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Abstract

Background: X-ray digital subtraction angiography (DSA) is the imaging modal-
ity for peri-procedural guidance and treatment evaluation in (neuro-) vascular
interventions. Perfusion image construction from DSA, as a means of quantita-
tively depicting cerebral hemodynamics, has been shown feasible. However, the
quantitative property of perfusion DSA has not been well studied.

Purpose: To comparatively study the independence of deconvolution-based
perfusion DSA with respect to varying injection protocols, as well as its sensitivity
to alterations in brain conditions.

Methods: We developed a deconvolution-based algorithm to compute perfu-
sion parametric images from DSA, including cerebral blood volume (CBVpg4),
cerebral blood flow (CBFpg,), time to maximum (Tmax), and mean transit time
(MTTpsa) and applied it to DSA sequences obtained from two swine models.
We also extracted the time intensity curve (TIC)-derived parameters, that is, area
under the curve (AUC), peak concentration of the curve, and the time to peak
(TTP) from these sequences. Deconvolution-based parameters were quanti-
tatively compared to TIC-derived parameters in terms of consistency upon
variations in injection profile and time resolution of DSA, as well as sensitivity
to alterations of cerebral condition.

Results: Comparing to TIC-derived parameters, the standard deviation (SD)
of deconvolution-based parameters (normalized with respect to the mean) are
two to five times smaller, indicating that they are more consistent across differ-
ent injection protocols and time resolutions. Upon ischemic stroke induced in a
swine model, the sensitivities of deconvolution-based parameters are equal to,
if not higher than, those of TIC-derived parameters.

Conclusions: In comparison to TIC-derived parameters, deconvolution-based
perfusion imaging in DSA shows significantly higher quantitative reliability
against variations in injection protocols across different time resolutions, and
is sensitive to alterations in cerebral hemodynamics. The quantitative nature
of perfusion angiography may allow for objective treatment assessment in
neurovascular interventions.

KEYWORDS
cerebral blood volume, deconvolution, digital subtraction angiography, ischemic stroke, perfusion
imaging, swine, time intensity curve
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TOWARDS QUANTITATIVE PERFUSION DSA

2 | MEDICAL PHYSICS
1 | INTRODUCTION

Visualization and quantification of cerebral hemody-
namics is essential in the diagnosis of neurovascular
diseases, such as vessel occlusion, vessel stenosis, and
vasospasm, and the evaluation of endovascular treat-
ment. Such quantifications include the construction of
parametric maps of cerebral blood volume (CBV), cere-
bral blood flow (CBF), time to maximum (Tmax), and
mean ftransit time (MTT), which are generally obtained
via perfusion imaging, a functional imaging technique
mainly used in the diagnosis of acute ischemic stroke
and oncology. With perfusion imaging the temporal
information on contrast material in vessels and brain
tissue is depicted, highlighting the underlying func-
tional characteristics of the brain. Perfusion imaging has
been performed with well-established image modalities
such as computed tomography (CT)"* and Magnetic
Resonance Imaging (MRI).>~/

X-ray digital subtraction angiography (DSA) is the
imaging modality used for fast and accurate peri-
procedural guidance in (neuro-) vascular interventions,
including blood flow visualization. During endovascular
treatment of large vessel occlusions in patients with
acute ischemic stroke, DSA primarily guides the nav-
igation of catheters and aids in the assessment of
treatment effects after an attempt of thrombus retrieval.
The preference for DSA, especially in endovascular
treatments, is attributed to its minimally invasive and
real-time nature, low cost, fast acquisition, relatively
low risk, and the ability to stand next to the patient
while acquiring imaging. Additionally, in contrast to MRI
and CT, DSA provides excellent spatio-temporal res-
olution, thus offering high-quality visualization of flow
characteristics as well as vascular abnormalities.

Despite the popularity of DSA in current clinical
practice, its usage largely remains qualitative. For
example, in the evaluation of endovascular thrombec-
tomy (EVT) for acute ischemic stroke, interventional-
ists visually inspect the DSA series frame by frame,
back and forth, and extract a subjective and coarse
Thrombolysis in Cerebral Infarction (TICI) score®
to report the degree of brain tissue reperfusion.
A few works have recently investigated quantitative
evaluation of DSA series in EVT Su et al. pro-
posed an automatic framework for quantitative TICI
scoring.'? Deep learning approaches have recently
been applied on DSA for intracranial aneurysm
detection,'® phase classification,'? TICI classification,'
vessel perforation detection,'® image generation,'5-"°
thrombus classification? vessel segmentation 2’23
and artery/vein separation?* Nevertheless, most exist-
ing studies do not quantitatively assess cerebral hemo-
dynamics.

