largest influence (ie,
steepest slope), followed by bolus dispersion and, finally, a
small dependency on MTT. This Tmax dependency repre-
sents a typical result, and the trends were qualitatively similar
for the other simulated cases (data not shown).

As shown in Figure 2 (left and middle columns), the TR
sampling of bolus tracking data leads to discretization errors in
Tmax as a function of delay (particularly for small dispersion or
short MTT; arrows). Because the measured Tmax can only take
discrete values (multiples of TR), a “staircase” effect is ob-
served. As expected, this effect increased with increasing TR
(data not shown). This “staircase” artifact was eliminated by R(t)
interpolation before Tmax calculation (Figure 3).

To quantify all these effects, the Table shows the regression
coefficients for various typical combinations of simulated con-
ditions. Results are shown for Tmax values calculated after
temporal interpolation; similar coefficients were observed with-
out interpolation (data not shown). The measured Tmax is highly
influenced by delay (Cd�1) to a slightly lesser degree by dispersion
(CD�0.85) and only moderately by MTT (CMTT�0.1). Further-
more, the higher-order terms (ie, the interaction and quadratic terms)
have only a mild-to-moderate contribution.

The comparison of coefficients from various simulated
conditions shows the contribution from delay (Cd) is rela-
tively constant. The delay has a simple additive effect on
Tmax, regardless of the simulated condition. The contribution
from dispersion (CD) is influenced primarily by TR (compare
rows 1 to 4 in the Table) and, to a smaller degree, by AIF
(rows 1 and 6), CBV (rows 1 and 5) and SNR (rows 1,8,9).
The contribution from MTT (CMTT) is primarily influenced by
SNR and, to a smaller degree, by AIF and R(t) (rows 1 and 7).
The quadratic dispersion contribution (CD2) is slightly influ-
enced by TR, AIF, and SNR.

The only condition that leads to different coefficients is
SNR. The dependency was different for low SNR, with much
higher contributions from MTT and dispersion to the mea-
sured Tmax (Figure 4).

Figure 3. Measured Tmax values with oSVD (OI�0.095) and
calculated after temporal interpolation. The plot shows Tmax as
a function of delay and MTT for fixed dispersion (D�0 seconds).
Data are the same as that in Figure 2 top left, except for the use
of temporal interpolation.

Table. Regression Coefficients

Simulated Conditions

AIF, Type R(t ), Type CBV, % TR, sec SNR OI

1 Typical Exponential 4 1 High 0.095

2 Typical Exponential 4 1.5 High 0.095

3 Typical Exponential 4 2 High 0.095

4 Typical Exponential 4 2.5 High 0.095

5 Typical Exponential 2 1 High 0.095

6 Wider Exponential 4 1 High 0.095

7 Typical Linear 4 1 High 0.095

8 Typical Exponential 4 1 Normal 0.095

9 Typical Exponential 4 1 Low 0.095

10 Typical Exponential 4 1 Normal 0.085

Coefficients of the regression model (columns 8–14) for various simulated
conditions (columns 1–7). See equation 2 for more details regarding the
coefficients. The mean values with their 95% confidence intervals. The last
column lists the corresponding r2 statistic.
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By varying TR (Table and Figure 4), the offset term of the
regression (C0) is modified (even after temporal interpola-
tion). The offset term is also affected (although mildly) by the
degree of regularization OI.

Although Tmax is calculated after deconvolution analysis,
there was a small residual effect of AIF on the measured Tmax.
This was primarily seen as a change in the offset term of the
regression and in the dispersion and MTT contributions (Table).

