European Radiology (2019) 29:2089-2097
https://doi.org/10.1007/500330-018-5709-3

COMPUTED TOMOGRAPHY

@ CrossMark

Evaluation of the effect of image noise on CT perfusion measurements
using digital perfusion phantoms

Stephan Skornitzke' - Jessica Hirsch? - Hans-Ulrich Kauczor' - Wolfram Stiller’

Received: 19 May 2018 /Revised: 5 July 2018 /Accepted: 6 August 2018 /Published online: 11 October 2018
© European Society of Radiology 2018

Abstract

Objectives To assess the influence of image noise on computed tomography (CT) perfusion studies, CT perfusion software
algorithms were evaluated for susceptibility to image noise and results applied to clinical perfusion studies.

Methods Digital perfusion phantoms were generated using a published deconvolution model to create time-attenuation
curves (TACs) for 16 different combinations of blood flow (BF; 30/60/90/120 m1/100 ml/min) and flow extraction product
(FEP; 10/20/30/40 m1/100 ml/min) corresponding to values encountered in clinical studies. TACs were distorted with
Gaussian noise at 50 different strengths to approximate image noise, performing 200 repetitions for each noise level. A
total of 160,000 TACs were evaluated by measuring BF and FEP with CT perfusion software, comparing results for the
maximum slope and Patlak models with those obtained with a deconvolution model. To translate results to clinical practice,
data of 23 patients from a CT perfusion study were assessed for image noise, and the accuracy of reported CT perfusion
measurements was estimated.

Results Perfusion measurements depend on image noise as means and standard deviations of BF and FEP over
repetitions increase with increasing image noise, especially for low BF and FEP values. BF measurements derived
by deconvolution show larger standard deviations than those performed with the maximum slope model. Image noise
in the evaluated CT perfusion study was 26.46 + 3.52 HU, indicating possible overestimation of BF by up to 85%
in a clinical setting.

Conclusions Measurements of perfusion parameters depend heavily upon the magnitude of image noise, which has to
be taken into account during selection of acquisition parameters and interpretation of results, e.g., as a quantitative
imaging biomarker.

Key Points

* CT perfusion results depend heavily upon the magnitude of image noise.

* Different CT perfusion models react differently to the presence of image noise.

* Blood flow may be overestimated by 85% in clinical CT perfusion studies.
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Introduction

Computed tomography (CT) perfusion allows non-invasively
assessing tissue physiology by performing a dynamic CT ac-
quisition after injection of contrast agent. This functional in-
formation on the flow rate or flow extraction product, for
example, allows for quantitative assessment of diseases that
influence regional blood flow, such as tumors or stroke [1].
Promising results have been obtained in a multitude of studies,
showing the potential of CT perfusion for tumor identification
or therapy response assessment [2—5].

Because of the required dynamic acquisition, CT perfusion
studies are often acquired at comparatively low tube current
and potential to limit patient radiation exposure [6, 7]. While
studies on the impact of other factors such as contrast agent
volume or temporal spacing of the acquisitions on the accura-
cy of CT perfusion measurements have been performed, no
information is available on the influence of the image noise of
individual acquisitions [7, §].

As an alternative to studies using clinical image data, where
the ground truth of actual blood flow is unknown and mea-
surements are influenced by noise, digital perfusion phantoms
have been proposed, allowing generation of image data from
known parameters [9]. With this approach, data can be tailored
for each study, avoiding problems of clinical CT perfusion
acquisitions, such as radiation exposure to the patients, image
noise of unknown magnitude, or patient motion.

The main goal of this study is the use of digital perfusion
phantoms to quantitatively evaluate the influence of image
noise on the accuracy of CT perfusion measurements per-
formed with two different perfusion models. Furthermore,
the results gained using the phantom are applied to retrospec-
tively evaluate results from an earlier CT perfusion study and
provide an estimate of the accuracy of measured parameters.
In all, the aim is to improve the choice of acquisition protocols
for future CT perfusion studies by investigating the connec-
tion between image noise and measurement accuracy.

