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ABSTRACT

BACKGROUND AND PURPOSE: Noncontrast CT of the head is the initial imaging test for traumatic brain injury, stroke, or suspected
nonaccidental trauma. Low-dose head CT protocols using filtered back-projection are susceptible to increased noise and decreased
image quality. Iterative reconstruction noise suppression allows the use of lower-dose techniques with maintained image quality.
We review our experience with children undergoing emergency head CT examinations reconstructed using knowledge-based
iterative model reconstruction versus standard filtered back-projection, comparing reconstruction times, radiation dose, and
objective and subjective image quality.

MATERIALS AND METHODS: This was a retrospective study comparing 173 children scanned using standard age-based noncontrast head
CT protocols reconstructed with filtered back-projection with 190 children scanned using low-dose protocols reconstructed with iterative
model reconstruction. ROIs placed on the frontal white matter and thalamus yielded signal-to-noise and contrast-to-noise ratios. Volume
CT dose index and study reconstruction times were recorded. Random subgroups of patients were selected for subjective image-quality
review.

RESULTS: The volume CT dose index was significantly reduced in studies reconstructed with iterative model reconstruction compared
with filtered back-projection, (mean, 24.4 � 3.1 mGy versus 31.1 � 6.0 mGy, P � .001), while the SNR and contrast-to-noise ratios improved
2-fold (P � .001). Radiologists graded iterative model reconstruction images as superior to filtered back-projection images for gray-white
matter differentiation and anatomic detail (P � .001). The average reconstruction time of the filtered back-projection studies was 101
seconds, and with iterative model reconstruction, it was 147 seconds (P � .001), without a practical effect on work flow.

CONCLUSIONS: In children referred for emergency noncontrast head CT, optimized low-dose protocols with iterative model recon-
struction allowed us to significantly reduce the relative dose, on average, 22% compared with filtered back-projection, with significantly
improved objective and subjective image quality.

ABBREVIATIONS: ASIR � adaptive statistical iterative reconstruction; CNR � contrast-to-noise ratio; CTDIvol � volume CT dose index; FBP � filtered back-
projection; IMR � iterative model reconstruction; MBIR � model-based iterative reconstruction; IR � iterative reconstruction

Children younger than 18 years of age constitute approxi-

mately one-fifth of the 130 million annual visits to hospital-

affiliated emergency departments in the United States.1 Trauma is

a leading cause of morbidity and mortality in children older than

1 year, with head trauma representing nearly 80% of these inju-

ries. Noncontrast head CT is often the first-line study for evalua-

tion of traumatic brain injury or suspected nonaccidental trauma

in children.2 Various dose-reduction strategies are used by ven-

dors and radiologists to reduce CT radiation exposure in chil-

dren.3,4 Minimizing radiation exposure while maintaining image

quality of brain CT is challenging because low-contrast lesion

detectability, detection of subtle bleeds, and anatomic detail, es-

pecially in the posterior fossa, may be affected by noise, artifacts,

and reduced contrast-to-noise ratio (CNR) that accompanies

lower-dose techniques.5 The use of lower-dose techniques by low-

ering the tube voltage or current, with filtered back image recon-

struction, is susceptible to increased image noise, decreased spa-

tial resolution, and low-contrast lesion detectability and overall

reduced reader confidence.
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Image reconstruction with iterative reconstruction (IR) un-

couples noise reduction and spatial resolution and allows the use

of lower-dose techniques with maintained image quality.6,7 There

are different types of iterative reconstructions: those that denoise

image domain space alone; those that denoise in both projection

and image space; and pure, systems- or model-based iterative re-

construction (MBIR), which takes into consideration all aspects

of the imaging chain including system optics and, by virtue of

complex computational algorithms used, has longer reconstruc-

tion times, which may prevent its use in the emergency setting.

Overuse of noise-suppression strength may also result in an un-

desirable overly smooth image texture with loss of anatomic edge

detail presumably due to a shift in spatial frequency distribution

of image noise. We review our experience with children undergo-

ing emergency head CT examinations reconstructed using knowl-

edge-based iterative model reconstruction (IMR; Philips Health-

care, Best, the Netherlands) versus standard filtered back-

projection (FBP) reconstruction, comparing reconstruction

times, radiation dose, and objective and subjective image quality.

