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Purpose: To quantitatively assess whether decreasing total radia-
tion dose of the image acquisition protocol has an effect 
on cerebral CT perfusion values in patients with acute 
stroke.

Materials and 
Methods:

This retrospective study was approved by the institutional 
ethics committee, and informed consent was waived. 
Twenty consecutive patients with ischemic stroke who un-
derwent CT perfusion imaging with a 320–detector row 
CT scanner were included. A standard acquisition proto-
col was used, which was started 5 seconds after injection 
of a contrast agent, with a scan at 200 mAs, followed 
after 4 seconds by 13 scans, one every 2 seconds, at 100 
mAs, and then five scans, one every 5 seconds, at 75 mAs. 
The total examination had an average effective dose of 5.0 
mSv. For each patient, a patient-specific digital perfusion 
phantom was constructed to simulate the same protocol at 
a lower total dose (0.5–5.0 mSv, with stepped doses of 0.5 
mSv). The lowest setting for which the maximum mean 
difference remained within 5% of the reference standard 
(at 5.0 mSv) was marked as the optimal setting. At the 
optimal setting, Pearson correlation coefficients were cal-
culated to assess correlations with the reference values, 
and paired t tests were performed to compare the means.

Results: At 2.5 mSv, the maximum mean differences in values 
from those of the reference standard were 4.5%, 5.0%, 
and 1.9%, for cerebral blood flow, cerebral blood volume, 
and mean transit time, respectively. Pearson correlation 
coefficients of perfusion values for white matter and gray 
matter were 0.864–0.917, and all differences were sig-
nificant (P , .0001). Paired t tests showed no significant 
differences between the reference standard and optimal 
settings (P = .089–.923).

Conclusion: The total dose of a clinical cerebral CT perfusion protocol 
can be lowered to 2.5 mSv, with only minor quantitative 
effects on perfusion values. Dose reduction beyond this 
point resulted in overestimation of perfusion values.
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decreasing total radiation dose of the 
image acquisition protocol has an ef-
fect on cerebral CT perfusion values 
(CBF, CBV, MTT) in patients with 
acute stroke.

Materials and Methods

Two authors (R.M. and M.P.) received 
a grant from Toshiba Medical Systems 
(Otawara, Japan) to carry out this re-
search. Toshiba Medical Systems did 
not have any influence on the execution 
of this study, the analysis of the data, or 
the writing of the manuscript.

Patient Data
This retrospective study was approved 
by the institutional ethics committee, 
and the requirement for informed 
consent was waived. Initially, 28 con-
secutive persons who underwent CT 
perfusion scanning at the emergency 
department of our hospital were in-
cluded. Persons were included if they 
had clinical symptoms of acute ischemic 
stroke, with onset of symptoms within 
9 hours of presentation; did not have 
a history of kidney failure; and were 
at least 18 years old. Persons were ex-
cluded if they underwent CT perfusion 
imaging with a different or nonstandard 
acquisition protocol (n = 2), showed 
an incidental finding of a tumor lesion 
(n = 1), showed late or poor contrast 

This dose was an estimate from 2009 
and may be considered conservative, 
because advancements in CT technol-
ogy have led to increased spatial cov-
erage (4); the latest generation of CT 
scanners has 320 detector rows and 16-
cm coverage, enabling whole-brain per-
fusion scanning. Safety with these high 
doses of radiation is a serious concern, 
and radiologists and technologists are 
increasingly aware of this issue (5).

Whole-brain CT imaging presents 
new possibilities. A four-dimensional 
acquisition that is correctly timed to 
the first volumetric acquisition and the 
moment of contrast material injection 
and is of sufficient scan duration, in 
principle, provides all the information 
necessary to derive algorithmically the 
non–contrast-enhanced CT and head 
CT angiographic images. A typical 
workup for patients with stroke could 
be simplified to a single CT perfusion 
acquisition, thereby saving time, avoid-
ing a second injection of contrast agent, 
and decreasing radiation dose. In previ-
ous work (6,7), we showed the feasibil-
ity of deriving the CT angiographic data 
from a CT perfusion examination; how-
ever, the CT perfusion examinations in 
these studies were performed with a 
standard clinical dose. The influences 
of dose reduction on the calculated per-
fusion values are unknown at a targeted 
dose level used at or lower than that 
used at conventional CT angiography.

