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Purpose: CT neuroperfusion examinations are capable of delivering high radiation dose to the skin
or lens of the eyes of a patient and can possibly cause deterministic radiation injury. The purpose
of this study is to: (a) estimate peak skin dose and eye lens dose from CT neuroperfusion examina-
tions based on several voxelized adult patient models of different head size and (b) investigate how
well those doses can be approximated by some commonly used CT dose metrics or tools, such as
CTDI,,;, American Association of Physicists in Medicine (AAPM) Report No. 111 style peak dose
measurements, and the InPACT organ dose calculator spreadsheet.

Methods: Monte Carlo simulation methods were used to estimate peak skin and eye lens dose on
voxelized patient models, including GSF’s Irene, Frank, Donna, and Golem, on four scanners from the
major manufacturers at the widest collimation under all available tube potentials. Doses were reported
on a per 100 mAs basis. CTDI,, measurements for a 16 cm CTDI phantom, AAPM Report No. 111
style peak dose measurements, and ImPACT calculations were performed for available scanners at
all tube potentials. These were then compared with results from Monte Carlo simulations.

Results: The dose variations across the different voxelized patient models were small. Dependent on
the tube potential and scanner and patient model, CTDI,,; values overestimated peak skin dose by
26%—65%, and overestimated eye lens dose by 33%—-106%, when compared to Monte Carlo simula-
tions. AAPM Report No. 111 style measurements were much closer to peak skin estimates ranging
from a 14% underestimate to a 33% overestimate, and with eye lens dose estimates ranging from a
9% underestimate to a 66% overestimate. The ImPACT spreadsheet overestimated eye lens dose by
2%-82% relative to voxelized model simulations.

Conclusions: CTDI,,, consistently overestimates dose to eye lens and skin. The ImPACT tool also
overestimated dose to eye lenses. As such they are still useful as a conservative predictor of dose
for CT neuroperfusion studies. AAPM Report No. 111 style measurements are a better predictor of
both peak skin and eye lens dose than CTDI,,; and ImPACT for the patient models used in this study.
It should be remembered that both the AAPM Report No. 111 peak dose metric and CTDI,,; dose
metric are dose indices and were not intended to represent actual organ doses. © 2013 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4816652]

Key words: computed tomography, radiation dose, Monte Carlo, neuroperfusion

1. INTRODUCTION become a common clinical examination to identify deficits in

cerebrovascular physiology in the setting of ischemic stroke.
With the development of multidetector CT (MDCT) and in- Rather than revealing cerebrovascular morphology, CTP pro-
creased computing power, CT perfusion (CTP) imaging has vides important indices of cerebral hemodynamics, including
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FIG. 1. An example of a dose report for a brain perfusion scan showing
CTDIy, and DLP values for each individual scan series.

qualitative and quantitative relative cerebral blood flow, blood
volume, and mean transit time. As a result, CTP has become
an important noninvasive imaging technique for determining
tissue state in patients with ischemic stroke. The information
provided by CTP imaging can be used to confirm that a neuro-
logic deficit is due to an underlying cerebral perfusion deficit,
to determine the probable cause of the perfusion abnormal-
ity, and to help select from several treatment options within a
critical and narrow time window.!

Because the radiation dose from routine head CT scans is
relatively low (in the order of tens of mGy), potential stochas-
tic effects have been considered the main concern in terms
of the biological consequences from radiation dose. However,
during CT perfusion imaging, the patient’s head is generally
scanned repeatedly at one location over a short period of time
in order to monitor the wash-in and wash-out of an iodinated
contrast bolus administered into the peripheral venous circu-
lation. This may result in very high radiation dose (in the or-
der of hundreds of mGy) locally to the skin and the eye lens
and can lead to deterministic effects, such as erythema (skin
burn) and epilation (hair loss). High dose to the eye lenses
may cause cataractogenesis if the eye lenses are directly irra-
diated. More recent data suggested that the threshold for lens
opacities to occur is substantially lower than 2 Gy, if it exists
at all.?

