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Abstract

Objective: We calculate body size-specific organ and effective doses for a total of 23,734
participants in the National Lung Screening Trial (NLST) using a CT dose calculator.

Methods: We collected participant-specific technical parameters from 23,734 CT participants

in the clinical trial. For each participant, we calculated two sets of organ dose using two

methods. First, we computed body size-specific organ and effective doses using the National
Cancer Institute dosimetry system for CT (NCICT), which is based on dose coefficients derived
from a library of body size-dependent adult male and female computational phantoms. We then
recalculated organ and effective doses using dose coefficients from reference size phantoms for all
examinations to investigate potential errors caused by the lack of body size consideration in dose
calculation.

Results: The underweight participants (BMI < 18.5) received 1.3-fold greater lung dose (4.93
mGy) than the obese participants (BMI > 30) (3.90 mGy). Thyroid doses were about 1.3 — 1.6-fold
greater than the lung doses (6.3 — 6.5 mGy). The reference phantom-based dose calculation
underestimates the body size-specific lung dose by up to 50% for the underweight participants

and overestimates that value by up to 200% for the overweight participants. The median effective
dose ranges from 2.01 mSv (obese participants BMI>30) to 2.8 mSv (underweight participants
BMI<18.5).
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Conclusion: Body size-specific organ and effective doses were computed for 23,734 NLST
participants undergoing low-dose CT screening. Use of reference-size phantoms can lead to
significant errors in organ dose when body size is not considered in the dose assessment.
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1 Introduction

The National Lung Screening Trial (NLST) was a multi-center randomized, controlled trial
comparing helical computerized tomography (CT) to a posteroanterior chest radiographic
(CXR) examination in screening of older, current, and former heavy smokers for early
detection of lung cancer. Enrollment began in September 2002 and ended in April 2004
when 53,454 participants had been randomized at 33 screening centers and screened by
either CT or CXR in equal proportions. The NLST was a collaborative effort of the National
Cancer Institute (NCI)’s Division of Cancer Prevention which funds and administers the
NLST/Lung Screening Study (LSS), and the American College of Radiology Imaging
Network (ACRIN), which administers the NLST/ACRIN. The primary endpoint of the
NLST is lung cancer mortality. Participants agreed to a baseline imaging procedure for lung
cancer screening plus two annual follow-ups. The participants ranged in age from 55 to 74
years at the date of entry to the study. Participants had to have had a significant smoking
history, 30 or more pack-years of cigarette smoking (former smokers must have quit within
the previous 15 years). The NLST enrolled 26,722 participants in the low-dose CT screening
arm and 26,732 participants in the chest radiographic screening arm of the trial. During the
trial, 26,722 participants in the CT screening arm underwent as many as three low-dose CT
examinations. Trial results demonstrated that CT screening reduced cancer mortality by 20%
in high-risk participants when compared to chest radiography (1). Exam data were obtained
from CT examinations performed using all the NLST site CT imaging systems.

Cody et al. (2) reported normalized CT Dose Index (CTDI) of the CT scanners used in

the NLST. They collected a total of 247 measurements on 96 multi-detector CT scanners
and found that average normalized CTDI values varied by a factor of almost two across

all scanners when the NLST lung screening exam acquisition parameters were used. Larke
et al. (3) estimated organ and effective doses for the NLST participants by usinga CT
dose calculator, CT-Expo (4), and the CTDI,,y data reported by the NLST screening center
physicist. However, they noted that the calculation of organ and effective doses is for
average-size participants and the size of individual participants was not taken into account.

The current study was intended to calculate absorbed doses to major organs within the chest
region for NLST CT participants. These calculations utilized CT scan parameters as well

as the height and weight of participants coupled with a CT dose calculator based on body
size-dependent computational human phantoms. We compared the body size-specific organ
dose with the data based on ICRP-compliant reference computational phantoms (hominally
50th percentile height and weight).

AJR Am J Roentgenol. Author manuscript; available in PMC 2024 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leeetal. Page 3

2 Materials and Methods

2.1. Patient cohort

In the current study, we collected a total of 48,849 participant CT examinations from the
LSS arm and simulated only participant CT examinations where key technical parameters
required for dose calculations were all available: the age, gender, height, and weight of the
participants, scanner model, kVp, mAs, and pitch. A total of 23,734 participants (14,327
males and 9,407 females), whose height (mean: 173 cm, range: 147 — 193 cm) and weight
(mean: 83 kg, range: 39 — 144 kg) are available, were included in the current study.

