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ORIGINAL RESEARCH
PATIENT SAFETY

Radiation Dose Reduction in 4D Cerebral CT Angiography by
Individualized Estimation of Cerebral Circulation Time

M.R. Radon, “A. Chandran, ““M. Bhojak, and ““K.V. Das

ABSTRACT

BACKGROUND AND PURPOSE: The novel technique of 4D CTA for dynamic assessment of the intracranial vessels has a greater radiation
burden than conventional CTA. Previous descriptions of the technique used a fixed-duration exposure protocol. This study examines the
potential for dose reduction by individualizing exposure time to patient physiology by the use of time-enhancement curve techniques as
previously applied in CT angiography and venography.

MATERIALS AND METHODS: 4D-CTA examinations performed at our institution were retrospectively reviewed. Scan protocols used a
test-bolus scan with either a subjective estimate of the main acquisition timing (estimated-duration method) or a quantitative measure
(measured-duration method). The estimated-duration method used peak arterial enhancement to determine the start of exposure, with
the duration chosen at the radiologist’s discretion. The measured-duration method used arterial and venous time-enhancement curves to
determine exposure start and duration. Exposure duration, study adequacy, quality score, and maximum venous enhancement were
compared among groups.

RESULTS: One hundred fifty-one examinations used the estimated-duration method, and 53 used measured-duration. The measured-
duration method used a shorter exposure time (10 versus 15.8 seconds; P < .001). There was no statistically significant difference in the study
adequacy rate, subjective quality score, or maximum venous enhancement. The radiation dose was reduced by 51% in the measured-
duration method (3021 mGy X cm, 6.9 mSy, versus 1473 mGy X cm, 3.4 mSv). Both methods showed good agreement with DSA (k = 0.88
for estimated-duration, k = 1.0 for measured duration).

CONCLUSIONS: Exposure time in 4D-CTA can be reduced with dual time-enhancement curves to match exposure to physiology without
degrading study adequacy or quality.

ABBREVIATIONS: t., = time to onset of arterial enhancement; t,, = time delay to peak arterial enhancement; t, = time to peak venous enhancement

he recent development of time-resolved 4D-CTA provides a

new technique for the assessment of intracranial flow dynam-
ics, which can serve as a less invasive alternative to intra-arterial
DSA. Potential uses for this technique include assessment of dural
arteriovenous fistulas'* and arteriovenous malformations® and
classification of vessel clot burden and collateral flow in occlusive
stroke.®”

Due to the multiphasic nature of 4D-CTA, the radiation bur-
den is higher than in a single-phase study. Concern over the total
dose has previously been raised for CT perfusion,®” and due to the
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similarity of the techniques, it carries over to 4D-CTA. The effec-
tive dose for 4D-CTA reported in the literature ranges between 5.1
and 5.62 mSv.>>>'° These previously described techniques use a
dynamic acquisition with a predetermined exposure time (be-
tween 15 and 22 seconds), with or without a preceding test-bolus
acquisition. In addition to variance in exposure time, there is also
variability in the rotation period and, therefore, temporal resolu-
tion. Earlier literature reports used a 1000-ms rotation period, but
more recent studies have cited shorter rotation periods of 500 and
350 ms, though using a higher tube current.>'"!

Test-bolus techniques yielding a time-attenuation curve have
previously been shown beneficial in both 3D-CTA'?* and CT
venography,'” by allowing the time of acquisition to be matched
to the time of peak contrast enhancement within the vessels of
interest. A similar approach has been applied in previous descrip-
tions of 4D-CTA to trigger the start of the acquisition. The benefit
of accurate timing in 4D-CTA is not on peak enhancement, but
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instead, it assists in achieving adequate temporal coverage. While
an arterial time-enhancement curve provides information about
contrast arrival, the venous time-enhancement curve provides in-
formation about contrast washout. We hypothesized that knowl-
edge of these parameters can be used to tune the acquisition
duration and provide an opportunity for dose reduction, while
simultaneously avoiding inadequate studies in patients with a
slow cerebral circulation time.

The primary end point of this study was to demonstrate diag-
nostic equivalence and reduced exposure time by using the mea-
sured-duration method in comparison with the estimated-dura-
tion method.

MATERIALS AND METHODS

Study Design

4D-CTA has been in use locally in selected patients since Novem-
ber 2013. Following a routine audit of radiation doses, which
showed doses higher than published reports from other institu-
tions, the CT protocol was modified in January 2015. The expo-
sure factors were shown to be higher than those in prior literature
reports, and previously published parameters were adopted as
part of the review.'

