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Multidetector Row CT Scanners: Methods for

BACKGROUND AND PURPOSE: Some recent studies on radiation lens injuries have indicated much
lower dose thresholds than specified by the current radiation protection guidelines. The purpose of this
research was to measure the lens dose during brain CT scans with multidetector row CT and to assess

MATERIALS AND METHODS: With 8 types of multidetector row CT scanners, both axial and helical
scans were obtained for the head part of a human-shaped phantom by using normal clinical settings
with the orbitomeatal line as the baseline. \We measured the doses on both eyelids by using an RPLGD
during whole-brain scans including the orbit with the starting point at the level of the inferior orbital rim.
To assess the effect of the starting points on the lens doses, we measured the lens doses by using

RESULTS: The CTDlvols and the lens doses during whole-brain CT including the orbit were 50.9-113.3
mG@Gy and 42.6-103.5 mQGy, respectively. The ratios of lens dose to CTDIvol were 80.6%-103.4%. The
lens doses decreased as the starting points were set more superiorly. The lens doses during scans
from the superior orbital rim were 11.8%-20.9% of the doses during the scans from the inferior orbital

CONCLUSIONS: CTDIvol can be used to estimate the lens dose during whole-brain CT when the orbit
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is included in the scanning range.

ABBREVIATIONS: CTDI = CT dose index; CTDIvols = volume CT dose indices; D,qr = lens dose
during whole-brain scanning from the inferior orbital rim; Doy, = lens dose during scanning from
the orbitomeatal line; Dgor = lens dose during scanning from the superior orbital rim; ICRP =
International Commission on Radiological Protection; mAs.; = mAs divided by helical pitch;

RPLGD = radiophotoluminescent glass dosimeter

he eye lens is one of the most radiosensitive tissues. Ac-

cording to 1990 recommendations of the ICRP,' the
thresholds in a single brief exposure for detectable opacities
and visual impairment (cataract) are 0.5-2.0 and 5.0 Sv, re-
spectively. In highly fractionated or protracted exposures, the
threshold is 5 Sv for detectable opacities and >8 Sv for cata-
racts. However, a number of recent studies have supported
lower thresholds for radiation-induced lens injuries.””® Some
authors have suggested that the risk of cataract increases with
increased radiation dose without a threshold.>> Given these
data, the ICRP referred to the need for a detailed revaluation of
the radiosensitivity of the lens.”

During brain CT scans, the lens is irradiated indirectly
and/or directly. With single-detector row CT, the evaluation
of the posterior cranial fossa had been limited by streak arti-
facts caused by the thick irregular bone of the skull base.® On
the other hand, multidetector row CT provides better images
with fewer artifacts in the posterior cranial fossa.® However,
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the orbit is included in the scanning range during whole-brain
CT, including the posterior cranial fossa, if the orbitomeatal
line is used as a baseline.” Considering the above studies sup-
porting lower thresholds for radiation-induced lens injuries,
we believe the exposure to the lens during brain CT scans with
multidetector row CT should be re-evaluated. However, it is
difficult to estimate the lens dose during brain CT in individ-
ual cases because the dose varies considerably due to differ-
ences in the type of CT scanners and scan settings. Bauhs etal'®
reported that the CTDI can be used theoretically to estimate
the average dose from multiple scans with table increments.
Table 1 shows the formulas for CTDI and its variations.
However, the surface dose is not constant along the z-axis in
the scanning range of whole-brain CT. The dose profile along
the z-axis has multiple peaks according to the number of axial
scans.'® Even with helical scanning (and of course with axial
scanning), the doses near the starting and end points are lower
than the dose of the central portion of the scanning range
along z-axis due to the presence of less scatter radiation. The
dose is not constant in the x-y plane either due to a bow-tie
filter. A bow-tie filter is automatically used for brain scans in
many multidetector row CT scanners to reduce the peripheral
dose, and it affects the surface doses.'! Moreover, the homo-
geneous polymethylmethacrylate phantom for CTDI mea-
surement does not simulate the different tissue types and het-
erogeneities of a real patient. These factors preclude CTDI
from being the same as tissue dosimetry in a real patient. To
our knowledge, there have been no reports describing the re-