In order to investigate the radiation dose from CT perfu-
sion scans, it is essential to have dose metrics that are eas-
ily obtained. Currently, CTDI is the most widely used dose
metric for estimation of CT radiation dose and is reported on
almost all CT scanners, and more recently, in patient dose re-
ports, such as that shown in Fig. 1. However, CTDI is not pa-
tient dose; instead it represents the radiation dose to a homo-
geneous cylindrical plastic phantom.? In addition, the CTDI
calculation assumes a contiguous set of scans over a rela-
tively large region, and the measurements involve the use of a
100 mm long ion chamber, which approximates multiple scan
average dose (MSAD) for scans acquired using table incre-
ment. While the assumptions behind the CTDI metric fit well
to many CT clinical applications, they are not ideal for CT
perfusion imaging where there is no table increment, where a
relatively narrow swath of tissue is irradiated, and where local
peak skin dose and eye lens dose are of greater interest. CTDI
has been demonstrated to overestimate the peak skin dose for
these reasons.*

Thus, it may be more appropriate to use methods de-
scribed in the American Association of Physicists in Medicine
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(AAPM) Report No. 111, where measurements are performed
under the actual scan mode (e.g., helical or dynamic axial)
using a small ion chamber with a shorter active length in lon-
gitudinal direction in a long phantom to represent the equi-
librium dose.’ In the context of brain perfusion, AAPM Re-
port No. 111 style measurements are not really equilibrium
dose in an extended scan but rather a point dose measurement
acquired within the scan range. Therefore, it is appropriate
to perform the measurements at 12:00 in a 16 cm phantom
to estimate the peak dose. Although AAPM Report No. 111
measurements could potentially provide more accurate dose
estimation to peak skin and eye lens dose, this dose estimate
method still does not take into account the true complexity or
the heterogeneity of a patient’s anatomy.

The ImPACT CT organ dose estimation tool, a commonly
used tool for determining CT dose, does allow the user to se-
lect a specific scan range and report patient dose based on
Monte Carlo methods.®” However, while the user can spec-
ify scanner output by make and model, modern CT scanner
models are approximated or matched to older, originally mea-
sured, scanner output data from 1980s. Furthermore, InPACT
uses the MIRD mathematical patient model in which all or-
gans are represented by highly approximated simple geome-
tries in a single hermaphroditic model of a given size and
shape. This dose estimation tool also estimates dose to the
eye lens, but it does not estimate the peak skin dose from a
scan; rather it reports back the average dose to the entire skin,
which is not the metric of interest for this exam. Though there
are limitations, Monte Carlo based methods simulations using
realistic voxelized patient models have been regarded and ac-
cepted as the accurate method for the estimation of radiation
dose to individual organs.®6

The local dose to skin tissue and the eye lens from CT neu-
roperfusion scans should be well understood. Previous work
has investigated the peak skin dose and eye lens dose during
CT neuroperfusion scans for a range of scanning protocols
using one patient model.'’

The purpose of this study is to: (a) expand the scope of the
previous work and investigate the effects of patient size on
radiation dose from CT neuroperfusion exams using four dif-
ferent adult patient models, and (b) investigate how well these
doses can be approximated not only by CTDI,, which is cur-
rently reported on scanner consoles, but also by other current
or future CT dosimetry tools, such as values derived from the
ImPACT dosimetry spreadsheet tool and measurements based
on AAPM Report No. 111.

2. METHODS AND MATERIALS
2.A. CT scanners modeled

Four MDCT scanners, including a Siemens Sensation 64
scanner, a Toshiba Aquilion 64 scanner, a Philips Brilliance
64 scanner, and a GE LightSpeed VCT scanner, were mod-
eled to represent a range of models from all four major man-
ufacturers. The Siemens Sensation 64 (Siemens Healthcare,
Forcheim Germany) allows kVs of 80, 100, 120, and 140 and
with a single bowtie filter. The widest collimation for a neu-
roperfusion exam with this scanner is 24 x 1.2 mm (28.8 mm
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total nominal beam width). The Toshiba Aquilion 64 (Toshiba
Medical Systems, Nasu, Japan) offers kVs of 80, 100, 120,
and 135 and employs two different bowtie filters. As adult
head scans primarily use the small bowtie filter, it was mod-
eled in all our simulations. The widest collimation for a neu-
roperfusion exam with the Toshiba scanner is 64 x 0.5 mm
(32 mm total nominal beam width). The Philips Brilliance 64
(Philips Healthcare, Cleveland, OH) allows kVs of 80, 120,
and 140 and one size bowtie filter. The widest collimation for
a neuroperfusion exam with this scanner is 32 x 1.25 mm
(40 mm total nominal beam width). The GE VCT (GE Health-
care, Waukesha, WI) offers kVs of 80, 100, 120, and 140
and employs three different bowtie filters. The medium sized
bowtie is primarily used for head and was modeled in our sim-
ulations. The widest collimation for a neuroperfusion exam
with this scanner is 64 x 0.625 mm (40 mm total nominal
beam width).