In a 2008 catalog of effective doses 
in radiology (8), reported values for 
nonenhanced CT and head and neck 
CT angiography were 2 mSv and 5 
mSv, respectively. In our hospital, with 
a 320–detector row scanner, we use 
doses of 2.3 mSv and 2.8 mSv, respec-
tively, and 5.0 mSv for CT perfusion 
imaging. The purpose of this study 
was to assess quantitatively whether 
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Advances in Knowledge

 n In patients with acute stroke, 
perfusion values of white matter 
and gray matter acquired with a 
clinical CT perfusion protocol at 
5.0 mSv strongly correlated with 
the perfusion values at a reduced 
radiation dose of 2.5 mSv (r = 
0.864–0.917, P < .0001 in all 
cases)

 n No significant differences were 
found in perfusion values at 2.5 
mSv compared with those at the 
reference standard of 5.0 mSv (P 
= .089–.923).

 n Dose reduction to less than 2.5 
mSv led to overestimation of per-
fusion values (mean differences 
increased from 4.5% and 5.0% 
at 2.5 mSv to 15.6% and 18.1% 
at 2.0 mSv for cerebral blood 
flow and cerebral blood volume, 
respectively); mean transit time 
values were only moderately af-
fected (increased from 1.9% to 
3.4%).

Implication for Patient Care

 n The results of this study show a 
potential for a large dose reduc-
tion from 5.0 to 2.5 mSv, with 
only minor quantitative effects on 
perfusion values with clinical CT 
perfusion in patients with acute 
stroke.

Computed tomographic (CT) per-
fusion is an emerging imaging 
technique for assessment of the 

cerebral hemodynamics of patients 
with acute stroke. Hemodynamic 
measures including cerebral blood flow 
(CBF), cerebral blood volume (CBV), 
and mean transit time (MTT) provide 
additional information for diagnosis, 
treatment selection, and risk assess-
ment. According to the recent stroke 
guidelines (1), there is now level B evi-
dence that CT perfusion and magnetic 
resonance (MR) perfusion imaging may 
be considered for patient selection for 
intravenous fibrinolysis after the estab-
lished time window for this treatment. 
Data from a recent study (2) showed 
a significant increase in the use of CT 
perfusion in patients with acute ische-
mic stroke from 2006 to 2010.

CT perfusion imaging is associated 
with high radiation doses because it 
involves multiple three-dimensional 
acquisitions. The mean total radiation 
dose of a comprehensive protocol for 
patients with acute stroke was esti-
mated to be as high as 16.4 mSv (3). 
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by scanning an anthropomorphic skull 
phantom at 23 different exposure set-
tings of 10–230 mAs. At each setting, 
31 scans were performed to capture 
the random variation of noise. Between 
each scan, we let the CT tube cool down 
to standard operating temperature. All 
other settings of these volumetric ac-
quisitions were the same as those in 
the patient protocol. Each time point 
of the digital phantoms was randomly 
assigned a noise scan at one of these 
exposure settings to simulate a new CT 
perfusion protocol. The resulting digital 
phantoms were cropped to 8-cm cov-
erage to reduce computation time and 
were resampled to a slab thickness of 5 
mm. An example of a digital phantom 
constructed from patient tissue curves 
and their corresponding CBF maps is 
shown in Figure 1. We referred to an 
article by van den Boom et al (14) for 
detailed background and validation of 
these phantoms. Our digital phantom 
framework is available online (http://
digitalphantom.diagnijmegen.nl/).