Materials and methods
Digital perfusion phantoms

A digital perfusion phantom is a digitally generated image series
that mimics some or all aspects of a regular CT perfusion acqui-
sition. This image data can be evaluated using CT perfusion
software, allowing for comparison of the results against the
parameters used to generate the phantom (i.e., the ground truth),
thus providing a detailed assessment of the capabilities of the
software and the implemented perfusion models [9]. The pro-
cess to create a digital perfusion phantom is described in detail
in the Electronic Supplementary Material.
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A total of 16 phantoms were generated for a total of 16 combi-
nations of the parameters blood flow (BF: 30, 60, 90 and 120 ml/
100 ml/min) and flow extraction product (FEP: 10, 20, 30 and 40
ml/100 ml/min). Parameters were chosen to match results observed
in clinical studies (see Table 1) [2, 3, 5, 6, 10—12]. Time to start and
mean transit time were both set to 5 s, and the temporal spacing
between images was set to 1 s for a total acquisition time of 45 s.

Each of the phantoms contains 10,000 time-attenuation
curves (TACs), corresponding to 50 different noise levels
with a standard deviation of 0 = 0 HU to ¢ = 49 HU. This
results in 200 evaluated TACs for each combination of pa-
rameters and noise level and a grand total of 160,000 indi-
vidual measurements.

Evaluation

Digital perfusion phantoms were evaluated using commercial-
ly available CT perfusion software (syngo.via VB10B Body
Perfusion; Siemens Healthineers). Smoothing strength was set
to 0 mm, and the following parameter maps were calculated
and exported in DICOM format:

—  BF (maximum slope model) [13]
—  BF (deconvolution model) [10]
—  FEP (Patlak model) [14]

—  FEP (deconvolution model) [10]

Figure 1 shows an example of resulting parameter maps.
Parameter maps were evaluated using software developed in-
house, automatically determining BF and FEP for each TAC
from the results exported from the commercial software.

Statistical analysis

For descriptive analysis, means and standard deviations of BF
and FEP were calculated for each combination of BF, FEP and
noise level, i.e., results were averaged over the 200 repetitions.

For statistical analysis, the data sets for each evaluated per-
fusion parameter (BF or FEP) containing 320,000 observations
(160,000 TACs evaluated with two perfusion models, either
deconvolution or maximum slope/Patlak) were evaluated by
performing an analysis of covariance (ANCOVA) using SAS
9.4 (SAS Institute). In detail, the type of perfusion model was
modeled as a classifier, while the ground truths for BF, FEP and
noise level were modeled as covariates for the prediction of the
measurement (either BF or FEP).

The ANCOVA was performed in a multi-step process, ini-
tially considering all main effects as stated above and all inter-
actions between those effects. In an iterative process, effects that
were not considered significant at a level of o = 0.05 using type
II sum of squares and not part of significant interaction effects
were omitted from the ANCOVA until no more effects could be
omitted. Because of the large number of tests (15 tests for first-
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Table 1 Overview of measured perfusion parameters and acquisition
parameters reported in the literature. Where available, acquisition
parameters are tabulated in terms of tube potential, tube current-time
product, scan coverage and number of dynamic acquisitions.

Depending on the data given in the respective publications, correspond-
ing radiation exposure of the CT perfusion examination is stated in terms
of dose-length product (DLP in [mGy-cm]) and/or effective dose (in
[mSv])