2.B. Monte Carlo simulation tools for CT scanners

MCNPX (MCNP eXtended v2.6), a Monte Carlo method
based software package developed at the Los Alamos Na-
tional Laboratory, was used for all simulations in this
study.'® ! The simulations were performed in photon mode
(assuming charged-particle equilibrium) with a cutoff energy
of 1 keV. The native MCNPX source code (file source.f) was
modified to allow for sophisticated source inputs for CT scan-
ners, including the information of spectrum, bowtie filter, ta-
ble feed, collimation, scan start location, scan length, and so
on.'%!! In order to generate necessary simulation information
for specifying x-ray spectrum and bowtie filter, a previously
developed methodology was used in this study to construct
equivalent CT x-ray sources. The equivalent source method
uses data that can be obtained from direct scanner measure-
ments (including half value layer, quarter value layer, and
bowtie profile measurements) to generate an equivalent spec-
trum and bowtie filter profiles for creating CT source mod-
els for our Monte Carlo simulations.2 As stated above, four
scanners from the major manufacturers were modeled using
this method. These models were validated against measure-
ments in CTDI body and head phantoms at both center and
12:00 positions and all agreed to within 5%.%°

2.C. Patient models

The GSF (now: Helmholtz Zentrum Miinchen) voxelized
phantoms are a series of patient phantoms with segmented
individual organs and tissues.?! Of specific interest for this
study was that both skin and lens of the eye were explicitly
represented in these patient models allowing radiation dose to
be specifically tallied in these voxels. Because CTP exami-
nations are rarely performed on pediatric patients, only adult
patients were considered in this study. Two adult male and
two adult female patient models (Irene, Donna, Golem, and
Frank) were selected to represent a reasonable adult patient
cohort. As shown in Table I, although these four patient mod-
els have body habitus of differing size, their head sizes are
very similar. The head perimeter was measured at the level of

Medical Physics, Vol. 40, No. 9, September 2013

Zhang et al.: Skin and eye lens dose from CT perfusion

091901-3

TABLE I. Age, gender, and size descriptions of the 4 patient models used in
this study.

Age Weight Height Head perimeter
Model (yr) Gender (kg) (cm) (cm)
Golem 38 Male 69 176 61
Frank 48 Male 95 174 61
Irene 32 Female 51 163 57
Donna 40 Female 79 170 56

the eyes for each patient model. The elemental composition
and mass density of each organ are required in order to incor-
porate each phantom into the Monte Carlo simulations and
ICRU 44 organ composition tables were used to derive these
values.?

2.D. Scanning protocol

For each combination of the four patient models and the
four scanner models, all available tube potentials were simu-
lated and the doses were reported on a per 100 mAs basis. We
realize that appropriate scanning techniques would involve
the adjustment of mAs as tube potential is changed, and our
results are easily linearly scalable by the actual mAs used for
a given scanner and tube potential setting. As in the previous
study, the scan simulations were performed using repeated ax-
ial scans at the location where the primary beam covers the
eye lens completely, to represent a worst case scenario.!”

The widest collimation and typical bowtie filter for head
scans were used for each scanner. It should be noted that al-
though the highest tube voltage setting (140 kV or 135 kV) is
not typically used and is not recommended for brain perfusion
scans in clinical protocols, they are included in our results for
reference.

2.E. Estimation of peak skin dose and eye lens dose

By defining the tally voxels at various locations, the radia-
tion dose can be assessed anywhere in the patient models us-
ing MCNPX. In order to get the peak dose for skin, the mesh
tally feature in MCNPX was used to get a 3D dose distribu-
tion in the patient model within the scan range. Mesh tallies
are composed of a 3D array of voxels in a high-resolution
Cartesian-coordinate mesh structure. These mesh tally voxels
were configured to exactly coincide with the voxels making
up the patient phantom.

Since the mesh tally result is a 1D array representing a 3D
dose distribution, it does not directly distinguish between dif-
ferent tissues and so further processing is required. In order
to identify the skin tissue and the eye lens tissue, a MATLAB
subroutine was created to map the original patient model ma-
trix to the 3D dose distribution matrix from the mesh tally.
The peak skin dose and eye lens dose were then obtained
as the maximum dose and the average dose of those vox-
els identified as belonging to the skin and eye lens, respec-
tively. The dose results were first divided by the density of the
skin or eye lens to convert the unit from MeV/cm?®/particle
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to MeV/g/particle, then it was multiplied by normalization
factors to get absolute dose. The normalization factors were
calculated from scan measurements in air at isocenter and
corresponding simulations in air at isocenter, as described in
previous publications.'%!!