Protocol Simulations
A total of 10 CT perfusion protocols 
were simulated for each patient, with 
total radiation exposure decreasing by 
10% with each step. The maximum 
total exposure was 1875 mAs (100%) 
and the lowest exposure was 190 mAs 
(approximately 10%) for the 19 time 
points. For each total exposure set-
ting and for each patient, 10 random 
permutations were simulated after a 
uniform distribution of the protocol 
to capture the random variations of 
noise. Thus a total of 20 3 10 3 10 
= 2000 CT perfusion protocols were 
simulated (ie, 2000 four-dimensional 
digital phantoms were built).

Perfusion Analysis
CBF, CBV, and MTT maps of each dig-
ital phantom were calculated by using 
perfusion analysis software (Perfusion 
Mismatch Analyzer, version 5.0; Acute 
Stroke Imaging Standardization Group, 
Japan, http://asist.umin.jp/index-e.htm). 
We selected the delay-insensitive block-
circulant singular value decomposition 
method (15), a 256 3 256 matrix, 
and 5-mm slabs, smoothing turned on, 

first time point to correct for possible 
patient movement (9,10). The average 
6 standard deviation effective dose was 
5.0 mSv 6 0.2, reported according to 
the International Electrotechnical Com-
mission standards, edition 3.0 (11).

Digital Phantoms
To study the influence of dose reduc-
tion on the calculated perfusion values, 
it is necessary to use exposure settings 
other than those used in the original 
protocol for each patient. However, 
this presents ethical and practical 
concerns, because an estimated 1.9 
million neurons are lost every minute 
brain tissue is deprived of blood (12), 
rendering any subsequent acquisition 
to be a different snapshot in time. 
Therefore, patient imaging data ob-
tained with the original scan proto-
col were used as starting points for 
simulation of scan protocols at lower 
total exposure. To simulate a scan at 
another dose level effectively, patient-
specific digital phantoms were built.

The digital phantoms consisted of 
three elements: spatial content (the 
three-dimensional information), mea-
sured tissue attenuation curves (the 
four-dimensional information), and 
measured noise. The spatial content 
was a presegmented MR imaging brain 
atlas that was publicly available and 
that allowed definition of white matter, 
gray matter, and cerebrospinal fluid 
(13) combined with a skull and two 
cylinders to represent the anterior and 
posterior brain for artery and vein defi-
nition, respectively. Tissue curves were 
measured in the patient data by using 
regions of interests in the normal-ap-
pearing white matter and the normal-
appearing basal ganglia in the M1 seg-
ment of the middle cerebral artery in 
the unaffected side and in the sinus 
sagittalis superior. These were anno-
tated on 5-mm slabs of the temporal 
average image and maximum inten-
sity projection image by one observer 
(M.T.H.O., with 4 years of experience). 
The average curve of each tissue type 
was taken as a proxy of a noise-free 
representation and was assigned to 
the corresponding locations in the dig-
ital phantoms. Noise was measured 

enhancement (n = 3), or had a drainage 
tube (n = 1) or aneurysm clip (n = 1). 
The remaining 20 patients consisted of 
11 men (mean age, 63 years) and nine 
women (mean age, 62 years), with a 
median age of 64 years (range, 35–82 
years).

In 12 of the 20 patients, one of 
the attending neuroradiologists (non-
author) saw early signs of acute is-
chemic stroke on nonenhanced CT, 
CT angiographic, and/or CT perfusion 
images. Most of the lesions were small 
and included areas of low attenuation  
and signs of highly attenuating vessels 
on the nonenhanced CT images. In one 
patient, a large infarct was seen in the 
middle cerebral artery on both the 
nonenhanced CT and CT angiographic 
images, and in two patients, perfusion 
defects were visible on the CT perfu-
sion maps. In eight of 20 patients, no 
signs of stroke were visible on CT, CT 
angiographic, or CT perfusion images. 
One neuroradiologist (nonauthor, with 
10 years of experience) retrospectively 
reevaluated the data from the 20 pa-
tients for signs of stroke.