Author Organ Measurement Blood flow Flow-extraction Acquisition Radiation exposure
location ?ml/100 g/min product/ parameters ‘DLP
°ml/100 ml/min permeability Peffective dose
“ml/100 g/min
*ml/100 ml/min
Abels et al [10] Brain Gray matter 65 +4.7° N/A 80 kV, N/A
White matter 30+2.7° 180-235 mAs
Infarct core 12 +4.2°% N/A
40 acq.
Fritz et al [5] Pancreas  Recurrence tissue 16.6 + 6.0° 8.7 +4.0° Sn 140/80kV, 599 mGy-cm®
Postoperative soft-tissue 247+ 18.1° 10.7 £9.3° 104/270 mAs 9.0 mSv®
~19 mm
34 acq.
Jiang et al [2] Liver HCC baseline 108.47 + 85.85" 34.02 + 14.29° 100-120 kV, N/A
Post-treatment 55.25 £ 34.65% 21.34 £7.3° 200-240 mAs
N/A
25-30 acq.
Kaufmann et al [3]  Liver HCC 68.3° 33.8° 80 kV, 7 mSv°
100/120 mAs
69-97 mm
26 acq.
Klauss et al [11] Pancreas Carcinoma 27 +20° 21 +10° 140/80 kV,, 427 mGy-em®
Parenchyma 89+ 19* 37 +8* 50/270 mAs 6.4 mSv°
~ 17 mm
34 acq.
Lietal [6] Pancreas Carcinoma 33.89 +12.48" 31.26 +15.29% 70 kV, 246 or 325 mGy-cm®*
Parenchyma 99.49 +15.23% 28.63 +10.01* 120 mAs or 3.6 or 4.9 mSv°
80 kV,
100 mAs
70 mm
24 acq.
Schneeweil3 Pancreas Carcinoma 36.9 +16.0° 124 +82° 80 kV, 7 mSv°
etal [12] 100/120 mAs
69 mm
26 acq.

step ANCOVA), the Bonferroni-Holm correction was used to
adjust significance levels (o= 0.05) for multiple testing.

Pearson’s correlation coefficient was calculated for the lin-
ear correlation between results obtained by the different per-
fusion models using Excel 2016 (Microsoft Corp.).

Comparison to clinical data

The results obtained with the digital perfusion phantom were used
to retrospectively analyze data from an earlier CT perfusion study
of pancreatic carcinoma to estimate the accuracy of the perfusion
measurements [15]. Patients gave written informed consent for
inclusion in the study, approval of the institutional review board
was obtained, and guidelines from the World Medical
Association were followed (Declaration of Helsinki 2013).

In this earlier study, 23 patients were scanned with a DECT
perfusion protocol after injection of 80 ml of contrast agent,
and data from 80-kV,, images were used to measure tissue
perfusion. Images were acquired at 80 kV,/140 kV,, with tin
filtration using dual-source DECT and tube current modula-
tion with reference values of 270/104 mAs, as previously
reported [15].

Image noise of the perfusion acquisitions was estimated by
evaluating standard deviation of Hounsfield units determined
by ROI measurements performed for the first image of the first
acquisition of the CT perfusion series. As a robust approxima-
tion to the image noise of abdominal CT, ROIs of 250 mm?>
area were placed in the liver (see Fig. 2a). Two patients were
excluded from the evaluation as not enough liver tissue was
included in the acquisition.

@ Springer
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Fig. 1 Example of the parameter maps calculated for a digital perfusion
phantom using commercially available CT perfusion software (syngo.via
Body perfusion VB10B, Siemens Healthineers). The ground truth for the
shown phantom is blood flow = 60 ml/100 ml/min and flow extraction
product = 20 ml/100 ml/min. Top left (a): Blood flow (maximum slope

Descriptive statistics of standard deviation determined by
ROI measurements were calculated and used to estimate the
accuracy of the previously reported CT perfusion measure-
ments based on the results of the digital perfusion phantom.

Results
Parameter maps could be calculated using the commercially

available CT perfusion software for all perfusion phantoms,
and all 160,000 TACs could be evaluated. Parameter maps
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model). Top right (b): Blood flow (deconvolution model). Bottom left (c¢):
Flow extraction product (Patlak model). Bottom right (d): Flow extrac-
tion product (deconvolution model). Note the increase in very high and
very low measurements for all models with increasing noise level and the
notable difference between the two parameter maps of blood flow

calculated with the Patlak model reported negative values
for FEP in 6.35% of the TACs (10,162/160,000). For further
analysis, these values were treated as a value of zero.

