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Radiation Dose and Image Quality in Pediatric Neck CT

S.V. Tipnis, W . Rieter, “*'D. Patel, "S.T. Stalcup, ““M.G. Matheus, and ““M.V. Spampinato

ABSTRACT

BACKGROUND AND PURPOSE: Optimization of pediatric neck CT protocols is of critical importance in order to maintain good diag-
nostic image quality while reducing the radiation burden. Our aim was to evaluate the image quality of pediatric neck CT studies before
and after the implementation of a low radiation dose protocol.

MATERIALS AND METHODS: We retrospectively reviewed 179 pediatric neck CT studies, 75 before and 104 after the implementation of
low-dose protocols, performed in children 016 years of age. The 2 cohorts were divided into 3 age groups, 0—4, 5-9, and 1016 years. The
signal-to-noise ratio was calculated using the axial image through the true vocal folds. Three neuroradiologists assessed the image quality
of the same CT scan using a 5-point scoring system. We compared the CT dose index volume, dose-length product, image-quality ratings,
and SNR of studies conducted at baseline and with low-dose protocols.

RESULTS: Image-quality ratings were lower in the low-dose than in the baseline cohort in children 10-16 years of age, but not in children
0-4 and 5-9 years of age. The SNR was lower in the low-dose cohort than in the baseline cohort in children 0—4 and 10-16 years of age,
but not in children 5-9 years of age. Despite the decrease inimage-quality scores in older children, 97% of the studies (73/75) in the baseline
cohort and 96% of studies (100/104) in the low-dose cohort were considered of sufficient image quality.

CONCLUSIONS: Images acquired with the low-dose CT protocols were deemed to be of sufficient quality for making a clinical diagnosis.
Our initial results suggest that there may be an opportunity for further radiation dose reduction without compromising diagnostic image

quality using iterative reconstruction algorithms.

ABBREVIATIONS: CTDI,, = CT dose index volume; DLP = dose-length product

vol —

P ediatric CT volume has rapidly increased in the United States
since the introduction of helical and multidetector CT, which
allow fast image acquisition and a decreased need for moderate
sedation.'® Because of the smaller size of the patients and higher
radiation sensitivity, pediatric CT poses some unique challenges
in terms of achieving diagnostic-quality images with the least pos-

sible radiation burden to the patients.**"'*> Optimization of a pe-
diatric neck CT protocol is of utmost importance because in this

study, the thyroid gland, one of the most radiosensitive organs, is
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directly exposed to the x-ray beam.'*"'® Thus, it is critical that the
examination be clinically indicated, with a high benefit-to-risk
ratio. All CT examinations should be optimized to yield diagnos-
tic images at the lowest possible radiation dose, following the
principle of as low as reasonably achievable (ALARA).

We conducted a departmental quality-improvement project
to optimize pediatric neck CT protocols. The goal of this study
was to minimize the radiation exposure to patients while main-
taining the required diagnostic image quality. This was done by
reviewing and scoring baseline scans acquired with unoptimized
CT protocols; applying appropriate dose-reduction criteria in-
cluding age-stratification to optimize the image acquisition; and
finally reviewing and scoring the images in the follow-up cohort
to confirm their diagnostic value.

MATERIALS AND METHODS

This study was approved by the institutional review board with a
waiver of informed consent. The patient population included a
baseline cohort and a follow-up cohort that underwent neck
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Table 1: Total number of patients and distribution of patient age
and sex in the 3 age groups of the study

Group 04 yr 5-9 yr 10-16 yr 0-16 yr

Baseline cohort

3 10 n 20 4]

Q 7 7 20 34

Total (No.) 17 18 40 75
Follow-up cohort

3 17 17 21 55

Q 8 9 32 49

Total (No)) 25 26 53 104

FIG1. Representative CT image of a 6-year-old boy at the level of the
vocal cords for assessment of the signal-to-noise ratio. Background
noise was estimated as the average SD in Hounsfield units of 2 ROls
drawn over the air anterior to the patient (large circles). Signal was
estimated as the average attenuation in Hounsfield units of 2 ROIls
drawn over the paraspinal musculature (small circles).