In Vivo Data
The in vivo examples clearly illustrate the nontrivial relation-
ship between Tmax and MTT (Figure 5). In particular, P1
shows an example in which Tmax and MTT identify abnor-
malities of similar extent and severity. P2, however, shows an
example of severe Tmax lesion in the presence of mild MTT
abnormality. For completeness, CBF and CBV maps are also
shown (for display purposes, these maps were scaled by
setting normal white matter CBF to 22 mL/100 g/min).9

Discussion
This study used in silico data to characterize the dependency
of Tmax on physiological and experimental parameters, as
well as on various analysis methods. It was shown that
whereas Tmax theoretically reflects bolus delay, the mea-

sured Tmax is influenced also by bolus temporal dispersion
and, to a smaller degree, by MTT. This suggests the physio-
logical interpretation of Tmax in stroke is not straightforward,
because various hemodynamic scenarios can lead to the same
Tmax appearance. For example, prolonged Tmax can repre-
sent normal perfusion but with delayed bolus arrival or tissue
with dispersion and increased MTT (Figure 5). These 2
situations cannot be distinguished based on Tmax alone.
Note, however, that given the modest dependency on MTT
(Figure 2), it is unlikely that a severe Tmax abnormality could
be solely explained by prolonged MTT, and it is likely that
this case reflects also delay or dispersion. In contrast, MTT
provides, in principle, easier physiological interpretation; it is
believed to be inversely proportional to perfusion pressure14

(note, however, it could be also influenced by dispersion).10

Therefore, when a physiological interpretation of the abnor-
mality is required, Tmax should not be considered on its own;
by combining with other macrovascular (eg, an alternative
measure of bolus delay) or microvascular information (eg,
MTT), the various factors contributing to the measured Tmax
may be disentangled. In fact, Tmax provides different infor-
mation to that contained in CBF, CBV, and MTT maps, and
its main strength may be when combined with these other

Table. Continued

Regression Results

C0 Cd CMTT CD CD
2 �1/sec� CMTT�D (1/sec) CMTT�D

2 �1/s2� r2

1.101 (1.065–1.137) 0.998 (0.995–1.000) 0.075 (0.072–0.079) 0.740 (0.694–0.780) �0.069 (�0.079–�0.059) 0.054 (0.049–0.058) 0.005 (0.004–0.006) 0.999

1.322 (1.294–1.351) 1.000 (0.998–1.002) 0.075 (0.072–0.078) 0.789 (0.756–0.823) �0.109 (�0.117–�0.101) 0.023 (0.020–0.027) 0.011 (0.010–0.012) 0.999

1.500 (1.477–1.523) 1.002 (1.000–1.003) 0.086 (0.084–0.089) 0.952 (0.925–0.979) �0.149 (�0.155–�0.142) �0.001 (�0.004–0.002) 0.013 (0.012–0.013) 0.999

1.773 (1.747–1.799) 1.003 (1.001–1.005) 0.091 (0.088–0.094) 0.919 (0.889–0.950) �0.124 (�0.131–�0.116) 0.004 (0.001–0.007) 0.007 (0.006–0.008) 0.999

1.135 (1.103–1.167) 0.996 (0.994–0.999) 0.101 (0.097–0.104) 0.806 (0.768–0.844) �0.086 (�0.095–�0.077) 0.044 (0.040–0.048) 0.006 (0.005–0.007) 0.999

1.181 (1.149–1.214) 0.997 (0.995–0.999) 0.097 (0.094–0.101) 0.820 (0.782–0.858) �0.089 (�0.098–�0.079) 0.041 (0.037–0.045) 0.007 (0.006–0.008) 0.999

1.121 (1.063–1.180) 0.997 (0.993–1.001) 0.094 (0.088–0.100) 0.754 (0.685–0.823) �0.076 (�0.092–�0.059) 0.092 (0.085–0.099) 0.001 (�0.001–0.002) 0.998

1.105 (1.072–1.139) 0.993 (0.991–0.996) 0.155 (0.152–0.159) 0.879 (0.839–0.918) �0.094 (�0.104–�0.085) 0.040 (0.036–0.044) 0.007 (0.006–0.008) 0.999

�2.015 (�2.226–�1.803) 0.852 (0.839–0.866) 1.159 (1.136–1.181) 1.320 (1.070–1.571) 0.058 (�0.002–0.118) 0.016 (�0.010–0.043) �0.004 (�0.010–0.002) 0.988