2.F. Comparison of estimated peak doses to
measurements and ImPACT calculations

In order to investigate how well CTDI and AAPM Re-
port No. 111 measurements predict the peak dose of eye lens
and skin, these values were obtained by direct measurements
on the scanners themselves. To obtain CTDI,, values, stan-
dard CTDI head measurements (a single axial scan with a
100 mm long pencil ion chamber in a 16 cm diameter PMMA
CTDI head phantom) were performed using the collimation
and bowtie filter settings described above for each scanner
and repeated for all available tube voltages at a specified mAs
value. Then CTDI,,, values (in this case equal to CTDI,) un-
der each condition were calculated according to the weighted
summation of CTDI at the 12:00 position and CTDI at the
center position** and reported on a per 100 mAs basis to ac-
count for the effects of the tube current time product.

AAPM Report No. 111 small chamber measurements for
single axial scans were also performed and readings from the
12:00 position of a CTDI head phantom were obtained us-
ing a small (0.6 cc) ionization chamber (Model 10x5-0.6CT,
Radcal Corporation, Duarte, CA); this chamber has an ac-
tive length of approximately 20 mm. Due to access limita-
tions on the Philips scanner, AAPM Report No. 111 small
chamber measurements were only performed for the Siemens
Sensation 64 scanner, the GE LightSpeed VCT scanner, and
the Toshiba Aquilion 64 scanner. For each available scanner,
measurements were performed at all available tube potentials.

Eye lens dose estimates were also obtained for each tube
potential setting for all four scanners from ImPACT (version
1.0.3) on a per 100 mAs basis. INPACT only reports the aver-
age dose to the skin instead of local peak dose and as a result
only the eye lens doses were compared between Monte Carlo
simulation and ImPACT. It should be noted that in ImPACT,
the maximum eye lens dose does not occur where the beam is
centered over it but instead it occurs at a point slightly more
caudal. It is not clear why this is the case; regardless, the scan
range was selected so that the maximum eye lens dose was
obtained while the eye lens was fully covered by the primary
beam. This is illustrated in Fig. 2.7

3. RESULTS

3.A. Peak radiation dose to skin and eye lens for
different scanners and patients

Table II and Fig. 3 summarize the peak skin dose and eye
lens dose results in the unit of milli-Gray (mGy) on a per
100 mAs basis for each tube potential on all four scanners
for all four patients. The abscissa of Fig. 3 is the combination
of different scanners and patient models, while the ordinate
is the radiation dose for different tube potentials. As shown
in Fig. 3, peak skin dose is almost always a little higher than
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FI1G. 2. The mathematical phantom in ImPACT for the calculation of eye
lens dose. The shaded region shows a scan range from z = 82 to z = 87
which completely covers the eye lens.

eye lens dose under the same condition, and the behaviors of
peak skin dose and eye lens dose across different tube po-
tential, different scanners, and different patient models were
very similar. Depending on the scanner, tube potential, and
patient model, the peak dose to skin from a single CTP ex-
amination ranged from 2.3 to 18.2 mGy/100 mAs. For ex-
ample, the peak skin dose for Irene at 80 kV from Philips
Brilliance 64 was 2.3 mGy/100 mAs, while the peak skin
dose for Irene at 140 kV from GE LightSpeed VCT was
18.2 mGy/100 mAs. Meanwhile, the dose to the eye lens
ranged from 2.0 to 16.2 mGy/100 mAs. For example, the
eye lens dose for Donna at 80 kV from Philips Brilliance 64
was 2.0 mGy/100 mAs, while the eye lens dose for Golem at
135 kV from Toshiba Aquilion was 16.2 mGy/100 mAs. It
should be noted that 140 kV should not be used in clinical
practice for CTP exams; these values are primarily shown for
comparison purposes.

The dose difference across various scanners can also be
significant and was up to a factor of two for the sample of
scanners used in this study (which is consistent with previ-
ously published work).>* For example, for Donna at 120 kV,
the peak skin dose from the Toshiba Aquilion64 was
14.2 mGy/100 mAs, while it was 7.3 mGy/100 mAs from the
Philips Brilliance 64. This shows that a factor of two differ-
ence can exist between two different scanners, even using the
same tube potential and mAs settings. This implies that dif-
ferent protocols maybe appropriate for different scanners.

The dose difference across the various patient sizes for a
particular scanner was small. For example, for the Siemens
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TABLE II. Peak skin dose and eye lens dose from Monte Carlo neuroperfusion simulations for four patient models under all tube potentials on four CT scanners.
The doses were normalized on a mGy per 100 mAs basis. (a) Peak skin dose; (b) Eye lens dose.