CT examinations before and after the implementation of opti-
mized, age-specific, pediatric neck CT protocols at our
institution.

Patient Population
Both the baseline and the follow-up cohorts in the study were
identified by searching the PACS. Because of the differences in the
body habitus of the patient population between 0 and 16 years of
age, we thought it necessary to divide each cohort into 3 age
groups to make a proper comparison. Accordingly, the study
compared the examinations between the 2 cohorts in 3 distinct
subgroups of 0—4, 5-9, and 10-16 years of age. We used the
age-classification scheme for pediatric CT protocols proposed
by Paolicchi et al."® We changed the age range for the older age
group from 10—14 years to 10-16 years because at our institu-
tion, we use pediatric neck CT protocols in patients 16 years of
age or younger.

For the baseline cohort, we retrospectively reviewed all neck
CT examinations acquired at our institution in patients 16 years
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Table 2: Interpretation of the subjective image-quality scores for
the individual, prelabeled CT image slices at the level of the
vocal cords

Score Comment

1 Image quality very poor (significant noise and/or
artifacts, study uninterpretable)

2 Image quality poor (noise and/or artifacts, can only
answer broad clinical questions)

3 Image quality adequate (some noise and/or artifacts,
but study interpretable)

4 Above-average image quality (minimal noise and/or
artifacts)

5 Excellent image quality (imperceptible noise and free
of artifacts)

of age or younger between May 2013 and April 2014. Scans ac-
quired as part of radiation planning, studies for which the radia-
tion dose summary sheet was not available on the PACS, those
conducted without the use of automatic tube current modulation,
and those with significant artifacts due to motion or hardware
were excluded from the study. Thus, a total of 75 pediatric neck
CT examinations were included in the baseline cohort. For the
follow-up cohort, we retrospectively reviewed all neck CT exam-
inations acquired at our institution in patients 16 years of age or
younger between February 2016 and January 2017 using the mod-
ified, reduced-dose, and age-specific acquisition protocols. With
the same exclusion criteria used for the baseline cohort, we se-
lected a total of 104 pediatric neck CT examinations for the fol-
low-up cohort. Table 1 shows the distribution of patients in the 2
cohorts and the 3 age groups.

Image Acquisition

All neck CT examinations were helical acquisitions from the fore-
head to the thoracic inlet and were acquired with tube current
modulation on multidetector CT scanners (Somatom Sensation
64, Somatom Definition 64, or Somatom Definition Flash; Sie-
mens, Erlangen, Germany). The scans were obtained using the
manufacturer-provided automatic tube current modulation al-
gorithms (CARE Dose4D; Siemens), with a pitch of 0.8—1.2 de-
pending on the scanner, and using a display FOV ranging from 13
to 25 cm. Scans were obtained following administration of a non-
ionic iodinated contrast agent (2 mL/kg of body weight) and fol-
lowing a 90-second delay from the start of the contrast injection.
Demographic data (age and sex) were obtained for each patient.
Acquisition parameters, including the kilovolt, milliampere-sec-
onds, and CT dose index volume (CTDI, ) (corresponding to a
32-cm acrylic dosimetry phantom) were obtained from dose-re-
port sheets imported into the PACS. Note that the vendor soft-
ware uses the 32-cm phantom for all head and neck scans by
default while using the 16-cm phantom for the head scans. We
believe that the inclusion of the shoulder region in the scans is the
primary reason for using the 32-cm phantom for the head and
neck scans, as opposed to the 16-cm phantom (which is used in
the head scans alone).