At the same time, reducing exposure durations was attempted.
The scan protocol was changed from using a subjective assess-
ment of a test-bolus acquisition (estimated-duration method) to
a replacement protocol using quantitative, objective measure-
ments from the test bolus (measured-duration method). Patients
were identified by searching the radiology information system for
4D-CTA examinations performed from November 2013 to July
2015. Retrospective analysis of these studies was performed to
determine the adequacy of the method.

Because this study represents a retrospective review of these
methods, the institutional research and development department
waived the requirement for regional ethics committee approval or

informed consent.

CT Scanner and Scan Parameters

All studies were performed by using a 320-section CT scanner
with maximum 160-mm volume coverage capability. A 3-phase
protocol was used, consisting of a test-bolus, unenhanced sub-
traction mask, and dynamic acquisition. The test bolus used 15
mL of iodinated contrast (iopamidol, Niopam 370; Bracco UK,
High Wycombe, UK) given intravenously at 6 mL/s, followed by
30 mL of saline at 6 mL/s. Repeat single 2-mm sections (80 kV, 100
mAs) through the circle of Willis at 2-second intervals were per-
formed from which time-enhancement curves were derived. The
mask acquisition used a single volumetric acquisition of the whole
head (80 kV, 300 mAs).

Scan parameters for the estimated-duration protocol were
those determined during the initial protocol development (80 kV,
150 mA, 750 ms) and were determined on the basis of local pref-
erence and empiric assessment of adequacy. Parameters for the
measured-exposure protocol were based on a prior literature re-
port (80 kV, 100 mA, 1000 ms)." In both protocols, the temporal
reconstruction interval was 500 ms. The z-axis coverage was the
whole head from the vertex to C1 and was usually the maximum,
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160 mm. A total of 35 mL of contrast was given at 6 mL/s for the
main acquisition, followed by 30 mL of saline at 6 mL/s.

Acquisition Timing

An ROI was placed on a major artery (basilar or ICA) on the
test-bolus images. The time delay between the start of contrast
injection and the peak of arterial enhancement (t,,) was
measured.

Estimated-Duration Protocol. The volume acquisition was trig-
gered at a t,, of 4 seconds. The exposure duration was at the
discretion of the supervising radiologist, from a starting point of
16 seconds. This could be adjusted depending on clinical features
and review of the arterial enhancement curve.

Measured-Duration Exposure Protocol. In addition to a major
artery ROI, a second venous sinus ROI was used. The time delay to
peak venous enhancement (tp,,) was measured, and the arterial
ROI was used to determine the time to onset of arterial enhance-
ment (to,), defined as an increase of attenuation of 100 HU over
baseline. Acquisition was triggered at the ty,, and duration was
set at tpy, to toa. This process is illustrated schematically, together
with typical subtracted image appearances, in Fig 1.

Image Analysis

Study Adequacy. The dynamic acquisitions were examined for
the visible inflow of contrast into the terminal ICA. Volumes at
the start of the dynamic acquisitions that showed <40 HU of
enhancement of the ICA were regarded as noncontributory. Vol-
umes at the end of the acquisition that showed venous enhance-
ment less than peak were also regarded as noncontributory. When
the final volume showed rising venous enhancement, an adequate
venous enhancement was defined arbitrarily as enhancement of
>200 HU. A study was also judged as having inadequate time
coverage if no prepeak arterial volumes were acquired. A subjec-
tive diagnostic quality score was also recorded by 2 experienced
neuroradiologists in consensus. A score of 1 indicated a nondiag-
nostic study (for any reason), and 5 indicated excellent quality.

Dose Reporting. Dose-length products for the mask, test bolus,
and dynamic components of the study were recorded. Effective
doses were computed by using the conversion factor of 2.3 uSv/
mGy/cm."*

Concordance with DSA. When patients subsequently underwent
DSA, this was used as the criterion standard for comparison. To
minimize bias, we used the initial blinded radiology report for the
4D-CTA as the basis of concordance. When there was discor-
dance, the studies were reviewed to determine the cause. In view
of the variety of pathology and indications for scanning, sensitiv-
ity and specificity were not calculated. Studies were considered
concordant when both the DSA and 4D-CTA had the same cate-
gory of diagnosis (eg, no vascular abnormality, AVF, AVM, aneu-
rysm, vascular occlusion/stenosis).