MATERIALS AND METHODS
Design
This institutional review board–approved and Health Insurance

Portability and Accountability Act– compliant retrospective re-

view compared 400 nonrandomized consecutive patients referred

from the emergency department for urgent head CT examina-

tions between January and March 2016 performed using either

standard age-based protocols and FBP image reconstruction or

reduced-dose age-based protocols and IMR. The institutional re-

view board waived the need for patient consent.

Patient Groups
All children referred from the emergency department for urgent

head CT without contrast � 3D reconstruction (Current Proce-

dural Terminology: 70450/76376) in 2016 were identified in our

image data base. The first 200 consecutive patients imaged on the

64-slice multidetector row CT scanner situated in the emergency

department with FBP image reconstruction, and the first 200 con-

secutive patients imaged on the 256-slice multidetector row CT

scanner in the main department with image reconstruction using

IMR were eligible. Excluded were patients with repeat studies,

marked motion, and multiple implanted metallic leads or when

the incorrect age-based CT protocol was used. Patient age

(months) and sex were recorded for each subject.

Data Acquisition and Reconstruction
We used 4 age-based protocols for unenhanced CT head exami-

nations: younger than 1.5 years, 1.5– 6 years, 7–12 years, and older

than13 years. Image-acquisition parameters of the standard-dose

studies performed on the emergency department scanner (Bril-

liance 64-Slice; Philips Healthcare) included a collimation of 64 �

0.625 mm, pitch of 0.64, rotation time of 0.5 seconds, tube voltage

of 120 kV, and tube currents corresponding to the 4 age-based

protocols of 200, 225, 300, or 350 mAs. Scan parameters for the

low-dose studies performed on the main department scanner

(Brilliance iCT 256-Slice; Philips Healthcare) included collima-

tion of 64 � 0.625 mm, with a pitch of 0.39, rotation time of 0.4

seconds, and age-dependent tube currents of 160, 168, 200, or 210

mAs. The FBP standard-dose examinations were reconstructed

with a UB (soft) convolution kernel, section-thickness of 3 mm

with 3-mm increments, and high resolution, and the IR low-dose

examinations were reconstructed with a mild noise-reduction

IMR
BRAIN 1

routine convolution kernel, a section-thickness of 3 mm

with 3-mm increments, and high resolution.

Both scanners were surveyed and tested by a certified medical

CT physicist in accordance with the American College of Radiol-

ogy CT Accreditation Program as part of our routine departmen-

tal quality-assurance program. Comparison of the calculated clin-

ical examination dose estimate and the measured volume CT dose

index (CTDIvol) reported by the scanner yielded a percentage dif-

ference of 11.86% for pediatric head (1 year of age) and 2.48% for

adult head CT protocols on the iCT 256-Slice multidetector row

CT scanner, and 0.80% and 2.60% on the Brilliance 64-Slice mul-

tidetector row CT scanner.

Radiation Dose Measurement
The estimated radiation dose CTDIvol was recorded for each

study.

Reconstruction Time
Reconstruction times were determined by recording the millisec-

ond image-creation times for the first image and the last image

reconstructed for each examination, as obtained from the in-

formation tile available for each individual image on the PACS

workstation.

Quantitative Analysis
All images were viewed on a dedicated PACS on a calibrated dedi-

cated diagnostic workstation in our department. For each study, a

single representative image at the level of the lateral ventricles was

selected to include both the thalamus and frontal white matter, and 1

radiologist with 25 years’ experience who was not involved in the

blinded subjective image-quality review placed equal ROIs measur-

ing between 6 and 9 mm on the right thalamus deep gray matter and

right frontal white matter to maintain uniformity. Measurements of

mean CT density (Hounsfield unit) and SD yielded the signal-to-

noise ratio for the white matter and thalamus (SNRWhite Matter and

SNRThalamus) using the formula SNR � HU / SD, and CNR using the

formula CNR � (HUThalamus � HUWhite Matter) / [(SDThalamus�

SDWhite Matter) / 2].

Qualitative Analysis
Subjective image quality was assessed by selecting a randomized

de-identified age-group-matched subgroup from both the FBP

and IR groups using a random number generator (http://www.

randomnumbergenerator.com/) (n � 40; power index, �80%).