Subjective and quantitative image-quality assessment (de-
scribed in detail the following 2 sections) was conducted by 3
board-certified neuroradiologists for the baseline cohort. Most
studies (97%) in the baseline cohort were deemed of diagnostic
quality by the reviewers. On the basis of these data, we adjusted



Table 3: Median values of the scan parameters, signal-to-noise ratio, image-quality scores, estimated effective dose, and the
percentage difference for the 2 cohorts

0-4yr 5-9yr 10-16 yr
Parameter 1 Il % Diff | ] % Diff | Il % Diff
Tube current (mAs) 150 128 —15 182 162 l 266 165 —38
CTDl,, (mGy) 7.4 44 —41 8.6 5.5 —36 20 7 —67
Scan length (cm) 17.6 17.8 1 203 21 5 26 27 1
DLP (mGy-cm) 125 77 —38 175 132 —24 522 240 —54
ED (mSv) 21 12 —40 22 17 =21 97 4.4 =55
SNR 16.4 13.4 —18 13.4 16.3 22 20.2 16.2 -20
Q 3.67 4.00 9 4.00 4.00 0 433 4.00 -8

Note:—IQ indicates image quality; ED, effective dose; Diff, difference; I, baseline; II, follow-up.
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FIG 2. Comparison of the median values of tube current (milliampere-seconds) (A), radiation
output of scanner (CTDI, ) (B), and scan length between the 2 cohorts (C). Also shown are P values

from an unpaired t test.

the target CTDI,, to lower values for the follow-up cohort. Ac-

cordingly, the target CTDI,, values for the follow-up cohort were
set at 6, 8, and 15 mGy for the 0—4, 5-9, and 10-16 age groups,

respectively, by adjusting the reference
milliampere-seconds for the examination
protocols. These values corresponded to
the first-quartile CTDI,, for each age
group from the baseline cohort. Our ratio-
nale for this choice was that the first quar-
tile (25th percentile) of the CTDI,,, repre-
sents a reasonable compromise between
radiation dose and diagnostic quality.

Subjective Assessment of Image

Quality

From each neck CT examination, 1 im-
age at the level of the true vocal cords
was selected for evaluation (Fig 1).
Three board-certified neuroradiology
attending physicians subjectively as-
sessed the image quality of each selected
image. For the follow-up cohort, the
same 3 board-certified neuroradiolo-
gists assessed the image quality of each
selected image. Readers were shown the
complete image set on a standard read-
ing room workstation in a randomized
manner and were blinded to patient de-
mographics, study indications, and pro-
tocol parameters during the rating pro-
cess. Readers were allowed to change
window and level settings as in routine
image interpretation and were in-
structed to assign an integer score rang-
ing from 1 to 5 using the rating system
depicted in Table 2. Scores were based
on diagnostic-quality parameters such
as image noise, intrinsic artifacts, and
contrast among tissues. Scores of =3
were considered of sufficient quality for
clinical diagnosis. Subjective image-
quality interrater agreement among the
3 readers was assessed with the intraclass
correlation coefficient using the Statisti-
cal Package for the Social Sciences soft-
ware (Version 22; IBM, Armonk, New
York). The intraclass correlation coeffi-

cient was interpreted as follows: 0—0.2, poor agreement; 0.3—0.4,
fair agreement; 0.5-0.6, moderate agreement; 0.7-0.8, strong

agreement; and >0.8, almost perfect agreement.
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Subjective image-quality interrater agree-
ment was assessed for the baseline co-
hort as well as for the follow-up co-
hort. There was strong agreement
among the 3 neuroradiology attending
physicians for the baseline cohort (in-

%/ traclass correlation coefficient =
0.769; 95% confidence interval, 0.676—
0.839; P < .001) and for the follow-up
cohort (intraclass correlation coeffi-
cient = 0.695; 95% confidence interval,
0.567—0.790; P < .001). Scores of all the
readers were averaged for each CT image
in the baseline cohort and the follow-up
cohort.

Table 3 shows the median values
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FIG 2. Continued.