2.2. Scanner technical parameters

During the NLST screening period of 2002-2007, CT dose data from 97 Multi-Detector

CT (MDCT) scanners at NLST screening sites nationwide were collected annually. As
summarized in Table 1, four major CT vendors (i.e., GE Healthcare, Philips Healthcare,
Siemens Healthcare, and Toshiba Medical Systems) and various scanner models from each
vendor were represented in the trial. Two physicist quality assurance groups provided
oversight for and monitored the NLST/LSS and the NLST/ACRIN administrative arms of
the study. In consultation with NLST radiologists, they established a common set of protocol
specifications and parameter ranges that were considered suitable for producing acceptable
images from CT examinations.

We abstracted a list of technical parameters from Digital Imaging and Communication in
Medicine (DICOM) image headers including scan length (cm), scanner model, tube current-
time product (mAs), tube potential (kVp), and pitch. We also abstracted participant-specific
parameters such as gender, height (cm), and weight (kg). Tube current modulation was in
general not utilized during the NLST; instead the majority of participants were scanned with
a manual technique (5).

2.3. CT dosimetry methods

We adopted the National Cancer Institute dosimetry system for CT (NCICT) program (6)
for organ dose calculations. NCICT is based on a comprehensive library of pre-computed
dose coefficients for a series of computational human phantoms (7) coupled with Monte
Carlo radiation transport techniques. The dose coefficients (MGy/mGy), which is organ
absorbed dose (mGy) normalized to the CTDlI, o (MGy) of the reference scanner, were
calculated for different phantom sizes, scan locations and CT x-ray spectra. When multiplied
by the reported CTDI,q (MGy) for each CT scanner of interest, the result is the absolute
organ doses (mGy). The detailed algorithms used in the organ dose calculations are found
in Lee et al. (6) To conduct the body size-specific organ dose calculations in the current
study, the original dose coefficients derived from a series of reference size computational
phantoms were extended to the comprehensive set of body size-dependent computational
human phantoms as reported by Geyer et al. (7). CTDI, was derived from normalized
CTDI,, values (3), as tabulated in Table 1, and abstracted values of both pitch and mAs.
Table 1 also shows the list of scanners and the number of participants imaged by each
scanner make and model.
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Figure 1 shows the distribution of the height and weight of participants involved in

our study. The coverage of the height and weight of the body size-dependent phantoms
available in NCICT is color-coded for four different Body Mass Index (BMI) groups defined
by World Health Organizationl: underweight (BMI < 18.5), normal (BMI 18.5 — 25),
overweight (BMI 25 — 30), and obese (BMI > 30). The phantoms in NCICT covered about
71% and 53% of the male and female participants, respectively. Most of the female outliers
are taller than the phantom coverage and the male outliers are shorter than the phantoms.
However, the weight of the participants is relatively well covered by the phantom library. We
forced the height and weight of the participants to match those of the phantoms if the body
size of the participants was outside the phantom coverage. For example, we used the adult
female phantom with the height and weight of 175 cm and 85 kg for the participant with

the height and weight of 195 cm and 85 kg. Figure 2 illustrates the frontal views of selected
computational human phantoms in different weights at the same heights: 165 cm and 175
cm, best representing the reference heights of adult female and male, respectively. The
phantoms were selected based on the median weights of the male and female participants in
the four BMI groups (<18.5, 18.5-25, 25-30, and >30).

Scan length was only available for a subset of the cohort. We derived the following
regression equation from the relationship between scan length and participant height:

Scan Length (cm) = 0.117 x H + 11.546

where H is the height of a given participant in cm. Because the location of scan start and
end was not available, we mapped the scan start location of participants to the level of the
clavicles of the computational phantoms. The scan start was then at 29 cm and 28 cm for
male and female participants, respectively, from the top of the head. We then added the
overrange length (cm) to the scan start and end based on the measured values from Molen
et al. (8): 3.3 cm for General Electric (GE), 4.4 cm for Phillips, 5.4 cm for Siemens, and 6.4
cm for Toshiba at the pitch of 1.5, which was the mean value of pitch found in the study.

Using the methods explained above, we calculated absorbed doses to major organs within
the chest region, for which the tissue weighting factor of the ICRP Publication 103 is
assigned, for NLST CT participants. We also calculated absorbed dose to the brain, lens,

and salivary glands. We compared the body size-specific dose to the major organs with the
data based on ICRP-compliant reference computational phantoms (nominally 50th percentile
height and weight).