While perfusion imaging techniques are extensively
adopted for MRI and CT, with even FDA-approved soft-

ware deployed in clinical routines, its applicability and
potential value in DSA may have been underestimated
by the clinical community. This may be partially caused
by the projective nature of 2D DSA series, posing extra
challenges in mapping flow-based parameters to real-
istic blood volume and flow information. To distinguish
these DSA parameters from the 3D variants, we there-
fore deliberately use the DSA subscript in CBVpga,
CBFDSAs and MTTDSA-

The concept of perfusion DSA was first proposed
in 2005 by Bogunovic et al. %° using the maximum
slope model 26 Subsequently in 2010, Strother et al. %’
demonstrated that the color-coded parametric images
in DSA enhances the ease in visual treatment eval-
uation. Such angiographic parameters were extracted
directly from time intensity curves (TICs) which are
dependent on the contrast injection profile. In 2015,
Scalzo et al. ?® applied the well-established singular
value decomposition (SVD) deconvolution-based algo-
rithms and demonstrated the feasibility of constructing
color-coded normalized parametric images of CBVpga,
CBFpsa,and MTT g4 from DSA images. In recent years,
the utility of various angiographic parametric images
has been showcased in a number of applications, for
example in assessing vasospasm,2° chronic mesenteric
ischemia,’ and cerebral ischemic core 3’

Although it has been shown that perfusion DSA is fea-
sible, few studies have investigated the impact of injec-
tion protocols on angiographic perfusion parameters in
in-vivo DSA. A recent phantom study by Rava et al. 32
demonstrated the independence of SVD-based param-
eters with respect to different injection rates. The phan-
tom experiments assumed ideal scenarios and focused
on assessing a few proximal arteries without consid-
ering venous vessels or parenchymal perfusion. A few
studies have nevertheless evidenced the fact that TIC-
derived parameters are strongly dependent on injection
parameters. Ahmed et al. investigated the impact of
injection parameters on TIC-derived parameters and
reported a proportional correlation between injection
volume and TIC characteristics (i.e., peak, AUC, and
TTP).33 Takagi et al. studied the relationship between
injection rate and contrast enhancement on 3D DSA
images.®* Quantitative assessment of deconvolution-
based and TIC-derived parameters may promote further
applications of perfusion DSA in clinical practice. This
work extends existing phantom studies to an in-vivo sit-
uation and further investigates the quantitative property
of deconvolution-based perfusion DSA in arteries, veins,
and parenchymal regions on realistic DSA acquisitions.
Specifically, we use swine models to study the indepen-
dence of deconvolution-based perfusion parameters
against TIC-derived parameters across different injec-
tion profiles. Furthermore, we induced ischemic stroke
in a swine model to validate the sensitivity of perfusion
DSA to alterations in brain hemodynamic conditions.
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2 | METHODS

21 | X-ray DSA imaging model

Cerebral X-ray angiography produces a 2D image
showing the attenuation of X-rays through the brain.
Assuming the incident photon intensity /, the observed
intensity /(x, y) depends on the thickness dy(x, y) and
attenuation coefficient of brain structures u,(x, y), as
described based on Lambert-Beer’s law in

I(x, y) = lpe~ (oY), (1)

In order to enhance cerebral vessels from the surround-
ing tissue, contrast agent is injected, which leads to
various levels of increased attenuation along photon
trajectories. The pixel intensity at (x,y) then becomes

I(x, y) = lpe~Hodo0ey)+uede(ey)], )

where u. and d;(x, y) denote the attenuation coefficient
of contrast material and its thickness (i.e., vessel thick-
ness) respectively. To eliminate the disturbance of back-
ground structures (e.g., skull, teeth) and visualize only
the vessels and perfused tissue, each contrasted frame
is first logarithmically transformed and then subtracted
by the non-contrasted logarithmically transformed mask
frame, which gives

Ipsa(%, ¥) = In (Icontrasted (X: ¥)) — IN (Imask (X, ¥))
= —[updp(X, ¥) + pcde(X, y)] — [—(updp(X, ¥)]
= —Hcdc(X, Y).