Statistical Analysis

The estimated-duration and measured-duration methods were
compared on parameters of exposure duration, peak venous en-
hancement, study adequacy rate, and subjective quality score.
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rection. The unweighted Cohen « statis-
tic was used to calculate concordance
between DSA and 4D-CTA. Calcula-
tions were performed by using R statis-
tical and computing software (http://
www.r-project.org/). Because the radi-
ation doses and number of acquired vol-
umes were directly proportional to the
exposure duration and radiation doses
were additionally confounded by the
change in exposure factors, no hypothe-
sis testing was performed on these
parameters.

Post hoc testing of the number of
noncontributory volumes was per-
formed. Testing was with the Mann-
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Whitney U test, with Bonferroni correc-
tion applied by multiplying P values by
the number of tests (n = 2).

RESULTS
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FIG 1. Schematic representation showing typical time-attenuation curves for arterial (solid line)
and venous (dotted line) profiles. The t,, was set to the nearest integer second in which the
arterial attenuation crossed 100 HU (14 seconds in this figure, but note that measurements were
only made on odd-numbered seconds). The t,, and tp, represent times of peak arterial and
venous attenuation, respectively. The gray bar indicates the exposure time for the estimated
duration protocol (16 seconds), and the black bar indicates the exposure time for the measured-
duration protocol. Subtracted MIP images illustrate typical appearances of the acquisition at key

phases.

Table 1: Demographics and breakdown of indications for imaging

Estimated Measured

Duration Duration
(n=151) (n=53)
Demographics
Age (yr) 53.4(19-87) 518 (21-79)
Sex (M/F) 67:84 25:28
Indications (No.) (%)
Intraparenchymal hemorrhage 47 (31%) 20 (38%)
Suspected vascular lesion 37 (25%) 11(21%)
Tinnitus 21(14%) 5(9%)
Tumor vascular assessment 11(7%) 5(9%)
Subdural hemorrhage 5(3%) 0(0%)
Subarachnoid hemorrhage 4(3%) 0(0%)
Untreated AVM/F assessment 7(5%) 5(9%)
Treated AVM/F assessment 6 (4%) 3(6%)
Venous stenosis/thrombosis 8 (5%) 3(6%)
(including assessment of idiopathic
intracranial hypertension)
Other 5(3%) 1(2%)

Note:—AVM/F indicates arteriovenous malformation or fistula.

Peak venous enhancement was compared by using the indepen-
dent-samples ¢ test after confirming normality with the Shapiro-
Wilk test. The Mann-Whitney U test was used for non-normally
distributed variables (exposure duration and study quality score),
and the x” test, for study adequacy rates. The Bonferroni correc-
tion for multiple comparisons was applied to the above 4 tests, by
multiplying P values by the number of tests, subject to a maxi-
mum of 1.0. Statistical significance was defined as 5% after cor-

Two hundred four patients underwent
whole-head 4D-CTA during the study
period. Four studies were excluded
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due to deviations from the protocol
(changes in anatomic coverage in 3 cases
and intentional exclusion of the early ar-
terial phase in 1). One hundred fifty-one
patients were scanned with the estimated-
duration method, and 53, with the mea-
sured-duration method. Demographics
and indications for 4D-CTA are summarized in Table 1.

With the subjective method, 145 scans were performed by us-
ing 160-mm coverage, 5 were performed with 140-mm coverage,
and 1, with 150-mm coverage. All scans performed with the ob-
jective method had 160-mm coverage.

The measured-duration method used a shorter exposure time
(10 versus 15.8 seconds, P < .001), acquired fewer volumes, and
achieved lower radiation doses (3021 mGy X cm, 6.9 mSv, versus
1473 mGy X cm, 3.4 mSv). These findings are summarized in
Table 2. There was no statistically significant difference after cor-
rection for multiple comparisons in maximum venous enhance-
ment, subjective study quality, or adequate time coverage rate.
The distribution of maximum venous enhancement is illustrated
in Fig 2. Both methods showed good intermodality concordance
between 4D-CTA and DSA (k = 0.88 for estimated duration, k =
1.0 for measured duration).