Toshiba Aquilion 64

Siemens Sensation 64 GE VCT (medium bowtie) Philips Brilliance 64 (small bowtie)
Tube potential Irene Frank Donna Golem Irene Frank Donna Golem Irene Frank Donna Golem Irene Frank Donna Golem
(a) Peak skin dose (mGy/100mAs)
80 kV 3.0 2.8 3.0 2.8 52 5.0 52 4.9 2.3 2.4 2.3 2.4 5.4 53 5.4 52
100 kV 6.2 6.1 6.3 59 8.8 8.5 8.8 8.3 NA NA NA NA 9.5 9.2 9.5 9.0
120 kV 10.5 103 10.5 10.0 132 128 13.1 12.4 72 7.5 73 73 14.1 138 14.2 13.4
140kV (135 for 164  16.5 16.5 16.0 182 175 18.1 17.0 1.1 116 11.1 11.2 18.1 17.6 18.1 17.1
Aquilion CT)
(b) Eye lens dose (mGy/100mAs)
80 kV 2.5 2.5 22 2.6 4.1 43 3.8 4.6 22 2.1 2.0 2.3 44 4.6 4.0 4.8
100 kV 5.4 5.4 4.8 5.6 7.1 7.5 6.6 7.8 NA NA NA NA 7.7 8.2 7.1 8.5
120 kV 9.3 9.3 8.4 9.6 10.7 114 9.9 11.8 6.7 6.8 6.2 7.1 115 123 10.6 12.7
140kV (135 for 15.0 15.0 13.8 15.6 147 157 13.6 16.1 104 104 9.8 11.0 147 158 13.6 16.2
Aquilion CT)

Sensation at 80 kV, the peak skin dose ranged from 2.8 to
3.0 mGy/100 mAs across all four patient models investigated
in this study. These small differences between patients were
observed across scanners and tube potentials.

Peak skin dose under each kV on all four scanners for all four patients
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FIG. 3. Simulated peak skin dose (a) and eye lens dose (b) under each tube
potential on all four scanners for all four patient models on a per 100 mAs
basis.
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3.B. Computation time

All the simulations were performed on a parallel comput-
ing cluster server with 32 AMD 2.0 GHz processors. The
number of particles (NPS) in MCNPX was set to 100 million.
The mesh tally used in this study caused prolonged running
time because all the photon interactions that happened in each
mesh tally voxel had to be tracked. The average running time
for each simulation was about 5 h. The statistical error of the
results for any given mesh element was within 1%.

3.C. Performance of CTDI,, measurements to predict
peak skin and eye lens dose

Table III shows the CTDI,, measurements that were ob-
tained using the 16 cm diameter phantom at the bowtie filtra-
tion and collimation settings described above under all avail-
able tube potentials on the four scanners modeled in this
study. As was done for the simulated peak doses, these values
were also normalized on a mGy/100mAs basis. Figure 4(a)
shows the ratio of CTDI,,; to peak skin dose, while Fig. 4(b)
shows the ratio of CTDI,; to eye lens dose for all tube poten-
tials, all scanners, and all patient models. Ratios higher than
1.0 indicate an overestimate by CTDI, while ratio lower than
1.0 indicate an underestimate.

TABLE III. CTDI,, measurements for all kVs on four scanners modeled in
this study. The values were normalized on a mGy per 100 mAs basis.

GE VCT Toshiba

Siemens (medium Philips Aquilion 64
Sensation 64  bowtie)  Brilliance 64 (small bowtie)
80 kV 4.0 7.5 33 6.9
100 Kv 8.3 13.3 NA 13.2
120 kV 13.7 20.2 11.1 19.9
140 kV (135 for 20.9 28.0 16.1 26.5
Aquilion CT)
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FIG. 4. Over/underestimation of skin dose (a) and eye lens dose (b) when
using CTDlI,, under each tube potential on all four scanners for all four pa-
tient models.

Figure 4 shows that CTDI,, generally overestimates both
the peak skin dose and the eye lens dose. Depending on tube
potential, the scanner, and patient model, CTDI,,; can overes-
timate the peak skin dose by 26%—65% (average overestimate
of 44%), and it overestimates the eye lens dose by 33%—106%
(average overestimation of 67%). CTDI,, overestimates the
eye lens dose more than the peak skin dose because the eye
lens dose (averaged dose for all pixels identified as eye lens)
is usually a little lower than the peak skin dose (maximum
dose for all pixels identified as skin), as shown in Fig. 3.