Imaging was performed with a 320–
detector row CT scanner (Toshiba Aq-
uilion ONE; Toshiba Medical Systems, 
Otawara, Japan). A bolus of 50 mL of 
nonionic contrast agent with 300 milli-
grams of iodine per milliliter (Xenetix 
300; Guerbet, Paris, France) was inject-
ed into an antecubital vein at a rate of 5 
mL/sec followed by a 40-mL saline flush 
at the same rate. The CT perfusion pro-
tocol was started 5 seconds after con-
trast fluid injection, with a high-dose 
volumetric scan at 200 mAs, followed 
after 4 seconds by 13 scans, one every 
2 seconds, at 100 mAs, then by five 
scans, one every 5 seconds, at 75 mAs. 
The total scan duration was less than 1 
minute and the total exposure was 1875 
mAs. Each volumetric scan had 16-cm 
coverage and was performed at 80 kV 
with a rotation time of 0.5 second. Re-
constructions were performed with a 
smooth convolution kernel (FC41) and 
the reconstructed images had a reso-
lution of 512 3 512 3 320 pixels and 
voxel sizes of 0.47 3 0.47 3 0.5 mm. 
The 19 volumes of the CT perfusion 
protocol were rigidly registered to the 
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correlation between values at the op-
timal setting and the reference values. 
The slope of the linear fit between 
the optimal setting and the reference 
standard were reported. Shapiro-Wilk 
tests were performed to test the nor-
mality of the distributions of the dif-
ferences, and paired t tests were per-
formed to compare means. Two-tailed 
statistical tests were used, with a P 
value less than .05 indicating a signifi-
cant difference. All statistical analyses 
were performed by using statistical 
software (Statistical Package of Social 
Sciences version 20.0 for Windows; 
SPSS, Chicago, Ill).

Results

Figure 2 shows the trends of CBF, CBV, 
and MTT as functions of the dose per-
centage setting, with error bars indicat-
ing patient variability. Patient variability 
was relatively constant. At 2.5 mSv, the 
maximum mean differences from the 
reference standard were 4.5%, 5.0%, 
and 1.9%, for CBF, CBV, and MTT, re-
spectively. This point was selected as 
the optimal dose setting.

Table 1 shows the bias, standard 
deviations of the differences, and the 
limits of agreement as 95% confidence 
intervals for the patient perfusion 
values compared with the reference 
standard for white matter and gray 
matter combined. For dose reductions 
up to 2.5 mSv, the standard deviations, 
and therefore, the limits of agreement, 
remained small, and all biases re-
mained close to zero. At the optimal 
setting, the mean 6 standard deviation 
differences and limits of agreement 
were 0.4 mL/min per 100 g 6 2.8 (95% 
confidence interval: 25.1, 6.0) for CBF, 
0.0 mL/100 g 6 0.2 (95% confidence 
interval: 20.3, 0.3) for CBV, and 0.1 
sec 6 0.3 (95% confidence interval: 
20.5, 0.7) for MTT.

The patient perfusion values at the 
optimal setting and the values of the 
reference standard are shown in scat-
terplots (Fig 3). Linear fits with zero 
intercept show slope values close to 
the ideal value of 1.0 (range, 1.00–1.02 
[Fig 3]), and correlation was high, 
with Pearson correlation coefficients 

At the patient group level, for each 
dose percentage setting, the mean 6 
standard deviation perfusion values per 
tissue type were plotted as a function 
of the dose percentage setting for visu-
alization of the average trend. Thus six 
mean and corresponding standard de-
viations representing patient variability 
were plotted as functions of dose levels. 
The lowest percentage setting for which 
the difference from that of the refer-
ence standard remained within 5% was 
marked as optimal.

Statistical Analysis
Bland and Altman analyses were per-
formed to compare the perfusion 
values at the 5.0-mSv reference stan-
dard dose with the perfusion values 
at lower doses. The Pearson corre-
lation coefficient was used to assess 

default parameters, and arterial in-
put function rescaling with the venous 
output function. The other parameter 
settings of the perfusion mismatch ana-
lyzer were kept at default values.

Data Analysis
For each dose percentage setting and 
for each patient, 10 different phantoms 
were created, with random noise per-
mutations. The mean 6 standard de-
viation of the perfusion values of the 
10 phantoms were taken as the rep-
resentative perfusion value and repre-
sentative noise in the perfusion image 
for that particular dose percentage 
setting and patient. At a patient level, 
there were six mean perfusion values 
and corresponding standard deviations 
(CBF, CBV, and MTT for both white 
matter and gray matter).