For BF, an increase in image noise leads to an increase in
mean measured values for both models (see Fig. 3). The in-
crease is larger for smaller BF values and nearly vanishes at
120 ml/100 ml/min. Furthermore, an increase in image noise
leads to an increase in the standard deviation of the measured
values for both perfusion models, and the standard deviation is
higher for measurements with the deconvolution model than
for those with the maximum slope model. In general, a
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Fig. 2 Left (a): Estimating image noise for a CT perfusion study by measuring the standard deviation of Hounsfield numbers in a region of interest
placed in the liver. Right (b): Descriptive statistics of measured standard deviations (image noise)

dependence of the reported BF on FEP can be observed (see
Table 2). Figure 3 shows means and standard deviations of
measured BF when averaging over different FEP values.

Similar to BF, an increase in image noise leads to an increase
in mean measured values of FEP for both models (see Fig. 4).
The increase is yet again larger for smaller FEP values and
nearly vanishes at 40 ml/100 ml/min. A larger increase in mean
values can be observed when using the deconvolution model
compared with the Patlak model. Again, the standard deviation
increases with increasing image noise for both perfusion
models. In general, measurements of FEP show a dependence
on BF values (see Table 3). Figure 4 shows means and standard
deviations of FEP when averaging over different BF values.

Correlation between BF measured with the deconvolution
and the maximum slope models is moderate (» = 0.63) when
comparing all measured values (i.e., all repetitions).
Correlation is very high (» = 0.97) when comparing mean
values averaged over all repetitions. For measurements of
FEP, correlation between values measured with both models
is very high in both cases (» = 0.95 and » = 0.97).

All calculated ANCOVA models were statistically significant
(p<0.0001). Tables 4 and 5 show the final summary of all effects
that are significant or that are part of a significant interaction for
both evaluations. For BF, all main effects are statistically signifi-
cant, while for FEP, the perfusion model was only significant as

a

part of interaction effects: of the effects including an interaction
with the perfusion model, only the interaction of the ground truth
of BF, noise level and perfusion model was reported as significant.

For the evaluated clinical CT perfusion acquisitions, mean
CT numbers measured in the liver averaged for all patients
were 74.21 HU, and the averaged standard deviation was 26.4
HU (see Fig. 2b). Previously reported blood flow was 87.6 +
28.4 ml/100 ml/min for healthy pancreatic tissue and 38.6 +
22.2 ml/100 ml/min for carcinoma [15]. For the digital perfu-
sion phantom evaluated with the deconvolution model, a stan-
dard deviation of 26.4 HU resulted in a relative difference of
85.49%1/20.7%/4.9%/-1.8% to the ground truth of blood flow
(30/60/90/120 ml/100 ml/min, respectively).

Discussion

The main goal of this study was to evaluate perfusion models
regarding their performance in the presence of image noise and
to estimate the accuracy of clinical CT perfusion measurements.
As expected, results show a significant dependence of measure-
ments of BF and FEP on image noise levels, independent of the
perfusion model used. With increasing image noise, perfusion
parameters are overestimated. This effect is more prominent for
low levels of BF or FEP, where the mean value of the
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Fig. 3 Comparison of measurements of blood flow using the maximum
slope model (BFM) and deconvolution model (BFD) when averaging
over all repetitions and different levels of flow extraction product for

the ground truth values of blood flow (30/60/90/120 ml/100 ml/min).
Left (a): Mean values. Right (b): Standard deviations
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Table2 Mean values + standard deviation for measurements of blood flow (BF) with the maximum slope and deconvolution model averaged over all

noise levels for the different ground truth (GT) values of BF and flow extraction product (FEP)

BF measured with maximum slope model (ml/100 ml/min)

