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years old, and each had a significant smoking 
history. Over the course of the trial, 26,724 
participants underwent as many as three 
low-dose CT examinations covering both 
lungs from the apices through the bases and 
may have undergone additional CT exami-
nations depending on screening results. The 
CT screening examinations were adminis-
tered on 97 MDCT scanners at 33 separate 
sites nationwide [1].

Essential to meeting the objective of the 
NLST is an understanding of the radiation 
dose associated with chest CT screening ex-
aminations. The purpose of this study was to 
determine the distribution of effective dose 
associated with a single low-dose screening 
CT examination of average-size participants. 
Individual organ doses for both males and fe-
males were also investigated.

Materials and Methods
Each NLST screening center received institution-

al review board (IRB) approval before the onset of 
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S
ponsored by the National Cancer 
Institute, the National Lung 
Screening Trial (NLST) is a ran-
domized, controlled study inves-

tigating two means of detecting lung can-
cer—that is, chest radiography and low-dose 
chest CT. It is composed of two arms: the 
Lung Screening Study (LSS) of the Prostate, 
Lung, Colorectal, and Ovarian Screening 
Trial (PLCO) and the American College of 
Radiology Imaging Network (ACRIN). The 
primary objective of the NLST is to deter-
mine whether lung cancer mortality in a 
high-risk cohort group can be reduced by 
screening with low-dose helical chest MDCT 
as compared with a single-view (posteroan-
terior) chest radiograph.

Toward this end, from 2002 to 2007, 
53,457 volunteer participants were random-
ly assigned to undergo either chest CT or ra-
diography, and all agreed to a baseline im-
aging procedure plus two annual follow-ups. 
The participants ranged in age from 55 to 74 
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OBJECTIVE. The objective of our study was to determine the distribution of effective 
dose associated with a single low-dose CT chest examination of average-size participants in 
the National Lung Screening Trial. Organ doses were also investigated.

MATERIALS AND METHODS. Thirty-three sites nationwide provided volume CT 
dose index (CTDIvol) data annually for the 97 MDCT scanners used to image 26,724 partici-
pants during the trial. The dose data were representative of the imaging protocols used by the 
sites for average-size participants. Effective doses were estimated first using the product of the 
dose-length product (CTDIvol × 35-cm scan length) and a published conversion factor, “k.” The 
commercial software product CT-Expo was then used to estimate organ doses to males and fe-
males from the average CTDIvol. Applying tissue-weighting factors from both publication 60 
and the more recent publication 103 of the International Commission on Radiological Protec-
tion (ICRP) allowed comparisons of effective doses to males and to females.

RESULTS. The product of DLP and the k factor resulted in a mean effective dose of 1.4 
mSv (SD = 0.5 mSv) for a low-dose chest examination across all scanners. The CT-Expo re-
sults based on ICRP 60 tissue-weighting factors yielded effective doses of 1.6 and 2.1 mSv for 
males and females, respectively, whereas CT-Expo results based on ICRP 103 tissue-weight-
ing factors resulted in effective doses of 1.6 and 2.4 mSv, respectively.

CONCLUSION. Acceptable chest CT screening can be accomplished at an overall av-
erage effective dose of approximately 2 mSv as compared with an average effective dose of 7 
mSv for a typical standard-dose chest CT examination.
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recruitment. Eligible participants signed an IRB-ap-
proved informed consent form before the study began.

CT dose data from 97 MDCT scanners at 
NLST screening sites nationwide were collected 
annually. As summarized in Table 1, four major 
CT vendors (i.e., GE Healthcare, Siemens Health-
care, Philips Healthcare, and Toshiba Medical 
Systems) and various scanner models from each 
vendor were represented in the trial. Most of the 
scanners used in the study had 4 or 16 detector-
rows. The scan parameters associated with the re-
ported dose data reflected the imaging protocols 
locally chosen for the scanners at each site to im-
age average-size participants within the parame-
ter ranges established for the trial.

Two physicist quality assurance groups act-
ed as overseers for the LSS and ACRIN arms of 
the study. In consultation with NLST radiologists, 
they established a common set of protocol specifi-
cations and parameter ranges that were considered 
suitable for producing acceptable images from 
low-dose CT examinations [2]. Table 2 lists the 
protocol specifications and CT parameters used in 
the NLST at a typical site.

CT Dosimetry Measurements and Calculations
To promote consistency and accuracy among 

sites, the local medical physicist was instructed to 
use the standard procedure to measure CT dose 
index (CTDI) utilizing a 32-cm polymethylmeth-
acrylate body phantom [3].