3 Results

3.1. CT scan parameters

Table 2 summarizes major technical parameters obtained from the 23,734 participants. The
NLST specification is also included for comparison. We found all parameters are within
the range of the NLST specification. We found that 65% of all participants were scanned
by CT scanners with 4 channels while 35% were scanned by CT scanners with 16-channel

1Body Mass Index classification by World Health Organization (http://apps.who.int/bmi/index.jsp?introPage=intro_3.html)
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scanners. A tube voltage of 120 kVp was used for 94% of participants although the NLST
specified a range of kVp, 120 — 140. Mean pitch is 1.5 with the range between 0.75 and 2.
Effective mAs ranged from 16 to 79 with the average of 37. Total scan time varied from 6
to 37 seconds but the mean was 19 seconds which is less than the 25 seconds in the NLST
specifications.

Body size-specific organ dose

The results of CTDI,,q and body size-specific organ doses for a single CT screening are
tabulated in Table 3 by BMI group. About 71% of the participants were overweight (43%)
or obese (29%). We found that smaller CTDI, was used for the underweight participant
group compared to the obese group. The CTDI,, (3.02 mGy) for the underweight group
(BMI < 18.5) was 79% of the CTDlI,, (3.81 mGy) for the obese participant group. The
mean CTDI,,q for the whole participant cohort was 3.6 mGy (median 3.4 mGy, 1.26 — 8.45).

Underweight participants tended to have received greater organ doses as compared to those
for overweight participants. The underweight participant group (BMI < 18.5) received
roughly a 1.3-fold greater lung dose (4.93 mGy) than the obese participant group (BMI

> 30) (3.90 mGy). The esophagus and thymus of the underweight participant group also
received about a 1.3-fold greater dose than the overweight participant group. The brain

and lens received less than 2% of the lung dose. The thyroid received approximately 1.3 —
1.6-fold greater dose than for the lungs, which was in the range of 6.3 to 6.5 mGy. The red
bone marrow received 30 — 35% of the lung dose, which was in the range 1.25 — 1.79 mGy.

3.3. Comparison with reference size-based organ dose

Organ doses calculated from fixed size computational phantoms are also tabulated following
the body size-specific organ doses in Table 3. Opposite to the trend in body size-specific
organ dose mentioned above, the underweight participant group based on reference size
phantoms tended to show smaller doses than the overweight participant group. The lung
dose (4.28 mGy) in the group of BMI < 18.5 was 85% of the lung dose (5.03 mGy)

in the group of BMI > 30. It was observed that organ dose based on body size-specific
computational phantoms can be underestimated for the underweight participants and
overestimated for the overweight participants when participant body size is not incorporated
in the dose calculation.

To further investigate the potential dosimetric errors in using reference size phantoms for
different size participants, we plotted the ratio of reference phantom-based lung dose to
body size-specific lung dose in Figure 3. It is clear that the reference phantom-based

dose calculation underestimates the body size-specific lung dose by up to 50% for the
underweight participant group and overestimates by up to 200% for the overweight
participant group. For normal weight patients, however, the reference size phantoms do
not under- or over-estimate the body size-specific lung doses because the ratio is close to 1
in the normal BMI participant group.

Median values of body size-specific effective doses are tabulated in Table 3, with the results
based on reference size phantoms shown in the lower portion of the table. As for the
underweight participant group (BMI1<18.5), the median effective dose (2.29 mSv) based on
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the reference phantom is 80% of the value given for body size-specific phantoms (2.8 mSv).
For the obese participant group (BMI>30), the median effective dose (2.71 mSv) based

on the reference size phantoms was 1.3-fold greater than the its value based on the body
size-specific phantoms (2.1 mSv).

4 Discussion

We compared our results with the previous dosimetry publication from the NLST medical
physics working group. Larke et al. (2) reported the organ and effective doses calculated
from the NLST scan parameters coupled with CT-Expo dose calculator (4). The lung

and thymus doses from this earlier study were 4.7 and 4.4 mGy, respectively, which are
very close to the results given in this study: 4.4 and 4.2 mGy, respectively. However, the
previously reported esophagus dose (4.4 mGy) is much greater than our result (3.4 mGy).
These differences may be due to the anatomical differences between the stylized phantoms
(9) of the CT-Expo software and the more anatomically realistic voxel phantoms (7) utilized
in NCICT. The previous study also reported an effective dose of 2 mGy calculated from
CT-Expo, which is slightly smaller than our size-specific effective dose result of 2.33 mSv.
The other effective dose, 1.4 mSv, was also reported in the Larke et al. (2) based on a Dose
Length Product (DLP)-based conversion factor (also known as k factor) (10), which is based
on standard size stylized phantoms. The range of body size-specific effective dose, 2.1-2.8
mSy, is only 30-40% of the average effective dose range of a standard chest CT examination
(12).