Qualitative analysis of the 3-mm images was independently per-

formed by 2 board-certified, subspecialty-certified neuroradiol-

ogy attending radiologists with 16 and 17 years’ experience, and

scores were reported assessing gray-white matter differentiation

and anatomic detail using a 5-point scale of 1, poor; 2, fair; 3,

average; 4, good; and 5, excellent. Reviewers were blinded to the

scanner, scan parameters, reconstruction settings, and slice

thickness.
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Statistical Analysis
Group comparisons were conducted using 2 independent-

samples equal variances t tests for continuous variables and the

�2 test for categoric variables. The Pearson correlation coeffi-

cient and the resulting P value for statistical significance were

determined, with the significance level at P � .05. Subjective

image-quality scores were combined as an average for each

patient, and the intraclass correlation coefficient and correla-

tion coefficient for the individual physician grades were calcu-

lated. Power and sample-size calculations for subjective image-

quality scoring using a 2-group independent-samples t test

were used to determine the required number of subjects

needed to detect a mean difference of 1.0 between FBP and IR.

The power calculations were conducted using the procedure

Proc Power available in the SAS statistical software. Statistical

analyses were performed using SAS 9.4 (SAS Institute, Cary

North Carolina) and R Studio, Version 1.0.153 (http://rstudio.org/

download/desktop).

RESULTS
Patient Groups
A total of 363 patients were enrolled in the study; 173 patients

with a mean age of 76.3 � 73.8 months were imaged with

standard dose protocols with FBP reconstruction, and 190 pa-

tients with a mean age 67.6 � 67.9 months were imaged with

low-dose protocols with IR reconstruction. Thirty-seven pa-

tients were excluded due to excessive motion, multiple im-

planted leads, or incorrect protocol. Age group and age were

not significantly different (Table 1), and although sex differ-

ence did not achieve statistical significance, approximately

two-thirds of the patients were male.

Radiation Dose
The use of IMR reconstructions allowed diagnostic images using

lower dose parameters. The mean estimated CTDIvol was signifi-

cantly reduced in the IMR group, 24.4 � 3.1 mGy versus the FBP

group, 31.1 � 6.0 mGy (P � .001). In addition, the CTDIvol was

significantly reduced in each of the 4 individual age groups, 27%,

25%, 13%, and 12% (Table 2), with the largest dose savings

observed in the younger-than-1.5 years and 1.5- to 6-year age

groups.

Reconstruction Times
The average study reconstruction time for the FBP-group was

100.9 seconds (range, 64 –237 seconds), and for the IMR group, it

was 147.0 seconds (range, 125– 473 seconds) (P � .001).

Quantitative Analysis
SNRThalamus, SNRWhite Matter, and CNR were significantly im-

proved in the IMR groups compared with the FBP groups approx-

imately 2-fold, with representative images and sample measure-

ments in Fig 1 and group results summarized in Table 2.

Qualitative Analysis
A random number generator was used to select 5 patients from

each of the age groups imaged on each scanner (n � 40). Sub-

jective image quality, as it pertains to anatomic detail and gray-

white matter differentiation, was scored, on average, 2.3 � 0.6

(fair-to-average) for those standard-dose studies recon-

structed with FBP, and 3.6 � 0.6 (average-to-good) for those

lower-dose studies reconstructed with IMR (P � .001). Each

physician independently scored those studies reconstructed

with IMR as superior to those reconstructed with FBP (3.6 �

0.8 versus 1.9 � 0.8 and 3.7 � 0.6 versus 2.8 � 0.6 (P � .001).

However, score agreement between the individual physicians

was low, with an intraclass correlation coefficient of 0.399 and

a correlation coefficient r � 0.43 for the FBP groups, and an

intraclass correlation coefficient of 0.345 and r � 0.37 for the

IMR groups (Table 3).