Figure 1

Figure 1: Pairwise CT perfusion images and corresponding CBF maps in a 60-year-old man with clinical 
symptoms of acute ischemic stroke include CT perfusion image (upper left) acquired with total dose of 5.0 
mSv (100%) and corresponding CBF map (lower left), digital phantom constructed from patient white matter 
and basal ganglia tissue curves at same dose settings (upper middle) and corresponding CBF map (lower 
middle), and finally digital phantom from same tissue curves at 2.0 mSv (40%, upper right) of the total dose 
and corresponding CBF map (lower right). Window width and level settings were 50 HU and 40 HU, respec-
tively. Perfusion maps were calculated by using block-circulant singular value decomposition method with 
perfusion mismatch analyzer from the Acute Stroke Imaging Standardization Group.
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values was less than 5% and no signif-
icant differences were found when the 
optimal dose was compared with the 
reference standard. This was a prom-
ising result, especially because no noise 
reduction techniques were applied. In 
addition to reduced exposure to harm-
ful radiation for the patient, CT perfu-
sion imaging performed at the radiation 
dose of CT angiography (and possibly 
lower) allows the possibility of simpli-
fying the complete imaging workup of 
patients with acute stroke to only CT 
perfusion imaging with algorithmically 
derived CT and head CT angiographic 
results (6,7).

The maximum mean difference of 
5% at 2.5 mSv is low in light of the re-
ported reproducibility of CT perfusion 
imaging. Both the observer variability 
due to region-of-interest selection and 
the variability due to arterial-input-
function and venous-output-function 
selection were reported to be higher 
in previous studies (16,17). On the ba-
sis of qualitative visual assessments of 

Discussion

Our current study showed that the to-
tal dose for the clinical CT perfusion 
protocol for patients with acute stroke 
can be reduced to 2.5 mSv with only 
minor effects on perfusion values. The 
maximum mean difference in perfusion 

of 0.864–0.917 (P , .0001). (Table 2).  
The differences showed a normal 
distribution and the paired t tests 
showed that the perfusion values for 
white matter and gray matter did not dif-
fer significantly between the reference 
and optimal settings (P = .089–.923,  
Table 2).

Figure 2

Figure 2: Graphs show perfusion values (CBF, CBV, and MTT) as function of total dose. Patient variability was relatively constant and there 
was marked increase in perfusion values, in particular for white matter, from 2.0 mSv and lower. Maximum mean differences for both white 
matter and gray matter between 5.0 mSv and 2.5 mSv doses were 4.5% for CBF, 5.0% for CBV and 1.9% for MTT. At 2.0 mSv, these were 
15.6%, 18.1%, and 3.4%, respectively.

Table 1

Differences of Perfusion Values Compared with Reference Standard at 5.0 mSv

Total Dose (mSv) CBF CBV MTT

4.5 20.1 6 2.3 (24.7, 4.5) 0.0 6 0.1 (20.3, 0.3) 0.0 6 0.2 (20.5, 0.4)
4.0 20.1 6 2.6 (25.2, 4.9) 0.0 6 0.2 (20.3, 0.3) 0.1 6 0.2 (20.4, 0.5)
3.5 0.0 6 2.7 (25.4, 5.4) 0.0 6 0.2 (20.3, 0.3) 0.0 6 0.3 (20.6, 0.6)
3.0 0.2 6 2.7 (25.1, 5.4) 0.0 6 0.2 (20.3, 0.3) 0.1 6 0.3 (20.5, 0.6)
2.5 0.4 6 2.8 (25.1, 6.0) 0.0 6 0.2 (20.3, 0.3) 0.1 6 0.3 (20.5, 0.7)
2.0 2.1 6 4.2 (26.2, 10.3) 0.2 6 0.2 (20.3, 0.6) 0.2 6 0.4 (20.5, 0.9)
1.5 2.7 6 3.8 (24.7, 10.1) 0.2 6 0.2 (20.1, 0.6) 0.2 6 0.4 (20.6, 1.0)]
1.0 4.6 6 6.2 (27.5, 16.8) 0.4 6 0.3 (20.3, 1.0) 0.3 6 0.5 (20.7, 1.3)
0.5 11.5 6 8.5 (25.1, 28.2) 0.9 6 0.5 (20.1, 1.8) 0.6 6 0.5 (20.5, 1.6)