In this way, the DSA image is independent of the brain
anatomy and its intensity linearly correlates with the
summed contrast agent concentration of brain tissue
along the photon trajectory. For a 2D+t DSA series,
cerebral flow and perfusion can thus be derived.

2.2 | Perfusion angiography

From the time axis of a DSA series, a TIC can be
extracted from each pixel. As illustrated in Figure 1,a few
perfusion parameters describe the characteristics of a
TIC. Each parameter compresses the time dimension of
DSA series into a single value, such that the 2D+t DSA
series collapses to a 2D parametric image. Note that a
TIC in DSA is likely a mixture of TICs along the pho-
ton trajectory. The resulting projective parametric images
reflect integrated perfusion properties of overlapping
brain voxels.

TABLE 1 Definitions of perfusion parameters

Parameter Definition

AUC Area under the contrast concentration curve

TTP Time to the maximum of the contrast
concentration curve

Peak The maximum of contrast concentration

CBVpsa Cerebral blood volume represented as the area
under the residue function

CBFpsa Cerebral blood flow represented as the maximum
of the residue function

Tmax Time to the maximum of the flow-scaled residue
function

MTTpsa Mean transit time represented by CBV g, divided
by CBFpgsa, referring to the average time period
that contrast spends in the area of interest.

2.2.1 | TIC-derived parameters

Parameters that directly describe the TIC include area
under the curve (AUC), peak concentration, and time-to-
peak (TTP) (Table 1). These parameters can be easily
computed. However, their quantitative consistency typ-
ically suffers from variations in injection protocol, for
example, injection volume, flow, duration, and contrast
material concentration. Contrast injection is often man-
ual in clinical practice, thus inevitably variable. This may
pose additional challenges when comparing these TIC-
derived parameters from the same patient acquired at
different time points or patient conditions.

2.2.2 | Deconvolution-based parameters
CBV, CBF, Tmax, and MTT (Table 1) are widely
adopted perfusion parameters that are related to
the intrinsic microcirculation properties in tissues and
(micro-) vessels. Methods to compute these parame-
ters in cerebral imaging modalities (e.g., MRI, CT) are
generally deconvolution-based or sometimes direct
measurement-based. Similar  deconvolution-based
approaches can also be employed on DSA series to
derive parametric images.?®

The deconvolution-based method is grounded on the
indicator-dilution theory,2> which in principle states that
the contrast concentration at the volume of interest
Cyoi(t) is proportional to the volume flow CBF and
the residual concentration within the volume of inter-
est, represented by the contrast concentration of the
input artery (C,) convolved with a residue function
r(t):

Cvoi(t) = CBF - Pvoi * (Cart * I’)(t). (3)
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TIC - input artery Flow-scaled residue function k(t)
TIC - vessel of interest
c
\ 2 Peak CBE T
8 e |
g - | MTT = CBV/CBF
e 1 :
S J 1
! 1
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! |
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FIGURE 1 Overview of TIC-derived and deconvolution-based perfusion parameters. k(t) denotes the flow-scaled residue function as
referred to in Equation (4) of Section 2.2.2 It can be obtained from the TIC of the vessel deconvolved with the TIC of the input artery.

TIC-derived parameters are TTP, peak concentration, and area under the ci
CBFpsa, Tmax: and MTTpga. CBF, cerebral blood flow; CBV, cerebral blood
TIC, time intensity curve; TTP, time-to-peak.

Pvoi denotes the mean intensity of the volume of inter-
est. Detailed derivations of this formulation can be found
elsewhere 3637

To compute the value of CBF, Equation (3) can be
rearranged to

Cuoi(t) = (Cart * (CBF - pyo; - 1))(1). (4)

As C,.i(t) and C,(t) are known from TICs (see Figure 1),
(CBF - pyoi - r)(t), known as the flow-scaled residue func-
tion k(t), can be directly resolved from a deconvolution.
With the assumption that CBF is constant, CBF can be
determined as

CBF = pi - max(k(t)), (5)

voi

by taking peak time point of k(t) and r(t), where max(r(t))
= 137 This time point is known as Tmax. Subsequently,
CBV can be further deduced from the flow-scaled
residue function k(t) as

1 inf
cBV=—. k(t)dr. 6
/0 (0)dr 6)

Pvoi

Finally, we compute the MTT based on the central
volume theorem?28 as follows

CBvV
MTT = CBE (7)