1.165 (1.133–1.196) 0.995 (0.993–0.997) 0.147 (0.143–0.150) 0.883 (0.846–0.920) �0.096 (�0.104–�0.087) 0.037 (0.033–0.040) 0.007 (0.006–0.008) 0.999

Figure 4. Coefficients of the regression for various TR. Left, High SNR. Middle, Normal SNR. Right, Low SNR. The x-axis indicates the
various terms in the regression model (equation 2). Data simulated using the typical AIF, linear residue function, CBV�4%, and Tmax
calculated after temporal interpolation. Note different y-axis scale in low SNR graph.
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parameters. This is particularly the case when a delay-
insensitive deconvolution algorithm is used (as is now in-
creasingly common). These hemodynamic maps provide
complementary information that can be best exploited using
predictor models15 in which the relevance of each parameter
to infarct prediction is determined by a training data set.

The presence of delay/dispersion are often unavoidable7

because of the difficulty in measuring the AIF from small
distal arteries. The dependency on delay and dispersion
(increased Tmax with increasing delay/dispersion) was theo-
retically expected. Both effects lead to a delayed maximum of
the measured residue function (Figure 1). Tmax was also
found to increase with prolonged MTT, a more complex
effect related to the deconvolution. It is introduced by the
filtering properties of the regularization process and explains,
for example, the dependency of CMTT on OI and SNR (known
to influence the regularization).

The notion that Tmax and, hence, delay are useful predic-
tors in stroke is controversial. Delay could be considered a
nuisance parameter, and scenarios exist in which delay is
unrelated to flow, eg, in chronic conditions with sufficient
collateral supply. In these situations, it could be argued that
Tmax should not be used because it can lead to misleading
conclusions. Despite these reservations, there is now empir-
ical evidence that heavily delay-weighted measures provide
useful information.5 It could be speculated the high Tmax
values seen in hyperacute stroke often coexist with hypoper-
fusion and indicate poor delayed collateral supply. It is
conceivable that regions with long arrival delay, even if
relatively well-perfused, are the most at risk if perfusion
pressure further declines. More research into the temporal
dynamics of blood supply and collaterals recruitment is
needed to understand the significance of delay in stroke.16,17

The TR sampling of perfusion data leads to discretization
errors in the measured Tmax (ie, the measured Tmax is rounded-
off to a value multiple of TR). This coarse discretization could
have important implications in clinical studies. For example,
when a threshold is used to define hypoperfusion, rounding-off
effects could lead to variations in the hypoperfused area. This
effect is most significant when the threshold is comparable to

TR, as in the initial Tmax �2-second studies.2–4 These rounding
errors could also have a deleterious effect in multicenter studies
in which data are often acquired with different TR. For example,
Figure 4 shows a TR-related doubling of the offset term C0 for
normal SNR (from 1 to 2 seconds), making the Tmax measure-
ment TR-dependent. Because temporal interpolation was shown
to eliminate discretization errors, its use is highly recommended.
However, because of the small remaining TR sensitivity
(through the offset term), it is important that multicenter studies
should select a fixed TR. Furthermore, being sensitive to delay,
Tmax is also sensitive to the timing differences of slices during
acquisition (in fact, this extra delay can affect Tmax between
slices by up to 1 TR). It is therefore essential that these timing
differences are appropriately accounted for during Tmax com-
putation. In this way, the variability in Tmax quantification that
is under user control will be minimized.

From all conditions simulated, SNR was the only param-
eter that led to different trends (Figure 4). In particular, low
SNR data made Tmax measurements more sensitive to MTT.
This is likely attributable to a suboptimal OI (the OI used
were optimal for normal-to-high SNR).12 Physiological inter-
pretation of Tmax will be different if a suboptimal regular-
ization level is used. This could have implications for
multicenter studies. The optimal level of regularization is
known to depend on many factors, eg, contrast-to-noise ratio,
TR, and so on.8,12 Therefore, if a fixed level of regularization
is used during deconvolution, a given Tmax threshold could
identify different areas of hypoperfusion for data acquired
with different sequence parameters, injection protocol, and so
on. More generally, optimal Tmax thresholds from one study
must be used with caution in other studies if the same experi-
mental conditions are not ensured. For example, a different
SNR, TR, deconvolution algorithm, or image resolution could
render the suggested Tmax threshold suboptimal.