Table 1: Formulas for CTDI and its variations

Dose Index Formula Notes
CTDI 1 (4o T is the nominal width of a section and D(z) is the dose
CTDI = _TJL% Diz)oz at point z parallel to the z-axis
CTDI measured >100 mm 1 (~+500 mm N is the number of acquired sections per scan, T is
CTDhyy = mf—m - Diz)dz the nominal width of each acquired section, and D(z)
is the dose at point z parallel to the z-axis
Weighted CTDI 1 2 CTDlgg center 18 the CTDI; g measured at the center
CTDIw = 3 CTDh o center + 3 CTDh g0, periphery of the standard CTDI phantom and CTDl;gg periphery 1S
the CTDI, o, measured at the periphery of
the phantom
CTDlIvol CTDhol CTDIw Pitch is table travel distance per rotation divided by nominal beam width
vol = ——
pitch

Table 2: Scanning parameters for both axial and helical scans with each CT scanner

Axial Scan Helical Scan
Rotation Time Rotation Time Helical

CT Scanner (number of detector rows) Collimation (mm) (sec) mAs  Collimation (mm) (sec) MAS . Pitch
Aquilion 64 (64), Toshiba Medical Systems, 8 X 05 1 350 64 X 0.5 1 300 0.641

Tokyo, Japan
LightSpeed VCT (64), GE Healthcare, Milwaukee, 16 X 0.625 2 420 32 X 0.625 1 433 0.531

Wisconsin
LightSpeed Ultra 16 (16), GE Healthcare 8 X 1.25 2 400 16 X 0.625 0.7 261 0.938
LightSpeed Ultra 8 (8), GE Healthcare 4375 2 360 8 X 1.25 0.8 256 0.625
LightSpeed QX/i (4), GE Healthcare 4 %25 2 400 4x25 0.7 326 0.75
Brilliance CT 64 (64), Philips Medical Systems, 16 X 0.625 15 450 64 % 0.625 05 450 0.423

Best, the Netherlands
MX 8000 IDT (16), Philips Medical Systems, 16X 15 15 400 16 X 0.75 0.75 400 0.5
Somatom Sensation Cardiac 64 (64), Siemens, 12X12 2 380 20 X 0.6 1 422 0.9

Malvern, Pennsylvania

lationship between the patient’s lens dose and CTDI during
brain CT scans with multidetector row CT.

The purpose of this research was to measure the lens dose
during brain CT with multidetector row CT and to assess
methods for estimating the lens dose with CTDIvols.

Materials and Methods

CT Scanning
Using 8 types of multidetector row CT scanners, we obtained whole-
brain CT scans for the head part of a Rando phantom (Phantom
Laboratories, Salem, New York), which represented a 163-cm-tall and
54-kg female figure. We used both axial and helical scans for each CT
scanner. Table 2 shows the scanning parameters. For each scanner,
tube voltage was set at 120 kV, and the scanning parameters in Table
1 represent the normal clinical settings. We used the orbitomeatal line
as the baseline. In each scanner, the CTDIvol was displayed on the
console.

The starting point of the whole-brain CT scan was 15 mm below
the orbitomeatal line, and the end point was the top of the head. The
former corresponded to the level of the inferior orbital rim.

Lens-Dose Measurement on Human-Shaped Phantoms

We measured the doses on the centers of both eyelids by using a
RPLGD. We regarded the average dose of both sides as the lens dose.
To estimate the uncertainty in these dose assessments, we repeated the
measurements 3 times. The RPLGD chip (GD-352M, Asahi Techno
Glass, Shizuoka, Japan) consists of a glass element with a 1.5-mm
diameter and 12-mm length and a holder with an energy-compensa-
tion filter of 0.75-mm tin. We annealed the glass elements of the

RPLGD for 1 hour at 400°C and cooled them down slowly to room
temperature before the exposure. A preheating process was per-
formed for 30 minutes at 70°C after the exposure, and a fully auto-
matic system (FGD-1000, Asahi Techno Glass) was used for the read-
out. For calibration, we used a standard glass irradiated with 137 Cs of
gamma ray energy (0.662 MeV) of 6 mGy. According to the data
provided by the manufacturer, the coefficient of variation is =2% at
=1 mGy.