3.D. Performance of AAPM Report No. 111
measurements to predict peak skin and eye lens dose

Table IV shows the results of the AAPM Report No. 111
measurements that were performed for three of the four scan-
ners modeled in this study under all tube potential condi-
tions. Figures 5(a) and 5(b) show the ratio of AAPM Report
No. 111 measurements to peak skin dose and eye lens dose
as estimated using voxelized patient models, respectively. As
previously mentioned in Sec. 2.F and noted in Table IV,
AAPM Report No. 111 measurements were only performed
for three of the four scanners, so Fig. 5 has fewer data points.
Figure 5 shows that AAPM Report No. 111 measurements
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TABLE IV. AAPM Report No. 111 measurements for all tube potentials on
three of the four scanners modeled in this study. The values were normalized
on a mGy per 100 mAs basis.

GE VCT Toshiba
Siemens (medium Aquilion 64
Sensation 64 bowtie) (small bowtie)
80 kV 2.8 6.3 54
100 kV 5.6 10.9 9.4
120 kV 94 16.5 14.8
140 kV (135 for 14.2 22.6 19.1

Aquilion CT)

provided a better predictor than CTDI,, for both peak skin
and eye lens dose. Depending on tube potential, scanner, and
patient model, AAPM Report No. 111 measurements pre-
dicted the skin dose between 14% underestimation and 33%
overestimation, with an average overestimation of 7% across
all tube potentials, scanner, and patient models. The AAPM
Report No. 111 measured values predict the eye lens dose
between 9% underestimation and 66% overestimation, with
an average overestimation of 27%.

Ratio of AAPM report No. 111 measurement and simulated peak skin dose
under each kVp on all four scanners for all four patients
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FI1G. 5. Over/underestimation of skin dose (a) and eye lens dose (b) using
AAPM Report No. 111 under each tube potential on two scanners for all four
patient models.
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TABLE V. ImPACT eye lens dose calculations for all tube potentials on four
scanners modeled in this study. The values were normalized on a mGy per
100 mAs basis.

GE VCT Toshiba
Siemens (medium Philips Aquilion 64
Sensation 64  bowtie)  Brilliance 64 (small bowtie)
80 kV 33 6.7 32 5.7
100 kV 6.6 12.0 NA 12.0
120 kV 11.0 18.0 9.9 17.0
140 kV (135 for 16.0 24.0 13.0 23.0

Aquilion CT)

3.E. Performance of IMPACT calculations to predict
eye lens dose

Table V shows the ImPACT calculations for the eye lens
dose under each condition. Figure 6 shows the ratios of
ImPACT calculations of the eye lens dose to the simulated
eye lens dose using Monte Carlo methods. This figure demon-
strates that ImPACT calculations also overestimate the eye
lens doses in most cases. Depending on the tube potential,
the scanner, and patient model, the overestimation can vary
from 2% to 82%. The average overestimation was 43%.

4. DISCUSSION AND CONCLUSION

This study used Monte Carlo method based simulations
and provided estimates of peak skin dose and eye lens dose
from CTP scans for a small range (n = 4) of adult patients un-
der different tube voltage settings for four scanners from ma-
jor manufacturers. Several dose metrics, including the widely
used CTDI,, and the newly proposed AAPM Report No. 111
measurements, as well as InPACT, a commonly used CT dose
tool, were used in this study. Their performances were evalu-
ated as to how well they approximated the peak skin and eye
lens doses as determined by voxelized patient specific Monte
Carlo models.

Figure 3 provided dose to skin and eye lens at all tube po-
tentials on different scanners for different patients. By com-

Ratio of InPACT eye lens dose and simulated eye lens dose under each kVp
on all four s for all four pati
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FIG. 6. Over/underestimation of eye lens dose using InPACT under each
tube potential on all four scanners for all four patient models.
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paring the dose differences across tube potential (each col-
umn of data points), we demonstrated that at the same mAs,
higher tube potential always yields a higher organ dose, as
expected.

By comparing the dose difference across patients, it was
shown that the dose variation between patients was very small
as expected due to small variations in head size. These results
also indicate that the anatomical variation between adult pa-
tients is not very large in this sample as far as only the head
is considered. The morphologies of both skin and eye lens are
reasonably constant across patients: they are both organs lo-
cated at the surface and have little shielding from surrounding
organs.

On the other hand, by comparing the dose differences
across scanners, it was shown that there is substantial dose
variation among the scanners for a given technique. This is
consistent with previous work which studied the doses to dif-
ferent organs in abdominal region and also showed large dose
differences.?* This is primarily because of differences in fil-
tration (including bowtie composition, thickness, and shape)
among various CT scanners. However, one cannot assert the
superiority of one scanner over another solely based on dose
information as image quality across scanners can also differ,
requiring different scan protocols. In fact, there are large vari-
ations in scan techniques across scanners.

