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Abstract

Cerebral CT perfusion (CTP) imaging is playing an important role in the diagnosis and treatment
of acute ischemic strokes. Meanwhile, the reliability of CTP-based ischemic lesion detection has
been challenged due to the noisy appearance and low signal-to-noise ratio of CTP maps. To reduce
noise and improve image quality, a rigorous study on the noise transfer properties of CTP systems
is highly desirable to provide the needed scientific guidance. This paper concerns how noise in the
CTP source images propagates to the final CTP maps. Both theoretical deviations and subsequent
validation experiments demonstrated that, the noise level of background frames plays a dominant
role in the noise of the cerebral blood volume (CBV) maps. This is in direct contradiction with the
general belief that noise of non-background image frames is of greater importance in CTP
imaging. The study found that when radiation doses delivered to the background frames and to all
non-background frames are equal, lowest noise variance is achieved in the final CBV maps. This
novel equality condition provides a practical means to optimize radiation dose delivery in CTP
data acquisition: radiation exposures should be modulated between background frames and non-
background frames so that the above equality condition is satisifiAed. For several typical CTP
acquisition protocols, numerical simulations and in vivo canine experiment demonstrated that
noise of CBV can be effectively reduced using the proposed exposure modulation method.
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1. INTRODUCTION

Cerebral CT perfusion (CTP) imaging has been widely used in the diagnosis and treatment
of acute ischemic strokes. Ischemic lesions detected in different types of CTP maps [e.g.,
cerebral blood volume (CBV) and cerebral blood flow (CBF)] and the mismatch of their
sizes help interventional neuroradiologists to select patients who will benefit from
intraarterial (1A) therapy from those for whom IA therapy is both futile and carries increased
risk of further injury. For example, ischemic lesions with severely reduced blood volume
identified in CBV maps have been shown to be a strong predictor of hemorrhagic
transformation and functional outcomes following IA therapy for acute ischemic strokes.!: 2
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However, CTP-based ischemic lesion detection has been criticized due to the high noise and
low signal-to-noise ratio (SNR) of CTP maps.3 In light of the recent success of clinical trials
of 1A therapy,*’ there is a strong need to reduce noise in CTP images so that they can be
reliably used for patient selection. From the standpoint of basic imaging science, there is no
previous report available on how noise is propagated from CT source images to the final
perfusion maps. Without a fundamental understanding of the noise transfer process in CTP
systems, attempts to reduce noise while maintaining the needed diagnostic performance of
CTP imaging will lose the needed scientific guidance.

In this paper, we report the first theoretical and experimental study on the noise
characteristics of CBV maps. Based on a theoretical study, several important conclusions
have been derived: First, the noise level of mask frames (a.k.a., background frames) plays a
dominant role in the noise variance of CBV maps. This is in direct contradiction with the
general belief that the noise in subsequent non-background CT image frames (i.e., frames
acquired after contrast wash-in) is playing a more important role, which suggests that more
radiation dose should be delivered to the mask frames. Second, the special condition in
which the radiation dose delivered during the acquisition of background images frames is
equal to the radiation dose delivered to all later contrast-enhanced frames yields the lowest
noise variance in the final CBV maps. Third, this novel equality condition provides a
practical means to optimize radiation dose delivery in CT perfusion imaging: radiation
exposures should be modulated for background frames and subsequent contrast-enhanced
frames, so that the above equality condition is satisfied to achieve the lowest noise
magnitude in CBV. Both numerical simulations and /n vivo animal experient have been
performed to validate these noise properties.

2. METHODS

2.1. Theory

In perfusion imaging, CBV is given by the ratio between the area under the tissue contrast
enhancement curve ((#) and the area under the arterial contrast enhancement curve A(f) as

B )
JoA)dt (1)

where « is a constant determined by the density of brain tissue and the relative difference
between the hematocrit of artery and the hematocrit of capillary bed. In x-ray CT-based
perfusion imaging, C(#§) and A(?) are measured based on the pixel value of time-resolved CT
images /(4. One of the basic assumptions made in CT perfusion imaging is that the
increment in CT number is linearly proportional to the concentration of contrast density,
namely

I(t)=aCt)+1n, (2)

and
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I () =aA(t)+11. ©)

In Egs.(2)-(3), a is a numerical scaling factor, /, represents the pixel value of CT images
acquired prior to the wash-in of contrast bolus; /, is often referred to as the mask image or
the baseline image. The superscript A signifies arterial (with no superscript signifying
tissue). To solve for CBV, the baseline image needs to be subtracted from the CT image in
each time frame before being integrated along the temporal direction, namely

gy L6t ~ B/ Atz (=) S (- 1)