Effect of the Starting Point of the Scanning on Lens Dose
To assess the effect of the starting points on the lens doses, we mea-
sured the lens doses during brain CT scanning for axial scans by using
2 other starting points of scanning (the orbitomeatal line and the
superior orbital rim). The latter corresponded to the level 15 mm
above the orbitomeatal line. The end points were the top of the head
in all scans.

Results

Table 3 shows CTDIvols and the lens doses during whole-
brain CT including the orbit for both axial and helical scans
with each CT scanner. The CTDIvols and the lens doses were
50.9-113.3 mGy and 42.6-103.5 mGy, respectively. The
former tended to be larger than the latter, and the ratios of lens
dose to CTDIvol were 80.6%—103.4%.

Table 4 shows the effects of the starting point of the scan-
ning on the lens dose. The lens doses decreased as the starting
points were set more superiorly. The lens doses during scan-
ning from the superior orbital rim were 11.8%-20.9% of the
doses during scanning from the inferior orbital rim. The ratios
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Table 3: CTDIvols and the lens doses for both axial and helical scans with each CT scanner during whole-brain CT including the orbit

Axial Scan Helical Scan

CT Scanner (Number of Lens Dose CTDlvol Lens Dose/ Lens Dose CTDlvol Lens Dose/
Detector Rows) (mGy) (mGy) CTDlIvol (mGy) (mGy) CTDlvol

Aquilion 64 (64) 1035 +72 1133+ 0.0 91.4 +6.4% 823+173 96.0 = 0.0 85.7 = 7.6%
LightSpeed VCT (64) 815+98 101.1 = 0.0 806 +9.7% 75409 743 0.0 1015 +1.2%
LightSpeed Ultra 16 (16) N5+24 85.8 = 0.0 833 +2.8% 487 +09 59.6 = 0.0 81.7 = 15%
LightSpeed Ultra 8 (8) 56.6 + 0.9 66.5 = 0.0 85.1 = 1.3% 456 = 0.7 50.9 = 0.0 89.7 = 1.4%
LightSpeed QX/i (4) 702+ 15 75.1+00 935+ 2.0% 66.7 £ 1.4 65.1 + 0.0 1025+ 2.1%
Brilliance CT 64 (64) 61.7 =49 724 +00 85.3 +6.8% 526 =08 50.9 = 0.0 103.4 = 1.6%
MX 8000 IDT (16) 481 +32 51.8 = 0.0 928 +6.2% 574+14 570+ 00 100.7 = 2.4%
Somatom Sensation Cardiac (64) 484 =17 589 + 0.0 822 +28% 426 =09 515+ 00 828 +17%

Table 4: Effects of starting point of scanning on the lens dose

Scans from Orbitomeatal Line

Scans from Superior Orbital Rim

CT Scanner (Number of Dom Dom/Dior Do/ CTDIvol Dsor Dsor/Dior Dgor/CTDIvol
Detector Rows) (mGy) (%) (%) (mGy) (%) (%)
Aquilion 64 (64) 899+ 44 86.9 79.3 122+ 06 11.8 10.8
LightSpeed VCT (64) 645+ 15 79.1 60.3 11.0+07 135 10.4
LightSpeed Ultra 16 (16) 57.9+09 81.0 67.5 92+02 12.9 10.7
LightSpeed Ultra 8 (8) 522+ 16 92.2 785 77+03 13.6 116
LightSpeed QX/i (4) 64.6 = 0.6 92.0 86.0 103 +02 14.7 13.7
Brilliance CT 64 (64) 56.9 = 2.1 922 78.6 129+ 06 20.9 17.8
MX 8000 IDT (16) 446 =37 92.7 86.1 71+03 14.8 13.7
Somatom Sensation Cardiac 64 (64) 422 +04 87.2 718 89+08 8.4 15.2

of lens dose to CTDIvol during scanning from the orbito-
meatal line and from the superior orbital rim were 60.3%—
86.1%, and 10.4%—17.8%, respectively.