Detailed scanning instructions specified that the 
measurements should be specific to the techniques 
used in the trial, which we describe here. For the 
scanner being tested, the site’s low-dose technique 
(within NLST specifications) for an average-size 
participant should have been used. The single axial 
rotation scan of the CTDI technique should reflect 
the actual tube current–exposure time product, not 
the effective tube current–time product (i.e., mAs/
pitch) because the effective tube current–time 
product would be reflected in the later calculation 
of volume CTDI (CTDIvol). The average exposure 
measurement from three repeated scans should be 
reported. This third requirement helped to mini-
mize overall measurement error and, specifical-
ly, to minimize the measurement error inherent 
to peripheral scans because of overrotation, as oc-
curs with some scanner models. The dose informa-
tion reported annually by the site physicist for each 
scanner included the following: CTDI100 at center 
and 12-o’clock phantom positions (mGy), weighted 
CTDI (CTDIw), and CTDIvol. The latter is an esti-
mate of the average dose to the phantom that in-
cludes the effect of pitch.

These data were verified by the NLST physi-
cists using several validation checks including the 
following: review of images of phantom setups, 

review of scan parameters for consistency with 
clinical protocols and adherence to NLST spec-
ifications, comparison of dose results for similar 
scan parameters on similar scanners, comparison 
with previous years’ dose data from the site, and 
comparison with vendor dose estimates for the 
same scan parameters.

To give equal weighting to the data from each 
scanner, the annual reported dose values for each 
scanner were averaged over the trial period, with 
most (but not all) sites reporting at least three an-
nual dose measurements. These annual measure-
ments from individual scanners varied only 13%, 
on average, reflecting a consistency in protocol 
parameters at each scanner over the trial period.

Estimate of Participant CT Dose
To estimate participant CT dose that could then 

be directly compared with participant chest x-ray 
dose, the effective dose concept was used. This 
method incorporates the relative sensitivities of ir-
radiated organs to normalize the dose from a non-
uniform or partial-body exposure to an “effective 
whole-body” dose of equivalent stochastic risk.

To calculate CT effective dose, we initial-
ly used the method formulated by the European 
Guidelines on Quality Criteria for CT [4]. This 
method is based on Monte Carlo simulations per-
formed by the National Radiological Protection 
Board of the United Kingdom and allows analy-
sis of the relationship among organ doses (and ul-
timately effective dose), CTDIvol, the length of the 
scan, and the body region being scanned. The re-
sult is a simple formula to estimate effective dose 
on the basis of the dose-length product (DLP) and 
a conversion factor (known as a “k factor”) that is 
specific to a body region:

CT effective dose = k × DLP,

where, DLP = CTDIvol × scan length.
This study used the k factor for the adult chest 

(0.014 mSv/mGy · cm), as reported in Report 96 of 
the American Association of Physicists in Medicine 
[3]; the calculated and time-averaged CTDIvol for 
each scanner; and a typical chest CT scan length of 
35 cm. These data yielded the following relationship, 
which we refer to as equation 1, to calculate effective 
CT dose (CT doseeff ) in millisieverts:

0.49 mSv/mGy × CTDIvol,

where CTDIvol is expressed in milligrays. 

Estimates of Organ Doses to Males and  
Females and Effective Doses Based on  
ICRP Publication 60 Versus Publication 103

To obtain a more detailed dose analysis that in-
cluded an estimate of individual organ doses for 
both an adult male and an adult female, we used a 
commercial software product (CT-Expo, version 
1.6 [November 2007], Medizinische Hochschule) 
in conjunction with the mean CTDIvol across all 
scanners and a 35-cm scan length across the chest. 

TABLE 2: Protocol Specifications and Typical CT Scanning Parameters Used 
in the National Lung Screening Trial (NLST)

Scanning Parameters NLST Specifications Values at Typical NLST Study Site

MDCT Minimum = 4 channels 4 or 16 channels

Peak kilovoltage 120–140 120

Pitch 1.25–2.00 1.5

Effective mAsa 20–60 20–40

Total scan time for 35-cm length Maximum = 25 s 10–20 s
amA × t  / pitch, where t is time.

TABLE 1: CT Scanners Used in the 
National Lung Screening 
Trial

Vendor and Scanner Model
No. of Scanners 

Used in Study

GE Healthcare

LightSpeed Plus 4 7

LightSpeed Discovery 4 1

LightSpeed Qxi 4 13

LightSpeed Ultra 8 7

LightSpeed 16 25

VCT 64 1

Philips Healthcare

MX8000 4 7

MX8000 16 2

Brilliance 64 1

Siemens Healthcare

Sensation 4 12

Sensation 16 12

Emotion 16 1

Sensation 64 2

Toshiba Medical Systems

Aquilion 4 3

Aquilion 16 3

Total no. of scanners 97
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This resulted in estimates of individual organ dos-
es for adult males and females along with the as-
sociated effective doses based on the Internation-
al Commission on Radiological Protection (ICRP) 
publication 60 [5] tissue-weighting factors.