Quantitative Assessment of Image Quality

For each patient in the study group, a quantitative assessment
of image quality was performed by measuring the image back-
ground noise (BN) and calculating the signal-to-noise ratio.
The BN was defined as the average SD in Hounsfield units of 2
ROIs measuring ~1.0 cm® drawn over the air anterior to the
patient (Fig 1) on the neck CT image obtained at the level of the
true vocal cord.'”'® Image signal (M) was defined as the
average attenuation of 2 ROIs measuring ~0.5 cm* drawn over
the paraspinal musculature. The SNR was then calculated as

SNR = M,,, / BN.

We believe that the SNR is a more reproducible metric than
the contrast-to-noise ratio in pediatric neck CT due to alack of
consistency across subjects with respect to pathology, fat con-
tent, and the degree of contrast opacification in the internal
jugular vein.

Effective Dose

Finally, to estimate the effective dose for the patient cohort, we
used the data published by Deak et al'” in the following man-
ner: This publication lists the age-specific “k” conversion fac-
tors for neck CT examinations for neonates; 1, 5, 10 years of
age; and adults. The authors used mathematically defined
phantoms with the most recent International Commission on
Radiological Protection Publication 103 tissue-weighting fac-
tors and Monte Carlo simulations to estimate organ and effec-
tive doses from multislice CT examinations. We used a poly-
nomial fit and interpolated these data to estimate the
appropriate k value for the median age for each of our groups
because the article has conversion factors specified only for
neonates; children 1, 5, and 10 years of age; and adults. Note
that we did not use the factors to estimate doses for individual
patients, but only for a “median” patient of each age group/
cohort in the study.
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40516 length, dose-length product (DLP), ef-
fective dose, SNR, and image quality by
age groups for the baseline and fol-
low-up patient cohorts. Also shown is
the percentage difference among the val-

ues of these parameters between the 2 cohorts. For convenience,
these values are also depicted graphically in Figs 2—4, with P values
from an unpaired t test to examine the significance of the differ-
ence between the 2 cohorts. Error bars in the figures represent 1
SD. Ninety-seven percent of the studies (73/75) in the baseline
cohort and 96% (100/104) in the follow-up cohort were consid-
ered of sufficient image quality.

Tube current, CTDI,,
the follow-up cohort than in the baseline cohort in children
0—4and 10—16 years of age, but not in children 5-9 years of age
(Figs 2 and 3). Scan length did not differ between the baseline
and follow-up cohorts in any age group (Fig 2). The SNR was

and DLP were significantly lower in

lower in the low-dose than in the baseline cohort in children
0—4and 10-16 years of age, but not in children 5-9 years of age
(Fig 4). Image-quality ratings for all 3 age groups did not show
major differences; they were lower in the follow-up cohort
than in the baseline cohort in children 10-16 years of age,
slightly higher in children 0—4 years of age, and with no sig-
nificant difference for those 5-9 years of age (Fig 4). Despite
the decrease in image-quality scores in older children, in the
follow-up patient cohort, 96% of the studies were considered
of sufficient image quality (average image quality, =3). Com-
parison of the effective doses before and after the implemen-
tation of low-dose protocols demonstrates 40%, 21%, and 55%
reduction respectively in children 0—4, 5-9, and 10—16 years of
age (Fig 3).

DISCUSSION

In this study, we used the information obtained from the baseline
cohort to implement age-specific pediatric neck CT protocols
standardized across all scanners and facilities at our institution.
Because most studies in the baseline sample were deemed of di-
agnostic quality by the reviewers, we decided to implement lower
dose protocols using the first quartile CTDI, , for each age group
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to 522 mGy-cm (a factor of ~3) between
the 5-9 and the 10-16 age groups. One
reason could be that the patients in the
0-4 and the 5-9 age groups were
scanned at 80 or 100 kV, while the 10- to
16-year groups were scanned at 120
kv.?!