Discussion

As pointed out in ICRP publication 103,” some recent studies
on radiation lens injuries have indicated much lower dose
thresholds than specified by the current radiation-protection
guidelines. In a study conducted on atomic bomb survivors by
Nakashima et al,? the threshold doses for cortical cataract and
posterior subcapsular cataract were 0.6 Sv and 0.7 Sv, respec-
tively.” In another study of atomic bomb survivors, Neriishi et
al’ reported that the dose threshold was 0.1 Gy for postopera-
tive cataracts. As for protracted radiation exposures, Worgul
et al® investigated cataracts in Chernobyl clean-up workers.
Their data indicated that the cumulative dose threshold for
cataracts was <700 mGy. Other recent studies of radiation
cataracts in airline pilots and astronauts also supported much
lower dose thresholds for cataracts than do the guidelines.'>"?

Furthermore, the lens of a child is more sensitive to radia-
tion exposure than that of an adult.>'*'> Wilde and Sjo-
strand'* reported a clinical study of radiation-induced lens
injuries among patients receiving radium irradiation to treat
hemangioma in the eyelid in early childhood (age range,
1.5-13 months). In 13 of 16 untreated eyes with irradiation of
0.04—0.12 Gy, posterior subcapsular opacities (n = 12) or
posterior subcapsular cataract (n = 1) was found.

In the current study with multidetector row CT, the lens
doses during 1 series of whole-brain CT scans were 50—100
mGy. Considering the data of the above-mentioned recent
studies, the cumulative lens doses of several series of CT scans
should not be neglected from the viewpoint of radiologic pro-
tection. In fact, a population-based study of common age-
related eye disease by Klein et al in 1993'° showed that nuclear
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sclerosis and posterior subcapsular opacity were significantly
associated with CT scans of the head. Another study of radia-
tion cataracts indicated a significant association between a his-
tory of =3 diagnostic x-rays to the face or neck and increased
risk of cataract.'”

The lens dose during brain CT is affected by the type of CT
scanner and the scanning settings. Therefore, it is important to
estimate the lens dose during brain CT in individual cases in
each institution. Bauhs et al'® reported that the CTDI can be
used theoretically to estimate the average dose from multiple
scans with table increments. However, the dose is not constant
along the z-axis in the scanning range of whole-brain CT. Dur-
ing whole-brain CT by using axial scanning, multiple axial
scans are needed to cover the scanning range. The dose profile
along the z-axis has multiple peaks, according to the number
of axial scans.'® Even with helical scanning, the doses near the
starting and end points are lower than the dose of the central
portion of the scan range along the z-axis. Scatter radiation
exists outside the beam width both cranially and caudally. The
central portion is exposed by both cranial and caudal scatter
radiation. On the other hand, the starting or end point of the
scanning receives either cranial or caudal scatter radiation.
Furthermore, bow-tie filters affect the dose distribution in the
x-y plane.

According to the data of Avilés Lucas et al,!! surface dose
decreases as the measurement point moves vertically away
from the scanning center. In their study, the surface doses were
83% and 62% at 8 and 12 cm from the scanning center, respec-
tively, compared with the dose at 2.9 cm. Moreover, the ho-
mogeneous polymethylmetacrylate phantom for CTDI mea-
surement does not simulate the different tissue types and
heterogeneities of a real patient.'® Therefore, CTDI does not
generally serve as an accurate estimate of the radiation dose to



apoint in a real patient, though it is an index of radiation dose
due to CT scans.

In the current study, the ratios of lens dose to CTDIvol
were 80.6%—103.4%, and the lens doses tended to be smaller
than the CTDIvols during whole-brain CT including the orbit.
As mentioned above, scatter radiation decreases at the starting
point of the scanning, and the peripheral dose is decreased by
the bow-tie filter in the x-y plane. Therefore, the lens doses
during the whole-brain CT were probably smaller than the
CTDIvols. When the orbits were included in the scanning
range, the differences between the lens dose and CTDIvol were
within 20% for both helical and axial scans with each CT scan-
ner, with this degree of difference being acceptable for clinical
use. Therefore, the lens dose can be estimated approximately
by the CTDIvol, when the orbit is included in the scanning
range. This method is useful to easily estimate the patient’s
lens dose during brain CT on the basis of CTDIvol because the
values of CTDIvol are displayed on the monitors immediately
after the scanning.