For comparison, the tissue-weighting factors 
listed in the more recent ICRP publication 103 [6] 
were applied to the organ doses generated by CT-
Expo, and new effective doses were calculated for 
adult males and females. Of note is that the weight-
ing factor for glandular breast tissue was increased 
to 0.12 in ICRP 103 from 0.05 in ICRP 60.

Results
Phantom Dose

Figure 1 displays the distribution of CTDIvol 
values that were obtained across all CT scan-
ners used in the NLST. These CTDIvol val-
ues represent the estimated average dose to 
the phantom for the range of local site tech-
niques used for average-size participants. For 

this study, the average CTDIvol was 2.9 mGy, 
with an SD of 1.0 mGy. As we noted, these 
data are time-averaged by the scanner. They 
are not weighted by the number of partici-
pants that used a particular scanner because 
an estimate of population dose is outside the 
scope of this study.

Vendor-reported dose was one check used 
against the measured data. It is interesting 
that for the scanners for which vendor dose 
was obtained (about half), the absolute dif-
ference between the measured values and 
vendor-supplied values was within 15% for 
nearly 80% of the reported values and did 
not exceed 25%.

Participant CT Dose
Figure 2 displays the range of effective 

dose values that were calculated from equa-
tion 1. This represents the estimated effec-
tive dose for a single low-dose CT screen-

ing examination based on a “standard man” 
model and the range of reported techniques 
used for average-size participants.

This study found an average effective dose 
of 1.4 mSv, with an SD of 0.5 mSv. Again, 
these data are time-averaged by scanner, 
and they are not weighted by the number of 
participants that used a particular scanner. 
These data represent the range of effective 
doses that a “standard man”–size participant 
might have received for a single low-dose ex-
amination during the screening period. For 
comparison, the average effective dose for a 
standard chest CT examination is estimated 
to be 7 mSv (range, 4–18 mSv) [7].

Doses to Males and Females
Figure 3 displays the results of the more 

detailed analysis achieved using the overall 
mean CTDIvol of 2.9 mGy and 35-cm scan 
length in conjunction with the software prod-
uct CT-Expo. Testing of the software product 
confirmed that it utilizes scanner model, 
body part scanned, length of scan, and tech-
nique factors (i.e., collimation, mAs, pitch, 
kVp) to calculate CTDIvol and organ dose. 
We also found that for a constant CTDIvol 
and a 35-cm scan length through the chest, 
the estimated organ doses were not sensitive 
to either scanner model or peak kilovoltage 
in the range of 110–140 kVp. Organ doses 
generally varied less than 10%, particularly 
for those organs receiving the higher doses. 
On the other hand, organ doses were found to 
be directly proportional to CTDIvol; for exam-
ple, doubling CTDIvol results in a doubling of 
organ dose. These findings therefore allowed 
a direct scaling of the organ doses generated 
by the software product for its nominal 
CTDIvol to the study’s mean CTDIvol across 
all scanners, thereby generating study-spe-
cific organ doses. In other words, multiply-
ing CT-Expo’s estimated organ doses by the 
ratio of this study’s mean CTDIvol to the soft-
ware’s nominal CTDIvol yielded organ doses 
reflective of the mean dose (i.e., CTDIvol) of 
the NLST. These calculations generated 23 
individual organ doses for adult males and 
for adult females that ranged from near zero 
to nearly 5 mGy. Of note is the significant 
dose to the breasts of the adult female (4.9 mGy 
vs near zero for male), which is the primary 
factor distinguishing the organ doses be-
tween the two sexes.

The combination of greater dose to female 
breasts, as reported by CT-Expo, and the 
greater stochastic sensitivity of breasts to ir-
radiation, as reported in ICRP 103, resulted 
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Fig. 1—Bar graph shows distribution of estimated doses to 32-cm body phantom, calculated as volume CT dose 
index (CTDIvol), for techniques used to image average-size participants in National Lung Screening Trial. Data 
are time-averaged by scanner over trial period and are not weighted by number of participants per scanner.

Fig. 2—Bar graph shows distribution of estimated effective doses to “standard man” model for one CT 
examination based on range of techniques used in National Lung Screening Trial for average-size participant. 
Data are time-averaged by scanner over trial period and are not weighted by number of participants per 
scanner.
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in a substantial difference in the estimated ef-
fective dose between male and female partici-
pants for the same CTDIvol. This difference 
is illustrated in Figure 4, which compares our 
initial standard-man effective dose estimate 
of 1.4 mSv with the sex-specific estimates of 
CT-Expo based on both ICRP 60 and ICRP 
103 tissue-weighting factors. Of interest is 
that although the male effective dose holds at 
1.6 mSv under ICRP 60 and ICRP 103, the 
estimated female effective dose is 2.1 mSv 
(ICRP 60) and 2.4 mSv (ICRP 103)—approx-
imately 30–50% higher than the male dose.