Jodt 1) - I /a Atz T O SN0

4)

where Nis the total number of time frames acquired during a CTP exam. In practice, there
are usually Ay time frames acquired prior to the wash-in of contrast bolus, and these Ay time
frames can be averaged to reduce noise in the baseline image, namely

N
Ny (5)

Iy=

Regardless of whether Ay =1 or > 1, the summation of /;— /4 (and [tA - [lf‘) from/=1to
Npin Eq. (4) is always equal to zero, therefore Eq. (4) can be reduced to

N
t=Ny+1 (I = Ib)
CBV=rk—x A
DN e ()
t=Np+1 (6)

Due to radiation dose constraints and other nonidealities, the measured CT images will
contain noise, which will propagate to the final CBV map and impair the physician’s ability
to accurately detect perfusion deficits. For CT images acquired at different time frames, it is
reasonable to assume that their noise is uncorrelated and stationary along the temporal

direction. Let 52 denote the noise variance of CT images acquired at each time point. Based
on the general rule of error propagation, the noise variance of the summation

X = Zt zvb+1 |n the numerator of Eq. (6) is given by

N
Ui: ( Z 03) +U§(N be)QZ(N — Nb)08+N30}?:NaUg+ngg’
t=Np+1

()
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where we defined A;= N - N as the total number of time frames acquired after the

. . . y=S" -1
baseline frames. For the summation on the denominator of Eq. (6), © — £—,_n, 1 ¢ b/

its noise variance 03 is the same as ai, because the noise variance of /4 is approximately the
same as that of /under the stationary CT noise assumption. As a result, the noise variance of
CBV is given by

Since the signal magnitude in artery is usually at least an order of magnitude higher than that
in the brain tissue, namely Y>> X, we have

03/Y2<<03(/X2, 9)

therefore the following approximations can be made:
, X\202 X\?2 ‘
2 X 2 2 2
~ (k=) X =(k=) [Naoi2+N,
Tenv (”Y) X2 (”Y>[ 0t Nah 0

or

o2 08+NQJ§. (11)

CBV

Based on the fact that o3 oc D" and o7 (N, D;,) ", where Dy and Dj are the radiation
dose levels per time frame for non-baseline and baseline frames, respectively, Eq. (11)
becomes

2 ! +;
esv > N,Dy  NyDy'  (12)

g

where Dy and Dy, are related to the total radiation dose delivered during a CTP exam (D) via
D=N,Dy+N.Do. (13)

The central scientific aim of this work was to seek an optimal partition of the total radiation

dose D between the baseline and non-baseline time frames, such that the noise variance of

the final CBV map is minimized. Based on Eqg. (12) and the constraint in Eq. (13), this goal
was achieved by solving the following constrained optimization problem:
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- - 1 1
{Dy, Dy }=argmin [—Jr } s.t. D=N,Do-+NyDy.

Do,Dy L NaDo = NpDy (14)

An analytical solution of this constrained optimization problem can be easily derived,
yielding the optimal radiation dose partition as

D, N, N-N,

Dy Ny N, (15)

This optimal partition scheme also indicates that the total dose delivered for the A/ baseline
frames is equal to the total dose delivered to all other non-baseline image frames, namely
NbDb = NaDO = DI2.

The optimal mAs partition is the same as the dose partition given in Eq. (15), since dose is
proportional to mAs when kV and other scan parameters are fixed. Apparently, a much
larger mAs should be used for the baseline image frames since A, >> N With the same total

2

radiation dose, the ratio in o~ between the optimized mAs modulation and constant mAs

CBV
IS
ol (modulated) 4N, (N — N,)
o2, (constant) N2 " 19)
Since

N? = [ANy(N = Np)]=(N = 2N,)* > 0, (17)

the ratio in Eq. (16) is always < 1 (it equals 1 when N, = M2, which is unlikely). Therefore,
the proposed mAs modulation scheme leads to noise reduction in CBV; the magnitude of
reduction depends on the specific values of NVand N for a CTP acquisition protocol with
=60 and N =5, the relative reduction in the noise variance of CBV is 70%.

2.2. Validation methods

The theoretical derivations of the proposed mAs modulation method were first validated
using numerical simulations. An anthropomorphic 4D digital CT perfusion phantom
modified from the model developed by Manhart et a/. was used.8 Fig. 1 shows the ground
truth of its CBV map; the wedge-shaped perfusion deficit with reduced blood volume was
simulated by a neurosurgeon. To simulate realistic CT image noise, Poisson noise was added
in the sinogram space; the variance of the Poisson noise was proportional to mAs. Two
acquisition protocols were used in our simulations, both having a total acquisition time of 60
s. For Protocol A, N=60, NV, =5 (At=15s); for protocol B, N=20, Np=2 (At=35).
Simulated acquisitions with both constant mAs and proposed modulated mAs were
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performed, generating two sets of CBV maps for each protocol. The ratio in the measured
noise variances of CBV between the constant and modulated mAs acquisitions were
compared with theoretical predictions given by Eq. (16).