DISCUSSION
In our patient population, we demonstrate statistically significant

relative CTDIvol dose reduction in all 4

patient age groups undergoing emer-

gency unenhanced head CT examina-

tions, 1.5 years or younger, 1.5– 6 years,

7–12 years, and 13 years and older, of

27%, 25%, 13%, and 12% respectively,

using low-dose protocols with IMR im-

age reconstruction, compared with pa-

tients imaged using standard protocols

and FBP image reconstruction, with sta-

tistically improved quantitative and

qualitative image quality (Fig 1). The

Table 1: Patient demographics by age group, age, sex, and scannera

IMR (n = 190) FBP (n = 173) Total (n = 363) P Value
Age group .50b

Younger than 1.5 years 65 (34.2%) 48 (27.7%) 113 (31.1%)
1.5–6 years 60 (31.6%) 58 (33.5%) 118 (32.5%)
7–12 years 24 (12.6%) 29 (16.8%) 53 (14.6%)
Older than 13 years 41 (21.6%) 38 (22.0%) 79 (21.8%)

Age (mean) (SD) (months) 67.6 (67.9) 76.3 (73.8) 71.8 (70.8) .24c

Sex .05b

Female 81 (42.6%) 56 (32.4%) 137 (37.7%)
Male 109 (57.4%) 117 (67.6%) 226 (62.3%)

a Data are number (percentage) unless otherwise indicated.
b �2 test.
c Equal variances t test.

Table 2: Mean (SD) dose estimates and objective image-quality measures by age group and scanner
Younger Than 1.5 yr 1.5–6 yr 7–12 yr Older Than 13 yr

FBP IMR FBP IMR FBP IMR FBP IMR
CTDIvol 29.9 (5.5) 21.8 (0.1) 30.6 (5.5) 22.8 (0.0) 31.5 (6.2) 27.5 (0.0)a 33.3 (6.9) 29.2 (0.6)a

SNRTHAL 9.3 (2.3) 22.0 (5.3) 8.6 (1.8) 20.2 (3.9) 8.8 (2.3) 18.7 (3.2) 8.6 (2.2) 17.9 (3.5)
SNRWM 8.3 (2.3) 16.5 (3.8) 8.2 (2.3) 15.8 (3.3) 7.8 (1.3) 16.9 (4.3) 7.9 (2.4) 14.9 (2.9)
CNR 2.1 (0.9) 4.9 (1.3) 2.1 (1.1) 4.4 (0.9) 2.0 (1.0) 3.7 (0.9) 1.8 (0.6) 3.6 (1.0)

Note:—THAL indicates thalamus; WM, white matter; vol, volume.
a P value � .003. For all other results, P value � .001, equal variances t test.
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implication is that further dose reduction with even lower-dose

techniques and maintained, rather than improved, image quality

is possible with IMR.

The average reconstruction time with IMR was 46 seconds

(46%) longer than with standard FBP reconstruction, but with no

practical effect on work flow. Willemink et al8 likewise reported

a 35% increased reconstruction time of hybrid iDose4 (Philips

Healthcare) in abdominal CT examinations. Reconstruction

times can be expressed in slices per second; however, the number

of slices per second is not a linear function because there is a

longer lag time until the first image. In our study, the FBP recon-

structions averaged 5.2–5.6 slices/second, and the IMR recon-

structions, 3.4 –3.6 slices/second. As computer-processing speeds

improve, image-reconstruction times with IMR should continue

to decrease.

Multiple studies have reported success in reducing relative ra-

diation doses in pediatric cohorts undergoing head CT examina-

tions, ranging from 24% to 48%, using low-dose protocols with

hybrid IR image reconstruction versus standard-dose FBP proto-

cols.9-15 Vorona et al, 2013,16 reported that 20% adaptive statisti-

cal iterative reconstruction (ASIR) could allow 22% relative dose

reduction in pediatric head CT without affecting image quality.

Kilic et al, 2013,17demonstrated a 29% dose reduction with low-

dose 30% ASIR versus standard-dose FBP in 305 pediatric head

CT examinations with maintained diagnostic quality and image

sharpness, but they noted decreased SNR and increased white

matter noise in the IR images. McKnight et al, 2014,18 showed a

relative dose reduction of 28% and 48% in pediatric head CT

examinations in patients 3–12 years of age and older than 12 years

of age, respectively, using 30% ASIR. Thomas et al, 2018,19 re-

ported a relative dose reduction of 26% in pediatric head CT

examinations using hybrid IR iDose4 strength level 2 reconstruc-

tion versus standard-dose FBP, with improved SNR and CNR.