For examinations using the full 160-mm anatomic coverage,
the contributions to the radiation dose of the individual compo-
nents of the examinations were the following: test bolus (dose-
length product = 84 mGy X cm, effective dose = 0.19 mSv), mask
acquisition (339 mGy X cm, 25.2 mGy, 0.78 mSv, CT dose in-
dex = 25.2 mGy), collimated estimated-duration volume acqui-
sition (162 mGy X cm/s, 0.37 mSv/s, 10.1 mGy/s), and measured-
duration volume acquisition (108 mGy X cm/s, 0.25 mSv/s, 6.8
mGy/s). For studies with less coverage, doses for mask and main
acquisitions were proportionally lower.
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Table 2: Diagnostic performance of original and measured-duration protocols®

The use of the measured-duration

Estimated Measured method presented here has shown a re-
Duration Duration P Adjusted  duced exposure time both in compari-
(n=151) (n=53) Value P Value son with our historical control data and
Exposure and dose b prior literature (Table 3). In addition,
Exposure time (sec) 1575(8.25-255)  10.0(8-12) <001  <.001 .
No. of volumes 31(26-36) 19 (19-19) our measured-duration method both
Dose-length product (mGy X cm)  3021(2536-3502) 1473 (1459-1526) reduced the tube current and increased
Volume CT dose index (mGy) 185(162-223)  88.9(88.9-88.9) the rotation time (and therefore re-
Effective dose (mSv) 6.9 (5.8-8.0) 34(3.4-3.5) duced the temporal resolution) over and
Study quality above the estimated-duration method.
Maximum venous enhancement (HU) 372 (352-392) 324 (294-353) .019 076 The overall effect on bDer-image expo-
Adequate time coverage (No.) 134 (88.7%) 49 (92.5%) 444 1.00 P ge exp
Quality score 5(5-5) 5(5-5) 837 100 sure was small (112 versus 100 mAs)
No. of prearterial volumes 6 (4-10) 0(0-1) <.001° <.001>¢  with no subjectively perceptible change
No. of postpeak venous volumes 2(0-6) 0(0-2) <.001° <.001°¢ in noise. Subjective assessment of study
Diagnostic performance quality included the adequacy of tempo-
Positive findings (No.) 58 (38.4%) 21(39.6%) : .
No. having DSA 56 (37.1%) 22 (415%) ral resolution for the detection of abnor-
Intermodality concordance between  51(91.0%) 22 (100.0%) malities. This was not thought to be dif-
4D-CTA and DSA (No)) ferent among techniques, possibly due
Cohen k statistic k = 0.88 k=10 to the retention of the same reconstruc-

#Noncount values are shown as median (interquartile range), except for exposure time shown as median (range) and
enhancement shown as mean (95% Cl). Values for dose-length product include the entire examination, including

test-bolus acquisition. CT dose index values include only whole-head acquisitions.
b Significant at the 5% level after Bonferroni correction.
€ Post hoc test.
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FIG 2. Boxplot illustrating distribution of peak venous enhancement
between the estimated- and measured-duration scan protocols. Two
outliers are shown in the estimated-duration group, in which no ve-
nous enhancement was present due to inadequate time coverage,
and 1 outlier with very poor venous enhancement is shown in the
measured-duration group.

DISCUSSION

The main aim of this study was to demonstrate a technique for
reducing the radiation dose by reducing total exposure time, with
the intention of discarding only data of minimal diagnostic value.
Other approaches to controlling dose in CTA and CTP have been
previously reported. These include the use of iterative reconstruc-
tion algorithms, which can reduce the dose while retaining image
quality,"” and the use of a reduced tube potential (80 kV) to im-
prove contrast with better matching to the iodine K-edge.'® All
prior reports of 4D-CTA make use of both techniques.
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tion interval of 500 ms. A further small
contribution to dose-saving was setting
the rotation time to a multiple of the
temporal reconstruction interval; when
the total exposure time is not a multiple
of the reconstruction interval, part of the final rotation may not be
reconstructable. In the estimated-duration group, the contribu-
tion of this effect was <<1% of the total dose.

The recent description of higher temporal resolution tech-

niques™'"'°

may enable better characterization of flow dynamics.
However, these techniques are associated with increased noise,
which can be offset by the use of a higher tube current. These
higher dose techniques for 4D-CTA may particularly benefit from
strict control of exposure duration.

In this series, the measured-exposure group showed a trend
toward a lower mean maximum venous enhancement value. This
can be attributed to acquisition terminating before peak venous
enhancement. One potential limitation of defining the end of the
acquisition as the tp,, on the test bolus is that the duration of the
main injection (5 seconds) is longer than that of the test injection
(2.5 seconds); therefore, peak venous enhancement may be later.
Thus, the timing derived in the measured-duration method is
only an estimate because timing is inferred from the test-bolus
scan. This is illustrated in Fig 3, which shows that the distribution
of the number of postvenous volumes is heavily skewed toward
zero in both groups, indicating a tendency toward early termina-
tion. We propose that to further reduce the rate of inadequate
studies, the end of the acquisition should be setat t,,, + 1 ort,,, +
2 seconds. Even with this additional exposure time, the exposure
duration would still be expected to be lower than that in the fixed-
duration methods previously reported (the mean effective dose
reported in this study would be 3.65 mSv if t,,, +1 had been used
as the end of acquisition time). This additional late venous phase
exposure could potentially be performed by using intermittent
rather than continuous scanning.”