The mAs modulation method was also validated qualitatively using an /n vivo canine stroke
model: an ischemic stroke was induced in the left cerebral hemisphere of an adult beagle via
an endovascular approach. Two CTP acquisitions were performed using a 64-slice CT
scanner (Discovery CT750 HD, GE Healthcare, Waukesha, WI) with the following
parameters: kV= 80, axial scan mode, detector collimation= 64 x 0.625 mm, gantry rotation
time= 0.5 s, scan field of view (SFOV) = “head”, prep delay time = 5 s, total acquisition
time 7 =46 s, total number of time frames N/ = 23, temporal sampling rate Af=2 s, image
display field of view (DFOV)= 6 cm, “Standard” reconstruction kernel, slice thickness=5
mm, image matrix size= 512x512x8. Two CTP acquisitions were performed. The first CTP
acquisition used the proposed optimal dose partition method: the tube current was 575 mA
for the first two frames and was reduced to 55 mA for the other 21 frames. The second CTP
acquisition used a constant tube current of 100 mA. The radiation dose (in terms of CTDl,))
for both CTP acquisitions was 98 mGy. For each CTP acquisition, 15 ml of Isovue 370 was
injected intravenously at a rate of 3 ml/s, following by 10 ml of saline chase at the same rate.
A delay time of 5 minutes was enforced between the two CTP acquisitions to allow the
washout of contrast agent. CBV was generated using the same in-house perfusion processing
software. A 2D pillbox filter with a radius of 0.6 mm was applied to each axial slice of the
source images to reduce noise.

3. RESULTS

As shown in Fig. 2, CBV maps acquired using the proposed mAs modulation scheme
demonstrated significant noise reductions: For Protocol A, the measured ang (modulated)

and o2 (constant) are 0.27 and 0.89 [mL/100 g]?, respectively. Their ratio is 0.30, which

CBV

is consistent with the theoretically predicted ratio of 4 x 5 x (60 — 5)/602 = 0.31; For

protocol B, the measured O'(QIBV (modulated) and U?]BV (constant) are 0.78 and 1.10 [mL/100
g]?, respectively. The ratio between these two numbers is 0.37, which is also consistent with
the theoretically predicted ratio of 4 x 2 x (20 — 2)/202 = 0.36. Compared with the CBV
maps acquired with constant mAs, the visibilities of the wedge-shaped ischemic lesion in the
CBV maps acquired with modulated mAs have been significantly improved. Fig. 3 shows
CBV maps of the in vivo canine stroke model. As expected, mAs modulation significantly
reduced noise in the CBV map, making the perfusion deficit located in the left cerebral

hemisphere of the canine subject much more visible.

4. CONCLUSION

The noise transfer process from CTP source images to CBV maps was analytically modeled,
based on which several important ifAndings regarding the noise character- istics of CBV
were identiifiAed. In particular, the noise magnitude of CBV was dominated by the noise
magnitude of the nonehanced baseline image. Based on this property, a novel frame-by-
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frame mAs modulation method was developed to reduce noise and improve image quality of
CBV maps.
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Figurel.
(left) Ground truth of CBV for the digital phantom. A lesion with perfusion deficit was

created at the 2 o’clock position in the phantom. (right) Comparison of constant mAs and
modulated mAs used for Protocol A and B of the simulation studies.
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Protocol A . Protocol B

(a) Constant mAs (b) Modulated mAs (c) Constant mAs (d) Modulated mAs

Figure 2.
(@) and (b) are obtained using Protocol A (M= 60, NV, = 5) and with the same amount of

radiation dose; (a) used a constant mAs of 100, while (b) used modulated mAs of mAsy = 54
and mAs, = 600. (c) and (d) are obtained using Protocol B (A = 20, N = 2) with the same
dose; (c) used a constant mAs of 100, while (d) used modulated mAs of mAs; = 56 and
mAsp = 500. The color bar on the right applies to all.

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2017 December 01.

o _D - = 48]
wn (4]
[6 0O 1/w]



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Li and Chen

Page 10

(a) Constant mAs (b) Proposed mAs modulation

Figure 3.
Comparison of CBV maps of the /n vivo canine stroke model acquired using constant mAs

and modulated mAs. Except mAs modulation methods, all other reconstruction and
postprocessing parameters were matched between the two images, including a constant
radiation dose of 98 mGy. The ischemic lesion is the blue region located in the left cerebral
hemisphere.
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