GT FEP 10 ml/100 ml/min 20 ml/100 ml/min 30 ml/100 ml/min 40 ml/100 ml/min
GT BF
30 ml/100 ml/min 51.90 £+ 39.69 53.36 £ 36.25 57.37 £36.25 62.78 £ 34.11
60 ml/100 ml/min 71.50 +40.23 73.07 £37.77 74.41 £36.90 76.29 +35.54
90 ml/100 ml/min 94.54 + 41.48 94.84 +39.25 97.99 +£37.71 96.70 £ 35.77
120 ml/100 ml/min 118.14 + 43.70 118.48 + 41.55 119.70 £ 40.60 120.76 + 39.10
BF measured with deconvolution model (ml/100 ml/min)
GT FEP 10 ml/100 ml/min 20 ml/100 ml/min 30 ml/100 ml/min 40 ml/100 ml/min
GT BF
30 ml/100 ml/min 54.29 + 64.63 55.81 + 60.64 59.14 +£57.83 63.91 £53.29
60 ml/100 ml/min 71.72 + 66.03 75.35 +64.13 76.16 = 61.36 79.05 £ 57.94
90 ml/100 ml/min 94.71 + 68.81 96.76 + 66.33 98.52 + 64.78 98.94 + 59.68
120 ml/100 ml/min 119.95 £ 75.74 12137 £71.34 123.56 + 68.63 125.19 + 65.64

measurements exceeds the ground truth by a factor of two for
noise levels above 40 HU. This overestimation may in part be
explained by the fact that both BF and FEP offer no physiolog-
ically meaningful explanation for values below zero. Therefore,
values below zero are truncated (i.e., set to zero) by all common-
ly used perfusion software, thus resulting in an increase in means
when the variance of the measurement increases.

Comparing the evaluated perfusion models, both descrip-
tive statistics and statistical analysis show a difference in cal-
culated BF values when image noise increases. Furthermore,
BF values calculated with the maximum slope model show a
lower standard deviation than those calculated with the
deconvolution model and might therefore be more reliable
and less susceptible to image noise. For FEP, the difference
in measurements between both models was not statistically
significant, but the interpretation of statistical results in the
presence of interaction effects is complicated. Considering
correlation between the models, results are in agreement with
earlier studies using clinical image data, showing moderate to
very high correlation for measurements of BF and FEP [3, 12].
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Fig.4 Comparison of measurements of flow extraction product using the
Patlak model (FEP) and deconvolution model (FED) when averaging
over all repetitions and different levels of blood flow for the ground truth
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Employing results obtained from the digital perfusion phan-
tom to clinical CT perfusion measurements allows estimating
the accuracy of these measurements. Disregarding additional
filtering of the perfusion maps and averaging during ROI eval-
uations, the results show that measurements in healthy pancre-
atic tissue can be regarded as accurate despite image noise
while quantitative evaluations of measurements in pancreatic
carcinoma have to be treated with caution. Considering the
reported blood flow of 38.6 + 22.2 ml/100 ml/min and the
estimated relative difference to ground truth of 85.4%, it is
likely that the actual blood flow in pancreatic carcinoma is
even lower than perfusion measurements indicate.

Furthermore, the results of this study can be applied to pub-
lished CT perfusion studies. From the studies listed in Table 1, it
is evident that performing measurements in healthy pancreas
can be expected to yield flow values in the order of 100 ml/
100 ml/min, which results in a relatively small influence of
image noise on the measurement. However, measurements in
pancreatic lesions yield much lower blood flow values, meaning
measurements are much more susceptible to image noise and
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values of the flow extraction product (10/20/30/40 ml/100 ml/min).
Left (a): Mean values. Right (b): Standard deviations
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Table 3

Mean values + standard deviation for measurements of the flow extraction product (FEP) with the Patlak and deconvolution models averaged

over all noise levels for the different ground truth (GT) values of FEP and blood flow (BF)

FEP measured with the Patlak model (ml/100 ml/min)

GT FEP 10 ml/100 ml/min 20 ml/100 ml/min 30 ml/100 ml/min 40 ml/100 ml/min
GT BF

30 ml/100 ml/min 16.31 £21.04 23.56 +22.67 31.77 £25.01 39.96 +25.79

60 ml/100 ml/min 16.75 £21.61 24.69 +24.26 32.72 £25.49 41.57 £26.55

90 ml/100 ml/min 17.90 +22.68 25.37 £24.71 33.57 £26.65 42.17 £27.56

120 ml/100 ml/min 18.17 £23.44 25.72 +25.47 33.89 +£27.03 42.93 +28.24

FEP measured with deconvolution model (ml/100 ml/min)