Figure 3A shows the distribution of exposure duration within
the 2 groups. The measured-duration group shows relatively tight
clustering of duration around 10 seconds. The outlying study



used 15 seconds, but this was due to incorrect measurement of
the tpy. If this had been measured correctly, the duration
would have been 12 seconds. The estimated-duration group
did demonstrate 7 studies that used exposures of >20 seconds.
In 6 of these cases, there were substantial intracranial hemato-
mas; hence, a prolonged exposure was prescribed. However, in
these cases, there were at least 10 postpeak venous volumes
acquired, which indicated that the exposure could have been
terminated up to 5 seconds earlier. In the final case, the patient
had a history of cardiac failure and a severely prolonged circu-
lation time so that venous enhancement was still rising at 25
seconds. There were no patients with similar features in the
measured-duration group, which is a potential confounding
factor.

In the measured-duration group, 4 studies showed inade-
quate time coverage. Three were due to inadequate venous-
phase images, and 1 was due to the start of the acquisition in
the late arterial phase. In 3 of these cases, incorrect determina-
tion of the ty, and tp,, from ROIs placed to include bone,

Table 3: Comparison of the currently reported techniques with 4D-CTA techniques
(excluding combined 4D-CTA/CTP techniques) reported by other groups

allowed small-scale patient motion to cause severe degradation
of the time-enhancement curves. Given the relatively high ra-
diation dose associated with this procedure, it is essential to
verify that the shapes of the time-enhancement curves are ap-
propriate before measurement. In the final case, the ROIs were
correctly placed, but the t,,, was measured from a broad pla-
teau, in which peak enhancement was early within this plateau.

No discordant results were found in the measured-duration
group; this finding may be a reflection of increased experience
with the interpretation of 4D-CTA."” In addition, the sample size
for this group was smaller. This article reports 2 false-positives
within the estimated-exposure group. In both cases, the 4D-CTA
did not demonstrate early venous enhancement, but suspicion
had been raised on the basis of the “prominence” of the veins
adjacent to a hematoma. These false-positives could potentially be
regarded as interpretation errors, rather than a limitation of the
image acquisition.

Methodologic limitations included the definition of adequate
venous enhancement by an arbitrary threshold. Enhancement
was also measured on postprocessed,
subtracted whole-brain maximum-
intensity-projection images computed

Exposure Duration Rotation Exposure Effective by subtracting the mask acquisition
Report (sec) Time (ms) Parameters Dose (mSv)

5 from each postcontrast volume. Be-

Brouwer et al (2010) 22 NS 80 kV,120 mA 5.1 . h ¢
Hoogenboom et al (2012)" 15 500 80KkV,240 mA NS Cause maximum enhancement was re-
Fujiwara et al (2013) 120 500  80kV,200mA 52 ported, there is a potential source of bias
Willems et al (2011)' and (2012)° 22 1000 80kV,100 mA 52 because the maximum-intensity-pro-
D’Orazio et al (20]4)10 15 350 80 kV,120 mA 5.62 jection images can capture the peak

This study

Estimated duration 15.6 (16 with option 750

80 kV,150 mA 6.9

values of noise voxels within the pro-
jection, causing sensitivity to the

to adjust)

Measured exposure 101 (mean) 1000 80kV,100mA 34 through-plane length of the vessel and
Note:—NS indicates not stated therefore to the location of ROIs and
2 Ten-second continuous exposure followed by 4 intermittent exposures. anatomic configuration.
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FIG 3. Scatterplots indicating exposure duration (A) and the number of nondiagnostic volumes due to the start of the acquisition before
contrast arrival (B) and the end of the acquisition following contrast washout (C). Horizontal lines indicate the median.
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CONCLUSIONS

We have demonstrated that there is potential for reducing the
radiation dose of 4D-CTA by more precisely matching the expo-
sure duration to cerebral circulation time as determined by arte-
rial and venous time-enhancement curves. This finding may be of
particular value when combined with higher temporal resolution
techniques.
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