However, subjective image-quality reviewers preferred the FBP

images for noise in the older-than-13-year group, and image

sharpness in the 7- to 12-year and older-than-13-year groups.19

Kim et al, 2017,20 reported that the use of hybrid IR ASIR-V (GE

Healthcare) allowed a 12.8%–34% dose reduction and lower

noise and higher CNR in both supratentorial and posterior fossa

structures in patients younger than 3 years of age and 3–15 years

of age, with improved image sharpness on qualitative review. Ono

et al, 2016,21 reported 78 children 5 years of age and younger

undergoing emergent noncontrast head CT reconstructed with

FBP and 2 strengths of hybrid sinogram-affirmed iterative recon-

struction. SNR and CNR were highest in the IR groups, as were

subjective image-quality scores for gray-white matter differentia-

tion and artifacts from the skull.

Relatively few studies have assessed IMR in pediatric head CT

examinations. To our knowledge, no prior study has compared

pediatric head CT examinations reconstructed using IMR and

FBP. Notohamiprodjo et al, 2015,22 reported improved subjective

image quality, decreased artifacts, and significantly improved

SNR and CNR in head CT examinations

reconstructed with MBIR compared

with hybrid IR (ASIR) and proposed the

potential of further reduction of the ra-

diation dose with MBIR. den Harder et

al, 2015,23 reviewed hybrid and model-

based IR in pediatric CT examinations

and demonstrated improved noise re-

duction with MBIR and described vari-

ations of image textures depending on

IR strength and reconstruction ker-

nels.23 Smith et al, 2014,24 compared re-

duced-dose MBIR and hybrid IR 30%

ASIR in pediatric body CT and reported

decreased noise and improved spatial

resolution with MBIR, but noted an al-

tered texture and decreased sharpness of

trabecular bone with MBIR. Cheng et al,

2018,25 examined the image quality of

head and neck CTA in pediatric patients

scanned at a lowered radiation dose (80

kV) using decreased IV contrast volume

and IMR image reconstruction and

FIG 1. A, A 5-year-old girl bitten by a dog with scalp lacerations. Unenhanced head CT 3-mm axial
image obtained using standard-dose protocol with FBP reconstruction. ROIs were placed on the
thalamus and frontal white matter: thalamus, 32.3 � 4.1 HU; SNR, 7.9; white matter, 26.8 � 3.9 HU;
SNR, 6.9; CNR, 1.4; CTDIvol, 28.7 mGy. B, A 5-year-old boy who hit his head on concrete. Unen-
hanced head CT 3-mm axial image obtained using a low-dose age-based protocol with IMR
reconstruction. ROIs were placed on the thalamus and frontal white matter: thalamus, 31� 1.5 HU;
SNR, 20.7; white matter, 25 � 1.5 HU; SNR, 16.7; CNR, 4.1; CTDIvol, 22.8 mGy. SNR and CNR improved
2-fold with IMR, with a 21% decrease in CTDIvol.

Table 3: Mean subjective image-quality scores (SD) and average combined scores with frequency of image-quality scores given for FBP
and IMR imagesa

Combined DR1 DR2 DR1 (Frequency) DR2 (Frequency) r ICC
FBP 2.3 (0.6) 1.9 (0.8) 2.8 (0.6) 6/11/2/1/0 0/6/13/4/0 0.43 0.399
IMR 3.6 (0.6) 3.6 (0.8) 3.7 (0.6) 0/1/10/6/3 0/1/4/15/0 0.37 0.345
P value �.001 �.001 �.001

Note:—ICC indicates intraclass correlation coefficient; DR1, radiologist 1; DR2, radiologist 2.
a Combined scores are in column 2. Scores are 1 (poor) to 5 (excellent).
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found improved mean SNR and CNR, improved CT attenuation

values of the arteries, and less noise compared with patients im-

aged at a higher 100 kV with images reconstructed with FBP.

Improved vessel attenuation, CNR, and reduced noise with IMR

lend themselves to improved spatial resolution and 3D volume-

rendered models.

One common problem with model-based IR is altered image

texture, which has been described as “waxy” or “glossy.” To min-

imize this effect, our neuroradiologists rely on the 1-mm image

set for primary diagnostic interpretation. The use of thinner im-

age sets lessens the undesirable overly smooth image texture of the

thicker images reconstructed using IMR, with relative maintained

SNR, CNR, and acceptable noise (Fig 2).

A limitation of our study is that it was

a retrospective review of patients, and

we were unable to randomize patients

and scanners. Our results demonstrated

an average dose reduction of 22% with

the use of IMR, which agrees with find-

ings of other studies using hybrid IR.