GT FEP 10 ml/100 ml/min 20 ml/100 ml/min 30 ml/100 ml/min 40 ml/100 ml/min
GT BF

30 ml/100 ml/min 18.36 £22.81 24.88 +24.03 32.89 £26.48 40.70 £ 27.48

60 ml/100 ml/min 20.54 +£24.69 27.52 £26.38 3497 £27.11 43.44 +£28.00

90 ml/100 ml/min 23.54 £27.44 30.00 +28.26 37.31 £29.07 45.17 £29.35

120 ml/100 ml/min 25.40 +£29.78 31.51 £30.10 38.97 + 30.66 47.20 £31.08

can therefore be expected to be overestimated based on the
results of this study. As discussed above, differences in blood
flow between tissue types might consequently be larger than
they appear. Similar effects may also be observed for other
organs and pathologies, which would have to be analyzed in a
comprehensive literature review.

In general, CT perfusion acquisitions at reduced dose might
overestimate perfusion parameters and reductions in patient
radiation exposure might come at reduced measurement

accuracy. As the effect of image noise is much more prominent
for low BF and FEP values, differences in perfusion parameters
between tissue types might be larger than estimated and the
ability to differentiate between tissue types might be reduced.
In clinical practice, the expected image noise of individual
acquisitions should be taken into account during the selection
of acquisition parameters for CT perfusion studies. For the
digital perfusion phantoms, results within 50% of the ground
truth could only be achieved when limiting image noise to

Table 4 Results of the final stage
of the analysis of covariance
(ANCOVA) for the parameter
blood flow; main effects were
ground truth of the blood flow and
flow extraction product, perfusion
model used for the evaluation and
noise level, and all interactions
between these main effects were
included. Only effects from the
final stage model are shown, i.e.,
statistically significant effects or
effects that are part of a significant
interaction effect. Interaction ef-
fects are denominated by an as-
terisk (*) between individual
effects

ANCOVA: blood flow

Effect Degrees of Type Il sum Mean square F value Reported
freedom of squares p value

Blood flow 1 17,654,675 17,654,675 6648.0 0.0001

Flow extraction product 1 416,007 416,007 156.7 0.0001

Noise level 1 5,332,030 5,332,030 2007.8 0.0001

Perfusion model 1 100,971 100,971 38.0 0.0001

Blood flow * 1 230,177 230,177 86.7 0.0001

Flow extraction product

Blood flow * 1 1,893,557 1,893,557 713.0 0.0001

Noise level

Blood flow * 1 651,528 651,528 2453 0.0001

Perfusion model

Flow extraction product * 1 32,900 32,900 12.4 0.0004

Noise level

Noise level * 1 202,229 202,229 76.2 0.0001

Perfusion model

Blood flow * 1 746,675 746,675 281.2 0.0001

Noise level*

Perfusion model

Blood flow * 1 68,046 68,046 25.6 0.0001

Flow extraction product *
Noise level

@ Springer
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Table 5 Results of the final stage

of the analysis of covariance ANCOVA: flow extraction product

(ANCOVA) for the parameter

flow extraction product; main ef- Effect Degrees Type Il sum Mean square F value Reported
fects were ground truth of the of freedom of squares p value
blood flow and flow extraction
prgduct, pe}fﬁlsion model used for Blood flow 1 17,074 17,074 252 0.0001
the evaluation and noise level, and  Flow extraction product 1 10,448,543 10,448,543 15,418.8 0.0001
all interactions between these Noise level 1 995,970 995,970 14697 0.0001
main effects were included. Only .
effects from the final stage model Perfusion model 1 747 747 1.1 0.2937
are shown, i.e., statistically sig- Blood flow * 1 161,278 161,278 238.0 0.0001
nificant effects or effects that are Noise level
part of a significant interaction Blood flow * 1 1206 1206 1.8 0.1821
effect. Interaction effects are Perfusion model
1 1 ES

denominated by an asterisk (*) Flow extraction product * 1 735,994 735,994 10861 0.0001
between individual effects .