2.3 | The swine model

Deconvolution-based computation of perfusion param-
eters relies on the arterial input function (AIF), which is
the TIC of a contrast input artery. Figure 2 shows the
swine brain vasculature: the contrast agent flows from

urve (AUC). Deconvolution-based parameters include CBV gy,
volume; MTT, mean transit time; DSA, digital subtraction angiography;

a proximal artery, passes through a mesh-like structure,
named rete mirabile, enters the internal carotid artery
(ICA) and middle cerebral artery (MCA), irrigates the
brain tissues and eventually leaves the brain via veins.
The rete mirabile is a mesh of small vessels present in
several large mammals but not in humans. To circum-
vent the unknown effect of rete mirabile on perfusion
DSA, the AIF was extracted from the ICA branch fol-
lowing the rete mirabile to best simulate the human
brain (Figure 2a). To reduce the noise of TICs per pixel,
we applied temporal Gaussian filtering preceding the
SVD-based deconvolution. When evaluating tissue level
parameters, Frangi filter’® and proper thresholds were
applied to exclude vessels in the parenchymal area
(Figure 2a).

With the goal of evaluating the independence and
sensitivity of deconvolution-based parameters, we per-
form an animal study using two swine models. This study
has been approved by the animal ethics committee of
the Erasmus MC, University Medical Center, Rotterdam,
The Netherlands (AVD1010020198546), and complied
with the EU Directive 2010/63/EU for animal experimen-
tation with scientific purposes. Two female Yorkshire-
Landrace swine underwent selective brain angiography
to study DSA-derived CBF patterns in healthy (n =
1, 60.7 kg) and altered conditions (MCA occlusion) (n
= 1, 49.7 kg). Both animals were sedated with Zoletil
(6 mg/kg), Xylazine (2.25 mg/kg) and Atropine (30
g/kg), anesthetized with Propofol (2—10 mg/kg/h) and
Sufentanyl (0.5-3 mcg/kg/h) and mechanically venti-
lated during the whole procedure. Heart rate, invasive
arterial pressure, peripheral saturation and end-tidal
CO, were continuously monitored during the experi-
ment. Endovascular cannulation of the ICA was not
feasible in swine due to the physiological presence
of a complex network of anastomosing small vessels
(rete mirabile)*’ between the common carotid artery
and the ICA. To obtain selective brain angiography,
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(a) Swine cerebral vasculature model.
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FIGURE 2 Swine cerebral vasculature model, MinIP, example TICs, and residue functions.

the ascending pharyngeal artery, which connects the
common carotid artery and the rete mirabile, was cannu-
lated with a 4F angiographic catheter (4F STR Impress,
411038STS, Merit Medical, Utah, USA). The catheter
was advanced under fluoroscopy using a standard
over-the-wire technique through a 6F sheath (Super

Arrow-Flex, CL-07624, Teleflex, Pennsylvania, USA) in
the right femoral artery. Non-diluted radiopaque contrast
(Visipaque 320 mg lodixanol/ml, GE Healthcare, The
Netherlands) was injected with an automated contrast
injector (Mark V ProVis, Medrad, Pennsylvania, USA)
to acquire 2D ventro-dorsal DSA images (Artis Zee,
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TABLE 2 Summary of injection protocols in this study
Injection delay

Group Volume (mL) Flow rate (mL/s) Duration (seconds) (seconds) Acquisitions

1 Constant 2.4 Constant 0.6 Constant 4 Constant 5 6

2 Constant 2.4 Variable [0.3, 0.4, 0.6] Variable [4, 6, 8] Random [0-10] 3
Variable [1.6, 2, 2.4] Constant 0.4 Variable [4, 5, 6] Random [0-10] 3

3 Variable [1.8,2.4, 3.0, 3.6] Constant 0.6 Variable [3, 4, 5, 6] Random [0-10] 4
Variable [2.4, 3.2, 4] Constant 0.8 Variable [3, 4, 5] Random [0-10] 3

4 Variable [1.6,2,2.4,2.8,3.2] Variable [0.4,0.5,0.6,0.7,0.8] Constant 4 Random [0-10] 5
Variable [1.5,1.8,2.1,2.4] Variable [0.5,0.6,0.7,0.8] Constant 3 Random [0-10] 4

Note: These experiments were performed on both swine hemispheres, and a few experiments with identical injection protocols were shared between groups, resulting

in a total of 46 acquisitions.