The lens doses decreased as the starting points were set
more superiorly. The ratios of lens dose to CTDIvol were
10%—-20% when the scanning started from the superior orbital
rim. These results are in agreement with the work of Smith et
al in 1998, who measured weighted CTDI values and lens
doses during brain CT on phantoms by using single-detector
row CT scanners. On the basis of their data, we calculated the
ratio of lens doses to weighted CTDIs. The ratio was calculated
as 88.4 £ 12.7% during scanning including the whole orbit
(baseline: orbitomeatal line or infraorbitomeatal line), while it
was 13.9 = 4.8% during scanning excluding the orbit (base-
line: supraorbitomeatal line).

Considering the lens dose during brain CT scans and the
above-mentioned uncertainty about the risk of radiation lens
injuries, we believe that the exposure to the lens during brain
CT scans should be optimized. For dose reduction, it is fun-
damental to decrease CTDIvol by optimal selection of scan-
ning parameters. However, this method has a limit, given the
proposed reference level for brain CT, which was 60 mGy by
the ICRP.*° There are several additional methods to reduce the
lens dose during brain CT. In the follow-up CT scans for pa-
tients without lesions in the posterior cranial fossa, exclusion
of the posterior cranial fossa from the scanning range results in
reduced lens dose if the orbitomeatal line is used as a baseline.
The lens can be excluded from the scanning range by using a
more angulated baseline than the orbitomeatal line, even
when the posterior cranial fossa is scanned.”*' Eye masks such
as a bismuth-coated latex shield are also useful to reduce the
lens exposure.”>** Improvement in the CT scanner would also
be desirable. With automatic tube-current modulation in the
x-y plane, decreased anteroposterior exposure with increased
posteroanterior exposure should reduce the lens dose, while
maintaining the image quality.

This study has some limitations. First, we used only 1 type
of human-shaped phantom. The size and shape of the objects,
especially the distance from the scanning center to the lens,
may affect the surface dose. However, the sizes of adult heads
have small individual differences. According to the data ob-
tained on adult Japanese by Demura et al,>* the mean head
lengths were 23.3 £ 1.2 cm and 21.8 £ 0.9 cm in men and
women, respectively. Second, the CTDIvol values during

brain CT vary among institutions, even with the same type of
CT scanner because they are affected by the scanning param-
eters selected. However, CTDIvol values in the current study
agreed with previous survey data. The weighted CTDI was
50.0 = 14.6 mGy (dose range, 21.0-130 mGy) in the United
Kingdom as reported by Shrimpton et al,>® while the average
CTDlvols were 72.2 mGy for adults and 42.0 mGy for 5- to
7-year-old children in Australia, according to Moss and
McLean.?® Therefore, the results of the current study can be
adapted to many conditions.

Third, CTDIvol provides the estimate of the lens dose dur-
ing brain CT only when the orbit is included in the scanning
range. However, the lens dose during brain CT including the
orbit is larger than that during brain CT excluding the orbit,
and dose estimation is more important for the former. Fourth,
the precise risk of radiation lens injuries for brain CT is still
unknown. As for the risk of radiation lens injuries at a low
dose, available studies are limited at present, and many of
them were conducted on atomic bomb survivors.””> The beam
quality and dose rate differ between the exposure to patients
undergoing brain CT and the exposure to the objects in these
studies, and the differences will affect the risk. Future risk as-
sessment of radiation lens injuries for diagnostic x-rays is
desirable.

In conclusion, CTDIvol can be used to estimate the lens
dose during brain CT scanning, when the orbit is included in
the scanning range. It is important to estimate the dose to the
lens during brain CT scans and try to reduce it.
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