Consistent with the predictions of the in silico data, the in
vivo examples clearly show the complex relationship be-
tween Tmax and MTT, and that Tmax primarily reflects
macrovascular features. The relative contributions of delay,
dispersion, and MTT to the measured Tmax and MTT values
therefore explain their differences in Figure 5. For example,

Figure 5. In vivo data (3 slices are shown
for each case). Top row, MTT. Second row,
Tmax. Third row, CBF. Bottom row, CBV.

Calamante et al Physiological Significance of Tmax 1173

 at WAKE FOREST UNIV SCHOOL OF MED on July 23, 2015http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


based on the simulations, an MTT abnormality will always
affect Tmax (although with modest weight). In contrast, the
similar Tmax and MTT abnormalities in P1 suggest that the
severe Tmax prolongation likely reflects a contribution also
from delay or dispersion (this interpretation would not have
been possible with the Tmax map in isolation or without the
simulation findings). However, the mild MTT abnormality in
P2 (but with a severe Tmax lesion) probably suggests a case
in which sufficient collateral supply exists to maintain mi-
crovascular integrity; ie, the Tmax abnormality reflects al-
most only delay/dispersion and not MTT prolongation (be-
nign oligemia), consistent with the simulation findings that
Tmax primarily reflects macrovascular features. The in vivo
examples are consistent with the simulation findings and
emphasize the complementary information contained in
Tmax and MTT; for example, the hemodynamic disturbance
indicated by the asymmetrical Tmax pattern in P2 could not
have been inferred from CBF, CBV, and MTT maps alone.

Despite its complex physiological interpretation, Tmax has a
number of useful practical features. First, because Tmax can be
determined from a limited number of sampling points at the
beginning of the bolus, it may be less sensitive than MTT to
patient motion. MTT quantification needs a greater amount of
usable data (for determination of CBV, which is needed in MTT
calculation). Second, if extremely long bolus delay/dispersion
are present, CBV may be underestimated (and MTT overesti-
mated) when insufficient data points are acquired.10 However,
Tmax is less sensitive to this effect (because it depends on fewer
measurements). Third, like MTT, it is approximately uniform
across normal gray and white matter, which is beneficial for
visual conspicuity and when maps are thresholded. Fourth,
depending on the analysis software used, there is a further
possible practical advantage. When there is low contrast delivery
to a brain region and CBV is approximately 0, the region may
appear as a “black hole” in MTT maps, although it may not
affect the Tmax map.2 This effect can often disturb interpretation
of MTT abnormalities, possibly contributing to the increased
popularity of Tmax. However, this “artifact” is most commonly
related to software implementation (eg, it can be avoided by
setting the intensity in those regions to the maximum MTT
value). Regions experiencing no tracer arrival can also be caused
by insufficient sampling time to cover the entire bolus.

Conclusion
Tmax is a parameter with several attractive properties for
clinical use, although its physiological interpretation is com-
plex and affected by experimental conditions. Tmax reflects a
combination of delay, dispersion, and, to a lesser degree,
MTT; therefore, it mainly should be considered a measure of
macrovascular features. It is highly recommended that tem-
poral interpolation be used before Tmax computation and that
the slice-acquisition timing differences be accounted for; this
should minimize sources of interstudy variability that are
under user control. Special care should be taken when
setting-up Tmax thresholds for data acquired with different
protocols (eg, in multicenter studies) because various factors
can influence the measured Tmax. Because of its comple-
mentary information used in conjunction with delay-

insensitive CBF, CBV, and MTT maps, Tmax will provide
important additional information on cerebral hemodynamics.
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