Siemens Healthineers, The Netherlands). To avoid con-
trast superimposition from the contralateral hemisphere,
antero-posterior (AP) DSA series were acquired. The
acquired series are all 15 frames per second (fps) and
of 1024x1024 pixels per frame.

To investigate the reliability of perfusion DSA, multi-
ple series of AP view DSA acquisitions were obtained
with various injection protocols. In this experiment, we
consider the following control variables: injection vol-
ume, flow rate, duration of injection, and injection delay.
Table 2 summarizes the list of designed injection proto-
cols. Between acquisitions, a 5-min gap was reserved to
minimize the residual contrast in the brain. To guarantee
the completeness of the venous phase, we kept each
DSA acquisition long enough with an average duration
of 35 s (15 fps). Note that all the acquisitions in Table 2
were performed on both hemispheres independently to
increase the experiment sample size, which resulted in
46 DSA acquisitions.

To verify the sensitivity of perfusion DSA to detect
alterations in cerebral hemodynamics, we used a sec-
ond animal (model #2) with focal cerebral ischemia
followed by recanalization. The animal underwent a
craniotomy to occlude the right-sided middle cerebral
arteries (MCA) with aneurysm clips. Clips were released
after 1-h occlusion to allow recanalization for 4 h. The
DSA images were obtained at baseline, during occlu-
sion, and at 2 and 4 h after recanalization with an
automated injection of 3 mL of contrast at 0.6 mL/s (5-s
duration).

3 | EXPERIMENTS AND RESULTS

3.1 | Dependence of perfusion
parameters on injection protocols

First, we investigate the impact of variation in con-
trast injection protocols on perfusion parameters derived
directly from the TIC (i.e., AUC, peak concentration, TTP)
and deconvolution-based parameters (i.e., CBVpga,
CBFpsa, Tmax, MTTpga). In order to quantitatively
assess the variance of perfusion parameters, we select

three representative regions of interest (ROIs) in the
arterial, parenchymal, and venous areas of the com-
puted parametric images. The selected ROIls are shown
in Figure 2a, which are consistent across all DSA acqui-
sitions. The masks were carefully optimized per DSA
series to compensate for any small swine movements
between acquisitions.

3.1.1 | Regional quantitative analysis
Detailed quantitative comparisons of TIC-derived and
deconvolution-based parameters extracted from those
ROIs are summarized in Table 3 ( left hemisphere and
right hemisphere). When comparing parameters derived
from similar injection protocols to those derived from
varying protocols, the increase in normalized standard
deviation (SD) among deconvolution-based parameters
is smaller than directly TIC-derived parameters by a
factor of 2 or more (i.e., AUC vs. CBVpgy, peak inten-
sity vs. CBFpga). This holds for the results of both
hemispheres. While CBVpgs and CBFpg, are relative
values to the AIF Tmax and MTTpg, are absolute in
seconds. It may be noticed that the SD difference of
Tmax and MTTpg, are large; they are mainly attributed
to the accidentally small SD of constant protocols. When
examining the SD in the variable group, the SD of Tmax
for example approximately matches the SD of TTP in
the constant group, indicating that the Tmax is hardly
affected by injection delay. Another observation is that
the mean values between constant and variable groups
are closer for deconvolution-based parameters than for
TIC-derived parameters. This also demonstrates that the
deconvolution-based parameters are less dependent on
injection protocols.

3.1.2 | Effect of series time resolution

To further understand the boundaries of such improved
quantitative properties, we linearly downsampled the
time axis of the acquired series to obtain various
frame rates (i.e., [0.25, 0.5, 1-15] fps) and compared

8518017 SUOWILIOD 3AIeR1D) 3|edl|dde 3y} Aq pausenob ae ssole O ‘85N JO S8|n 10y AReiq 1T 3UIIUO AB|IM UO (SUO R IPUOD-PUe-SWLISY W00 A 1M AReaq)1 U1 IO/ ScY) SUORIPUOD puUe SWiB | 343 89S *[£202/90/50] UO AreiqiauliuO AB|1M ‘SPURBLIN 3UeIL400D Aq £219T dW/Z00T 0T/10p/W00" A 1M Areaqjeu U0 widee// Ay Woly papeojumoq ‘0 ‘60ZvELYE



24734209, 0, Downloaded from https://aapm.onlinelibrary.wiley.com/doi/10.1002/mp.16473 by Cochrane Netherlands, Wiley Online Library on [05/06/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