The results reported here can be used to estimate the peak
skin dose and eye lens dose from brain perfusion scans for
any arbitrary scan protocol using any of the four CT scanners
simulated in the study. For example, as illustrated in Table II
of a previous study, the skin dose from the AAPM posted pro-
tocol for the model Irene ranges from 87 to 348 mGy, and the
eye lens dose from the AAPM posted protocol for the model
Irene ranges from 81 to 279 mGy.!”

The results of this study indicate that the CTDI,, overes-
timates the peak skin dose by between 26% and 65%, and it
overestimates eye lens dose by between 33% and 106%. This
is primarily because of the integration of the 100 cm long ion
chamber in the CTDI,, measurement. It captures (most of)
the scatter tails of the longitudinal radiation profile within the
length of the 100 cm ion chamber and estimates the average
dose to the active volume in the chamber. On the other hand,
peak dose in perfusion studies obviously refers to a concept
of local dose and should not include the integration aspect of
dose determination.

This motivated us to investigate the AAPM Report No. 111
approach which uses a small chamber and provides values
closer to a peak dose measurement. Our study demonstrated
that this metric does provide a closer estimate to both eye lens
and peak skin dose than CTDI,,,. For example, AAPM Re-
port No. 111 predicts the skin dose between 14% underesti-
mation and 33% overestimation, and it predicts the eye lens
dose between 9% underestimation and 66% overestimation.
However, it should be noted that if the collimation is narrower
than the active length of the small chamber (approximately
20 mm), partial volume correction would be needed; this was
not the condition in this study where all collimations exceeded
24 mm. Nonetheless, it does require careful alignment of the
phantom and the chamber.
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The ImPACT CT dosimetry tool was shown to overesti-
mate the eye lens dose by between 2% and 82%. This may be
because IMPACT uses a technique to match the old scanner
CT models to the modern CT scanner (based on CTDI,,, val-
ues) as well as using a geometric patient model, including the
eye. It was not possible to estimate peak skin dose using the
ImPACT CT dose tool as it only reports the average dose to
the entire skin.

Overall, CTDI,, does provide a very conservative overes-
timate (at least 30%) of peak skin and eye lens dose. Though
there is underestimation in some scenarios, predictions using
AAPM Report No. 111 measurements provide values that are
closer to the simulated values for both eye lens and peak skin
dose though it should be noted that this metric is not intended
to represent patient dose.

The relative values in Figs. 4 and 5 (CTDI,/peak dose)
were shown to be much closer to each other than those in
Fig. 3 (peak dose), both across different tube potential within
one scanner and across different scanners. This demonstrates
that both CTDI,,; and AAPM Report No. 111 measurements
do a reasonably good job of taking into account the spectra
variations across both tube potential and scanners.

It is meaningful to compare these results in three differ-
ent aspects. First, for a specific scanner and patient model
combination, the differences between these relative dose val-
ues (CTDI,q/peak dose) across tube potentials were small.
For example, the points representing different tube poten-
tials in Figs. 4 and 5 almost perfectly overlapped with each
other. This indicates that both CTDI and AAPM Report No.
111 dose metrics did take into account the changes of the
photon energy spectra; when a different tube potential was
used, the behaviors of these two metrics were consistent with
the behavior of the simulated organ doses. Therefore, the ra-
tios are almost the same at different tube potentials. Sec-
ond, for one specific scanner but different patient models,
the estimation values did not vary much because the organ
doses did not vary much across patients, as described previ-
ously. Third, there were some differences among the estima-
tion values from different scanners. For example, for Donna at
80 kV, the CTDI,,; overestimation of skin dose was 33% on
the Siemens Sensation 64 scanner, 45% on the GE LightSpeed
VCT scanner, 43% on the Philips Brilliance 64 scanner, and
28% on the Toshiba Aquilion 64 scanner. These results appear
inconsistent with another previously published work where
organ dose from helical scans on different scanners was nor-
malized by their CTDI,,, and the normalized results were very
similar, thus suggesting the feasibility to use the same coef-
ficients to convert CTDI,, to organ dose even for different
scanners.”* The context is a little different in these two stud-
ies. In the study by Turner et al. helical scans were used, there-
fore each organ receives not only dose from the primary beam
but also scatter radiation contribution from adjacent tube ro-
tations. This is naturally equivalent to the intrinsic property
of CTDI measurement, where both primary beam and scatter
tails are included in the measured dose. In this study, however,
we focused on neuroperfusion scans where axial scans with
no table motion are used and there is no scatter radiation con-
tribution from adjacent slices and where the peak skin dose is
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of interest for deterministic effects. Since the results at differ-
ent tube potentials have already shown that the photon spectra
differences were well taken into account by CTDI,,,, the dif-
ferences of CTDI,, comparison to simulation values among
these four scanners might be attributed to different collima-
tion efficiency.