Discussion
The distribution of estimated effective 

doses for average-size NLST participants 
undergoing a single low-dose screening CT 
examination is based on well-established 
calculation methods and clinical protocol 
specifications that were adhered to through-
out the trial period. It illustrates the range 
of doses that an average-size participant in 
the study might have received depending on 
at which study site and with which scanner 
the participant was screened. The distribu-
tion of estimated effective doses reflects the 
variation in local techniques (but within trial 
specifications) that were used across all sites 
and scanners in the study. As Figure 5 illus-
trates, the average effective dose value of 
1.4–1.6 mSv (standard man) equates to about 
22% of the average dose of a standard chest 
CT examination (7.0 mSv).

The singularity of the effective dose con-
cept makes it an attractive dose comparator; 
however, the growing trend to use individu-
al organ dose to analyze radiation risk must 
be acknowledged. The results from CT-Ex-
po based on an overall mean CTDIvol of 2.9 
mGy and 35-cm scan length provide these or-

gan doses for an adult male and adult female. 
When these data were combined with the tis-
sue-weighting factors of ICRP 60 or ICRP 
103, the results illustrate the substantial dif-
ferences in doses (organ doses and effective 
dose) estimated for male and female partici-
pants who underwent screening chest CT.

Although the methods used in this study 
are consistent with general practice, they 
have limitations. For example, because the 
feature was not widely available at the be-

ginning of the trial, tube current modulation 
was not included in the protocol specifica-
tions and its impact on dose reduction is not 
reflected in our dose estimates. Tube current 
modulation is currently applicable to chest 
CT and could be an influence in further re-
ducing dose [8].

Also, the methods used in this investiga-
tion do not consider the dose variation be-
tween small and large participants because 
the CTDI method does not directly allow 
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Fig. 3—Bar graph shows estimated organ doses to male and female adults. Estimates are based on National Lung Screening Trial mean volume CT dose index of 2.9 mGy, 
35-cm scan length through thorax, and CT-Expo software (version 1.6 [November 2007], Medizinische Hochschule).
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this comparison. As shown in Table 1, the 
CT protocol specifications for the trial did 
allow a range of effective mAs values, so that 
technique could be increased for large par-
ticipants to maintain image noise at an ac-
ceptable level. However, investigators have 
shown in both phantoms and in voxelized 
patient models that, for a given set of acqui-
sition parameters that includes a constant peak 
kilovoltage (kVp) and tube current–time prod-
uct (mAs), the mAs-normalized radiation dose 
(i.e., mSv/mAs) is actually lower for large pa-
tients than it is for standard-size or small pa-
tients [9]. This finding implies that increasing 
the effective mAs for a large participant does 
not necessarily increase the radiation dose 
(i.e., energy absorbed per unit mass of tissue) 
but, rather, that the dose would be similar to 
that for a standard-size participant because 
one effect (higher effective mAs) is countered 
by another (lower mSv/mAseff). This would 
be true despite the fact that the scanner-report-
ed CTDIvol to a fixed-size (32-cm-diameter) 
phantom would reflect a higher value from an 
increase in effective mAs.

An interesting finding of this study is the 
extent of the effective dose range determined. 
The extent of the range of effective doses, no 
doubt, results in some measure from the local 
sites’ choices of scan parameters for average-
size participants and radiologists’ preferences 
in noise levels. It is also possible that data mea-
surement and reporting errors were a contribut-
ing factor. All reported data (nearly 300 CTDI 
measurement values) were reviewed by quality 
control physics groups for consistency, accura-
cy, and technical acceptability. Less than 5% of 
these data were rejected for cause. The remain-
ing data (97 CTDIvol values after time-averag-

ing) were considered acceptable. In retrospect, 
based on reported comparisons of measured 
and vendor dose values, the vendor-reported 
CTDIvol might have been used. That, however, 
would have been inconsistent with the role of 
the local physicist to monitor CT dose on a spe-
cific scanner over time. Also, at the outset of 
the NLST, the veracity of the vendor-displayed 
dose values was not well accepted.

Notwithstanding the possible flaws and 
limitations of this method for quantifying 
delivered CT radiation dose, it reflects the 
currently accepted state-of-the-art method. 
The effective dose range presented for “low-
dose” chest CT screening in the NLST can 
be used in comparison with chest x-ray dose 
to investigate relative risk.
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