1

%)
O
n
>
T
o yead-o}-awi}
_ 1 dll ‘enuno Aysusjul swi ‘DL ‘UolleALBp PJEPUE]S ‘QS ‘Isaiaiul jo uolbal |0y ‘Aydesboibue uonoesgns [BUBIP ‘YSQ ‘9Wwn|oA poo|q [BigaIad AGD ‘SWN|OA Poold [eiqalad AgD ‘9AINd By} Japun eale ‘DN :Suonelrnaiqay
% 8¢ v'e 6% (as) ma
&) zIFTY (%v0g L ¥g (%e8)g0LF¢" L€ a|qeneA
Ll — o _ o _
S €0FP'E (%6)g:0Fg'g (%8)} 2%, 92 EE) TN
z0z 6l [ (as) wa
Y0Fr'e %o F g (%ve)lg'gFgG) s|qeLen
00¥F2€ (%6)g:0F°g %vhz zFg gL Juejsuo) [ewAyouaied
el 4> 1 (as) ma
€0¥eT (%iHg L FygL (%82)z'6F|'cg a|qeneA
z0¥ce (%€)g0F |91 %z L ¥ 08 Juejsuo) Kioyiy
va_\wﬂl_.._.s I ANIQS_\MQn_mo yead
siojaweled paseq-uoijn|oAuodaqg si19)aweled paALdp-I|L Joo030ud 10d
uonoafu]
asaydsiway ybry (q)
8'G [ 0§ (as) wma
TIFLY %9V 0%G'g (%v8),-21¥6°9¢ a|qenen
FAVCIN %y 0F0'9 %8920 pe Juejsuo) TN
L9 L'y €0l (as) #a
L0¥8'¢ %0y 0Fgy (%295°9%g°Gz a|qeneA
L'0FLE (%2 -0F .y (%€),:0F 122 ueIsuoD |ewAyouaiedq
67 i 0'g (as) #a
¥0¥F2Z (%elg L FEel (%le gL Foep s|qenen
< LOFLT (%01e- L Fg g %8),2F ) pe I JuejsuoD Kiopy
[m]
nNu Amv_\WQ._L.E I Aule—vv‘mﬂn_mo yead
%) sl19joweled paseq-uoijnjoAuodaqg si9)oweled paauap-9J|L jo20301d 104
z uonoalu]
4
w asaydsiway ya (e)
w
> SpuU02as Ul passaldxe ate VST || pue ‘xew] 1] ‘sisayjuaied ul payiodal
W S| ueaw 0} S jo onel ay} ‘¥Sd4go pue ‘YSIpngD ‘ONY 104 "'dnoib ajgeliea ay} 0} JuejSU0D 8y} WoJy S Ul 8Sealoul aAlle|al 8y} sajouap (QS) HiQ 's|oo0jold uonoslul s|geleA pue Juejsuod
w ypm uonounfuod ur suims ay} Jo sasaydsiway yjog Jo (uien pue ‘jewAyousaled Aisyie) s|0Oy 99.4Y) WOl pajoelixa siajoweled paseg-uolnjoAUOIap pue PaALBp-)|L JO MaIAJBAD € F19VL
S
g
9]
a
%
5
T




TOWARDS QUANTITATIVE PERFUSION DSA

® | MEDICAL PHYSICS

0.5 0.5 4]
L AUC vs CBV Peak vs CBF TTP vs Tmax
n 0.44 n 0.41 W‘
(%) (%] 3
kel - S
g 0.34 &" 0.3 g X
© K © ~
E 0.24 lx)\ E 0.2 i § 8 :
502 SeowegpTETEemesESene e | 5 021 5. N
b4 Joa?’ S e e e e it e e i e = K
&%;Aw,x-—x-—n._,_—x——x——x——n--u--x--x Jepm e e e o K o K K K K K K K
0.1 0.1 t
0] % w s mr e e 2 3 e e e e e =
—e— AUC -#- CBV —eo— Peak -»#—- CBF —o— TTP -#- Tmax
g 40 )
3> s /XM RN
<254 £309 § 151 \\‘
: A g
sooler ) R — 10 reee—e—eo—eoo—oo—o
1.0{ ¥ 0.3 101 %
‘ e 2 e O S R S e b S i S e
e : 5021 ¥ S
9] ’\‘_!__x_ 9] * o 5 %
=051 e e e e s At A Z 0.1 g mmrAmATAA=A=AA=A=A=E | D %
B R R e e T ELEL
012345678 9101112131415 012345678 9101112131415 012345678 9101112131415
Frame rate (fps) Frame rate (fps) Frame rate (fps)
ROI: —— Artery Parenchymal —— Vein Parameter: —o— TIC-derived -#- Deconv-based
FIGURE 3 Comparison of parameter variabilities across frame rates.