Note.—Data are the mean bias 6 standard deviations of the differences, with limits of agreement as 95% confidence intervals 
in parentheses.
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The fact that MTT values in our 
study were less affected than were CBF 
and CBV values when the dose was low-
ered is in concordance with the results 
of a study by Niesten et al (21) in which 
several types of reconstruction algo-
rithms were compared when the total 
dose was decreased by one-half. Those 
authors found, however, that the CBV 
values of gray matter actually were un-
derestimated by 18.6% in all patients, 
and the CBV values of white matter 
were overestimated by 1.5% with fil-
tered back projection as the recon-
struction algorithm, but they gave no 
explanation for this observation. Our 
optimal point of dose reduction was 
lower than the reduction of 33% (from 
190 mAs to 125 mAs, no effective dose 
values were reported) suggested by Ju-
luru et al (22). These authors found lit-
tle effect of lower dose settings on per-
fusion values, although in their study, 
Juluru et al investigated five dose set-
tings with simulated noise, whereas we 
used real measured noise.

increased noise levels lead to increased 
small-scale gradients on the intensity 
curves, which are erroneously inter-
preted as increased blood flow and vol-
ume during the deconvolution process 
inherent in the perfusion analysis. Ac-
cording to the central volume principle 
(20), MTT is less affected.

the CT perfusion maps, authors of two 
studies (18,19) reported that clinical 
decision making is unlikely to change if 
the overall variability stays within 10%.

Dose reduction to less than 2.5 
mSv results in overestimation of patient 
perfusion values, particularly of CBF 
and CBV values. We hypothesize that 

Figure 3

Figure 3: Scatterplots show patient perfusion values between reference standard (5.0 mSv) and optimal settings (2.5 mSv).

Table 2

Comparison of Perfusion Values at 5.0 mSv with those at 2.5 mSv

Brain Matter and  
Perfusion Value

Pearson Correlation Shapiro-Wilk  
P Value

Paired t Test  
P Valuer P Value

White matter
 CBF 0.911 ,.0001 .094 .118
 CBV 0.906 ,.0001 .025 .089
 MTT 0.864 ,.0001 .075 .371
Gray matter
 CBF 0.895 ,.0001 .408 .923
 CBV 0.917 ,.0001 .094 .477
 MTT 0.916 ,.0001 .335 .118

Note.—All correlations were found to be significant, all differences followed a normal distribution, and no significant differences 
were found between the means (two-tailed tests, P = .05).
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small, with tissue curves of only 20 
patients included. However, the same 
trends were observed for all patients. 
Because the focus of the study was on 
radiation dose, for each patient and 
each percentage setting, 10 noise per-
mutations of CT perfusion protocols 
were simulated, resulting in a total of 
2000 four-dimensional simulations. 
Second, only perfusion values of re-
gions of interest in normal-appearing 
white matter and basal ganglia were 
investigated. We kept all regions of in-
terest in each patient constant during 
the experiments to avoid introducing 
another source of variation.

The next steps in this research are 
to simulate regions with infarcts at 
lower radiation doses, to assess diag-
nostic accuracy, and to apply optimized 
noise filters aimed at improved soft tis-
sue contrast (30), angiographic imag-
ing (31), or reconstruction algorithms 
(21,32,33).

In conclusion, CT perfusion imaging 
in patients with acute stroke is associ-
ated with high radiation dose, and the 
results of this study show the potential 
to lower the dose from 5.0 to 2.5 mSv 
for clinical CT perfusion protocols, with 
only minor quantitative effects on per-
fusion values.
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