However, the concept of dose reduction

is relative depending on reference proto-

cols. Individual institutional results will

vary depending on current protocols

used, availability and type of IR used,

physician noise tolerance, and image-

texture preferences.

There is an inherent limitation in as-

sessing reconstruction times because the

studies were performed on different

scanners, and machine differences in

hardware, processor clock speeds, and

RAM could impact our observed recon-

struction times.

Qualitative image-quality analysis

may have been limited by the size of the

random subsets evaluated. Lack of intra-

class correlation coefficient agreement

between our 2 reviewers may have been

the result of how they were prepared to

score image quality. Reviewers were only

given a brief written and verbal guide-

line on how to rate the studies, but there

was no hands-on prestudy training us-

ing case examples and no discussion on

how to rate each parameter before con-

ducting individual blinded reviews.
Physician confidence and image-noise

tolerance can be affected by experience,

which we hoped to minimize by select-

ing radiologist reviewers, both with �16

years’ experience. Both reviewers indi-

vidually scored the IMR images as supe-

rior to those reconstructed with FBP;

however, 1 reviewer consistently scored

comparable studies 1 full grade below

that given by the second reviewer, also

contributing to lack of an intraclass correlation coefficient. We
used a 5-point rather that 4-point scale to score image quality,
which added potential variability of possible scores. In addition,
given the altered image texture of the IMR images, the reviewers

could conceivably learn which reconstruction algorithm was

used, possibly introducing bias.
Reported IMR subjective image-quality scores may have been

underestimated because we used the 3-mm FBP and 3-mm IMR
images for review and grading, which likely affected subjective

image-quality scores, because our neuroradiology physicians rou-

tinely use the thin 1-mm IMR images for clinical interpretation.

Liu et al, 2017,26 demonstrated that thin-slice 1-mm IMR images

yielded the lowest noise, posterior fossa artifacts, and best CNR in

FIG 2. A 6-month-old female infant who fell from a couch. Axial noncontrast head CT using
standard protocol and FBP reconstructed at 1-mm (top left) and 3-mm (top right) slice thickness.
A, Thalamus, 29 � 7.5 HU; SNR, 3.9; WM, 26 � 7.5 HU; SNR, 3.5; CNR, 0.4; CTDIvol, 25.5 mGy. B,
Thalamus, 29 � 3.9 HU; SNR, 7.4; WM, 24 � 4.0 HU; SNR, 6.0; CNR, 1.3; CTDIvol, 25.5 mGy. The 1-mm
FBP image has noticeably increased noise and a 69% decrease in CNR compared with the 3-mm
FBP image, which lessens the diagnostic quality. A 6-month-old female infant with altered loss of
consciousness and “not acting normally.” Axial noncontrast images using low-dose protocol and
IMR reconstructed at 1-mm (bottom left) and 3-mm (bottom right) slice thickness. C, Thalamus,
29 � 2.7 HU; SNR, 10.7; WM, 25 � 2.2 HU; SNR, 11.4; CNR, 1.6; CTDIvol, 21.8 mGy. D, Thalamus, 29 �
1.8 HU; SNR, 16.1; WM, 25 � 1.9 HU; SNR, 13.1; CNR, 2.2; CTDIvol, 21.8 mGy. The 1-mm IMR image has
increased-but-acceptable noise, less than that in the 3-mm standard FBP image, and only a 27%
decrease in CNR compared with the 3-mm IMR image. The 1-mm IMR has a more acceptable image
texture and appears less waxy compared with the 3-mm IMR image.
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unenhanced brain CT examinations, compared with 3-mm hy-

brid IR and 5-mm FBP reconstruction, and they had better sen-

sitivity in the detection of small lacunar lesions. We did not ex-

amine posterior fossa image quality, which should be different

from that in supratentorial measurements due to increased pos-

terior fossa noise.

CONCLUSIONS
Study reconstruction times of urgent head CT examinations using

IMR were statistically longer than those using FBP by 46% (P �

.001), but without a practical effect on work flow. We demon-

strated a relative dose reduction of 12%–27% using optimized

low-dose head CT protocols with IMR, with the greatest dose

savings seen in the youngest patient groups, with a 2-fold im-

provement of SNR and CNR and statistically improved subjective

image quality. Results suggest that further potential dose savings

with maintained image quality are possible with IMR.
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