For the follow-up cohort, the DLP
changed from 77 to 132 mGy-cm (a fac-
tor of ~1.7) between the 0—4 and 5-9
age groups. However, the DLP rose from

132 to 240 mGy-cm (a factor of ~1.8)
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FIG 3. Comparison of the median values of the dose-length product (A) and estimated effective
dose (B) between the 2 cohorts. Also shown are the P values from an unpaired t test.

as a reference. Our rationale for this choice was that the first quar-
tile (25th percentile) of the CTDI, , for each age group represents
a reasonable compromise between the radiation dose and diag-
nostic quality for pediatric neck CT.

Data in Table 3 indicate that the median values of the tube
current and CTDI,, increased from the youngest to the oldest
age groups. This increase is to be expected and is a reflection of
the use of automatic tube current modulation, which increases
the radiation output to compensate for the increased patient
size.'®?° For the baseline cohort, the median tube current var-
ied by a factor of ~1.8 (150-266 mAs), while the CTDI,,
increased by a factor of ~3 (7-20 mGy) from the youngest to
the oldest age group. For the follow-up cohort, these parame-
ters varied by a factor of ~1.3 (128—-165 mAs) and 1.6 (4.4-7
mGy), respectively.

10-16 between the 5-9 and the 10-16 age
groups. This finding is in contrast to the
increase in DLP by a factor of 3 in the
baseline cohort. We believe this differ-
ence to be the result of better coaching
and re-education of the technologists, resulting in many of the
scans (~35%) in this cohort being obtained at 100 kV.

Figure 4 shows that the median SNR and the image-quality
scores were approximately the same (within 1 SD) across all age
groups. The SNR not changing much is to be expected because
larger patients were automatically scanned with higher kilovolt
and/or tube currents to compensate for their size. Despite slight
differences in the image-quality scores between the baseline and
the follow-up cohorts for all 3 age groups, the median scores were
well above 3 (making the scans diagnostically acceptable).

The estimated effective dose was reduced by 40%, 21%, and 55%
for the follow-up protocol compared with the baseline (Table 3). The
estimated effective doses did not change much between the 2 young-
est age groups (2.1-2.2 mSv for baseline and 1.2-1.7 mSv for the
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ent between even identical scanners.
With the use of newer, iterative recon-
struction algorithms, it may be possible
to reduce the radiation dose even fur-
ther. Last, the effective doses listed in
this study are fairly broad estimates, and
individual patient doses could easily
vary by up to a factor of =2 depending

on the body habitus. Thus, caution must

be used in interpreting these results.
However, we believe that this is a fair
way of estimating effective doses from

clinical scans for a “standard” patient, to
design appropriate CT protocols.

CONCLUSIONS

The main inference to be drawn from
this study is that even in a large clinical
practice, with a well-reasoned choice of
target CTDI,,, and using techniques
such as automatic tube current modula-
tion, it is possible to optimize the
amount of radiation used for perform-
ing CT examinations without compro-
mising on the diagnostic image quality.
While this is important for patients of all
age groups, it is of particular importance
for pediatric patients due to their in-

creased radiation risk.
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FIG 4. Comparison of the median values of the signal-to-noise ratio (A) and image-quality score
(B) between the 2 cohorts. Also shown are the P values from an unpaired t test.

follow-up). However, the effective dose increased quite substantially
when one looks at the oldest age groups. For the baseline cohort, the
effective dose increased by a factor of ~5 (2.1-9.7 mSv) from the
youngest to the oldest group. For the follow-up cohort, there was a
similar increase by a factor of ~4 (1.2-4.4 mSv). We did not use the
k conversion factors to estimate the effective dose for individual pa-
tients.”” Rather, as explained before, we used only the median value
of the DLP and age for each subgroup for the estimation of the effec-
tive dose. While this makes the estimate somewhat broad, we believe
it is still a good way of comparing the radiation risks between the 2
cohorts.

This study has certain limitations. First, all examinations were
conducted on 64- and 128-slice Siemens scanners. Thus, the re-
sults may not necessarily be readily transferable to examinations
conducted on scanners by other manufacturers. Second, all image
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