the variability of TIC-derived and deconvolution-based
parameters. The variability is measured by the SD of
TTP and Tmax in seconds, and by normalized SD of
AUC, Peak intensity, CBVpga, and CBFpg,. Figure 3
shows in the first row the differences of (normalized)
SD across frame rates in all parameters within three
ROIs of the left hemisphere. In the second row, it
visualizes the corresponding mean values of all param-
eters. Specifically, we observe consistently reduced SD
in deconvolution-based parameters versus TIC-derived
parameters, with higher fluctuations at < 1 fps. Under
those low time resolutions, the accuracy and robust-
ness of both TTP and Tmax (in seconds) could collapse
because of the large time gap between frames (e.g., with
0.25 fps, 1 frame represents 4s). Comparing the mean
parameter values, both types of parameters remain
mostly stable until the frame rate drops below 1 fps. This
is likely caused by the increased instability in the AIF and
TICs due to insufficient sampling rate relative to contrast
flow and too few frames.

3.2 | Sensitivity of perfusion parameters
Next, we investigate whether deconvolution-based
parameters remain sensitive to alterations of brain
conditions. To answer this question, we analyzed the
perfusion parameters of swine #2.Figure 4 visually com-
pares the parametric images of swine #2 under various
brain conditions, that is, baseline, 1 h after induced MCA
occlusion, 2 h after reperfusion, and 4 h after reper-
fusion. Quantitatively speaking, CBVpss and CBFpgp
values fall by a factor of 2 and 4 respectively in the
parenchymal region after occlusion, these changes are
larger than those of the AUC and peak intensity respec-

tively. With regard to Tmax and MTTpga, the occluded
parenchymal region received insufficient signal (NoSig)
due to too few non-zero values. Interestingly, higher
CBFpsa was observed in the arterial and parenchymal
ROls at reperfused 2 h and 4 h sequences compared to
baseline sequence (Table 4), potentially reflecting hyper-
perfusion. This is clear from the increased CBFpg4 and
CBVpsa, but not obvious from TIC-derived parameters.

4 | DISCUSSION

With two swine models, we have assessed the inde-
pendence of deconvolution-based perfusion angiogra-
phy with respect to variations in injection parameters,
as well as the sensitivity to cerebral hemodynamic
changes. This adds to the fundamental understanding
of the properties of perfusion angiography. Quanti-
tative perfusion angiography would allow automated
intra-patient comparisons of perfusion characteristics
before, during, and after endovascular interventions,
providing insights for prompt quantitative feedback on
treatment effects and functional outcome prediction.
This may further promote relevant clinical applica-
tions in computer-aided diagnosis and image-guided
interventions.

Deconvolution-based perfusion angiography holds
greatly improved consistency with respect to injection
protocols. Nevertheless, it is not fully quantitative and
independent of the injection profile. As shown in Table 3,
the SD of CBVpga, CBFpga, Tmax, and MTTpg, are
consistently higher in the variable group than in the con-
stant group. This might be attributed to multiple factors.
First, the 2D projective nature of DSA causes overlap
of cerebral vessels and tissue. This not only prevents
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Occluded (1h) Baseline

Reperfused (2h)

Reperfused (4h)

FIGURE 4 Perfusion angiography images of swine model #2 under various brain conditions.

TABLE 4 Overview of perfusion parameters extracted from three ROls (artery, parenchymal, and vein) of swine #2 under four different

MinIP

brain conditions. NoSig: insufficient signal

MEDICAL PHYSICS——
MTT

Deconvolution-based parameters

CBVpsa(10-2)

CBFpsa(10-2))

ROI Brain condition TIC-derived parameters
AUC 42 Peak TPy
Artery Baseline 53.62 33.43 - 33.25
Occluded(1h) 66.69 41.60 157 2097
Reperfused(2h) 40.97 30.43 940 2759
Reperfused(4h) 42,57 32.03 - 24.22
Parenchymal Baseline 37.44 22.22 21.55
Occluded(1h) 23.44 10.49 1860 1202
Reperfused(2h) 32.39 23.76 1005 2339
Reperfused(4h) 36.58 26.67 - 23.32
Vein Baseline 59.32 35.58 29.69
Occluded(1h) 74.37 49.39 1586 4289
Reperfused(2h) 40.14 31.32 30.86
Reperfused(4h) 43.93 33.29 - 32.57

Abbreviations: AUC, area under the curve; CBV, cerebral blood volume; CBYV, cerebral blood volume; DSA, digital subtraction angiography; ROI, region of interest; SD,

standard derivation; TIC, time intensity curve; TTP, time-to-peak.