Although AAPM Report No. 111 measurements were only
performed for three scanners, Fig. 5 showed that their perfor-
mance was also not very consistent across these three scan-
ners. For example, for the Siemens Sensation 64 scanner and
the Toshiba Aquilion 64 scanner, the AAPM Report No. 111
measurements were very close to the simulated peak skin
dose, while for the GE LightSpeed VCT scanner, the AAPM
Report No. 111 measurements predicted about 30% overesti-
mation relative to simulated values. Since in perfusion stud-
ies there is no additional scatter from adjacent rotations in
the AAPM Report No. 111 measurements, this dose metric
should theoretically provide a more accurate estimate of a
point dose. It is unclear why it overestimates the peak dose
for the GE LightSpeed VCT scanner. A possible reason is the
shape of the bowtie filter since it may affect AAPM Report
No. 111 measurements and peak skin dose differently.

In recent years, there has been a trend toward the use of
lower tube potential and mA settings to acquire CTP scans.
Preliminary data suggests this can be accomplished without
adverse impact on lesion conspicuity. This may be a result of
a more optimal correlation between the k-edge of lodine and
the scanner settings. The trend is positive, as it provides com-
parable study diagnostic ability, while achieving significant
patient dose reductions. Our results should aid clinicians in
understanding the differences and limitations between com-
monly used dose measurement methods and in optimizing
CTP imaging protocols for their particular imaging platform.

There are several limitations in this study. First, it did not
model recently developed techniques (wide coverage detec-
tors or volume shuttle mode) utilized in some new scanner
models (e.g., Toshiba Aquilion ONE scanner with 16 cm
longitudinal coverage, GE Discovery 750HD scanner with
jog mode, Siemens Definition Flash scanner, with shuttle
mode) during CTP examinations. While this new technique
may spread the total dose to a larger volume of the patient’s
anatomy, it may not necessarily reduce the peak dose, if there
is still some overlap between the two beams at same positions,
so that a certain part of the anatomy is always irradiated. Sec-
ond, the sample size of the patient models in our study is not
very large. While the four GSF patient models used in this
study represent a distribution of patient habitus, they cannot
represent the full range population at large. For example, the
recently developed ICRP phantoms (ICRP 110)* were not
used in the study. While these phantoms have higher spatial
resolution and may yield more accurate results, this limita-
tion is mitigated by the observation that previous publications
have demonstrated that the simulated organ dose results were
within 1% between the 256 x 256 and 128 x 128 axial sim-
ulation matrix (DeMarco 2007). Therefore, the results from
the new ICRP phantoms are not expected to be significantly
different than the results from this study. In addition, usu-
ally patients with smaller size receive higher organ dose when
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the same scanning technique is used.'> %1326 However, only
small differences of peak skin and eye lens dose were ob-
served in this study because this study focuses specifically
on the patient head region. Third, tube current modulation
(TCM) was not explicitly modeled in this study and all the
simulations were performed at fixed tube current. Because of
the nonuniformity of the attenuation of the patient body across
different projection angles, the photon flux reaching the detec-
tors is also not uniform. Therefore, TCM is often suggested to
be employed in CT scans to match photon flux on the detec-
tors and, therefore, reduce excessive radiation dose.?’2° But
in CTP examinations, TCM does not modulate tube current
greatly because of the relatively circular shape of the head. In
fact, it is often not used in these examinations and the AAPM
CT protocols for CTP recommend against using it “as it may
interfere with the calculation of the BV and BF parameters.”°

In summary, radiation dose from CT neuroperfusion exam-
inations should be closely monitored. Factors to be monitored
include the accurate estimation of radiation dose (including
the prospective prediction of dose and the retrospective eval-
uation of dose), the reduction of patient dose to specific target
organs (for example, tilting the gantry or avoiding direct expo-
sure to eye lenses in order to reduce eye lens dose!”), the op-
timization of the scan protocol, the enforcement of optimized
scan protocols, and the elimination of operator errors. The re-
sults of this study could be used to facilitate the optimization
of scan protocol by providing very detailed dose perspectives
across different patients and scanner models. In addition, it
was demonstrated that AAPM Report No. 111 measurements
give closer estimates of the peak skin and eye lens dose than
CTDI,, values and results from the ImPACT CT dosimetry
tool. While AAPM Report No. 111 was only recently pub-
lished and these measurements are not widely standardized,
CTDI,,; reported on the scanner can still serve as a conserva-
tive estimation of the peak doses. However, one should always
be aware that both AAPM Report No. 111 peak dose metric
and CTDI,, dose metric are still only indices, instead of ac-
tual patient doses.
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