Noise level

Noise level * 1 1731 1731 2.6 0.1099

Perfusion model

Blood flow * 1 52,249 52,249 77.1 0.0001

Noise level *
Perfusion model

below 20 HU (BF) and below 10 HU (FEP). An estimation of
acquisition parameters in terms of combinations of tube po-
tential (kV,) and tube current-time product (mAs) to obtain
these levels of image noise is displayed in Fig. 5. However,
further parameters, such as reconstruction algorithms and ker-
nels, the resulting contrast-to-noise ratio or patient size, have
to be considered to provide definitive recommendations for
acquisition settings. Still, Fig. 5 illustrates the difficulty in
achieving acceptable noise levels and reliable measurements
at acceptable levels of patient radiation exposure.

Future CT perfusion studies should take care to report the
average image noise of the acquisitions, because of its impact
on the accuracy of measured perfusion values. For follow-up
studies that perform repeated perfusion measurements for

——80kVp
60 100 kVp
120 kvp

Estimated noise [HU]
N oW s oW
o o o o

-
15}

o

50 100 150 200 250 300 350 400

Tube current-time product [mAs]

Fig. 5 Estimation of image noise (approximated by standard deviation)
for different combinations of tube potential and tube current-time product,
extrapolated from the evaluated CT perfusion study. Note that other fac-
tors may influence image noise and are not accounted for, e.g., recon-
struction kernels, iterative reconstruction, reconstructed slice thickness,
primary collimation or other scanner hardware factors
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assessing disease progress or therapy response, the impact of
systematic overestimation of perfusion parameters can be re-
duced by keeping acquisition parameters constant between
acquisitions, leading to similar noise levels of comparable
magnitude. The increase in measurement variance with in-
creasing image noise may be reduced by image post-
processing filters, which in turn reduce spatial resolution. In
any case, a compromise has to be made between measurement
accuracy and patient radiation exposure.

Limitations

The evaluation in this study was focused on only two param-
eters, BF and FEP, while omitting other parameters such as
blood volume or mean transit time. As the total number of
parameter sets grows exponentially with the number of param-
eters, the inclusion of blood volume, for example, as an addi-
tional parameter in this study would have quadrupled the num-
ber of necessary evaluations, which was not deemed feasible.
Furthermore, only the effect of image noise on TACs was
considered in this study, while in a clinical setting the AIF will
also be affected. In contrast to TACs, measurements of the
AITF are usually averaged over a region of interest, which will
reduce the influence of image noise. Nonetheless, preliminary
measurements show that a noisy AIF will also affect perfusion
measurements. In practice, the evaluation of the effect of noise
in the AIF is limited by the use of commercially available CT
perfusion software. With the digital perfusion phantoms used
in this study, 10,000 TACs can be evaluated simultaneously,
while only one AIF can be evaluated at a time. In conse-
quence, it is not feasible to evaluate AIFs in this manner.
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Evaluations in this study were only based on the commer-
cial implementation of perfusion models by one vendor.
However, this allows comparing the results obtained with
the two models without correcting for differences introduced
by different implementations of perfusion models by different
manufacturers. Nevertheless, similar results can be expected
for other vendors.

Conclusion

Accuracy of perfusion parameters measured in the presence of
image noise depends heavily on the magnitude of the image
noise. Independent of the evaluated perfusion model, image
noise will lead to an overestimation of perfusion parameters.
Furthermore, different perfusion models are influenced differ-
ently by image noise, and the deconvolution-based model
shows a larger standard deviation in the presence of image noise
than a maximum slope model. In light of the results presented
here, the anticipated image noise should be taken into account
when selecting acquisition parameters for CT perfusion studies.
Based on the outcome of this study, aiming for an image noise
of each individual acquisition of below 20 HU (BF) and below
10 HU (FEP) should allow to limit deviation of measured pa-
rameters from ground truth to below 50% in conditions similar
to the ones evaluated here, regardless of the perfusion model.
Furthermore, when performing repeated perfusion measure-
ments, e.g., before and after treatment, one should aim to keep
image noise constant to improve the comparability of results.
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