11.07
11.88
15.06

15.46
5.45

1.43
8.94

9.42
5.69

5.32
7.66
7.46

IIFII

:

MTTpsa (s)

W

2.98
1.79
1.93

1.63
3.46

NoSig
2.76

2.65
4.97

7.95
3.92
4.19
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the exact calculation of contrast volume, but also intro-
duces noise in deconvolution. Besides, the correlation
between the ratio of perfusion change from the input
artery and a region of interest might not be fully lin-
ear. Third, the deconvolution-based method is noise
sensitive>*"! Lastly, our model of X-ray is idealized, and
in practice post-processing techniques may be applied
by the vendors to optimize visual appearance which may
affect quantification. In the future, to further validate the
quantitative property of perfusion angiography in clini-
cal practice, a promising research direction would be to
visualize and quantitatively analyze differences between
perfusion DSAs of the same subject acquired at differ-
ent time points or brain conditions, perhaps even from
different vendors.

For robustness, a temporal Gaussian filter was applied
before SVD-based deconvolution as a means of regu-
larization. No sophisticated postprocessing steps were
taken other than suppressing and masking out near-
zero CBFpg, values. Alternative processing techniques
are available, which may further improve the quality
of perfusion images, such as nondeconvolution-based
methods,**** gamma fitting for TIC denoising, and
expectation-maximization (EM)*° for TIC mixture sepa-
ration. These approaches were not pursued as a primary
concern in this study.

Perfusion imaging and perfusion parameters typically
refer to physiological blood flow quantities estimated by
3D CT/MRI, rather than by DSA due to its projective
nature. In this sense, deconvolution-based parameters in
DSA arguably correlate, but may not accurately describe
the underlying physiological perfusion property without
any bias. Although this study has shown improved quan-
titative properties of deconvolution-based parameters,
we did not further validate the association between such
parameters with their corresponding physiological flow
characteristics because of a lack of ground truth perfu-
sion data. To emphasize this conceptual difference, we
therefore used CBVpss, CBFpsa, and MTT gy to avoid
possible misinterpretation.

This study holds some limitations. Firstly, the quan-
titative analyses were performed on only two swine
with a limited number of DSA acquisitions. As a result,
statistical tests were not feasible. Besides, due to the
limited accuracy of the automated contrast injector,
there is a slight discrepancy without an obvious pattern
between the setting (Table 2) and the actual injection
parameters during DSA image acquisition which may
affect the of perfusion parameters. Thirdly, even though
vital signs were continuously monitored, the physio-
logical conditions are complex and multifactorial, and
thus may not necessarily remain stable throughout the
experiments.

As an animal study, a few differences need to be
noted when interpreting the results in clinical prac-
tice: (1) the cerebral vasculature of swine differs from
humans in terms of the presence of the rete mirabile;

(2) the acquired swine DSA series hold high time
resolution (i.e., 15 fps), while the frame rate of peri-
operatively acquired DSA could be as low as 14 fps
and often varies within one acquisition. This restriction
in time resolution may impact the quality of perfu-
sion parameters to some extent; (3) The experiments
focused on the AP view of swine angiograms; this
was to avoid the observed contrast superimposition
from the contralateral hemisphere. Extrapolation of the
findings from animal to human cases requires further
validation. And therefore, as future work, extended
experiments on large scales of real patient images
would consolidate and further generalize the presented
findings.

5 | CONCLUSION

We presented an animal study that demonstrates the
superior independence and sensitivity of deconvolution-
based perfusion angiography (CBVpsa, CBFpsa, Tmax,
MTTpss) over TIC-derived parameters (AUC, peak
intensity, TTP) in DSA, considering the general inconsis-
tency of injection protocols between acquisitions. These
findings may further facilitate quantitative assess-
ments of perfusion angiography in endovascular
interventions.
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