Our study reports the first calculation of body size-specific organ and effective dose for

the NLST CT participants. NCICT dose calculator based on a comprehensive set of body
size-dependent computational human phantoms (7) and Monte Carlo radiation transport
techniques was used for dose calculation of a large number of participants. The organ and
effective doses are presented in different BMI groups. The results are then compared with
reference size phantom-based organ doses. This comparison highlights that potential errors
up to 2-fold can occur with the use of single-sized reference phantoms, a method adopted
in most of CT calculation tools (4,12). Kruger et al. (13) provides participant and organ
specific dose calculations for the NLST chest radiographic screening arm of the trial using
similar methods. It must be noted that the dose reported in the current study is for one of the
three low-dose CT examinations that the trial participants received.

As with all computational dosimetry studies, our study has several limitations. First, scan
length and scan start/stop landmarks were not available for the full cohort so this parameter
was derived from participant height using a regression equation developed from a subset of
the participants. The derived scan length may provide uncertainty in the dose to organs near
or outside the scan coverage (e.g., salivary gland, thyroid). Scan start position is expected to
vary by facility and by operator. Second, we forced the height and weight of participants to
match those of the body size-dependent phantoms because our phantoms do not completely
cover the range of body sizes in the participant cohort. We observed that the height of
about 30% of the female participants was greater than the height range of the phantoms

as shown in Figure 1a. The scan length derived from participant height was applied to

the phantoms that were actually used for dose calculations, which could be shorter than
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the participants by up to 20 cm. This approach may have led to an overestimate of the

red bone marrow dose and effective dose, which may explain the slightly higher effective
dose in our study compared to Larke et al. (2), where protocol-based fixed scan length was
used. However, these limitations do not affect the dependency of organ doses on body size
as the weight of the participant was fully covered by the phantom library. Finally, body
size-dependent effective dose computed in the current study may deviate from its original
definition reported in the ICRP Publication 103 (14), which is defined for reference size
individual averaged over ages and genders. The body size-dependent effective dose in Table
3 would be only for comparison with other data.

5 Conclusion

We report body size-specific organ and effective doses for participants undergoing low-dose
lung screening CT examination. We found underweight participants tended to receive greater
organ and effective doses as compared to overweight participants. Study results indicated
that the dosimetry approach based on reference size phantoms tends to underestimate organ
doses to underweight participants and to overestimate organ doses to overweight participants
by a factor of 2. The body size-dependent dosimetry method used in the current study will
be useful in future studies of organ doses for participants undergoing CT exams.
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Female Participants Male Participants
BMI (kg/m?) <18.5 18.5-25 25-30 >30 <18.5 18.5-25 25-30 >30
MERIEH SrelEhtoy 48 61 73 91 59 75 86 106
participants (kg)
Weight of selected 50 60 75 90 60 75 85 105

phantoms (kg)

Figure 2.

The median weight of the female and male participants and the weight of the corresponding
computational phantoms used for dose calculations in four different BMI groups. The frontal
views of the selected phantoms at the reference heights (165 cm for females and 175 cm for

males) corresponding to each weight category are presented at the top row.
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CT Scanners Used in the National Lung Screening Trial (NLST) cohort selected in this study with
corresponding normalized CTDI,, (,CTDlI,,) (3).

Table 1.

Manufacturer Model No of Patients (%) nCTDI,, (MGy/mAs)
GE HiSpeed QX/i 2686 11.3 0.100
LightSpeed QX/i 3091 13.0 0.100
LightSpeed Plus 2251 9.5 0.090
LighSpeed 16 3354 14.1 0.090
LightSpeed Pro 16 1070 45 0.090
Philips MX8000 1609 6.8 0.080
Siemens Emotion 16 12 0.1 NA
Sensation 16 3426 14.4 0.080
VolumeZoom 5834 24.6 0.100
Toshiba Aquilion 401 1.7 0.130
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Table 2.

Summary of technical parameters in the cohort selected in this study and the protocol specifications used in
the National Lung Screening Trial (NLST).

Scanning Parameters This Study NLST Specifications
No. of channels 4 (65%) or 16 (35%) 4 (Minimum)
Peak kilovoltage (kVp) 120 (94%) 120 - 140

Pitch 15(0.75-2) 1.25-2.00
Effective mAs ™ 37 (16 - 79) 20-60

Total Scan Time (seconds) 19 (6-37) 25 (Maximum)

*
Effective mAs = mAs / pitch
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