
247ISSN 1755-5191Imaging Med. (2011) 3(2), 247–25910.2217/IIM.11.12 © W Huda

Radiation dosimetry in CT: the role of 
the manufacturer

  PERSPECTIVE

This article provides an overview of CT dose indices (CTDIs) currently used to quantify the amount of 
radiation used to perform clinical CT examinations. The manner in which CTDI metrics can be used to 
estimate the amount of radiation received by any given patient undergoing a CT examination is explained. 
The role of the manufacturer in providing information on the amount of radiation used to perform CT 
scans, as well as the corresponding patient doses, is addressed. Manufacturers have specific obligations 
to provide data on the quantity and quality of the x-ray radiation that is incident on patients, and should 
also be required to indicate whether this amount is reasonable, taking into account patient characteristics 
(i.e., size) and the imaging task. Manufacturers could also develop software that would provide conversion 
factors to enable operators to translate CT output into patient doses. Technological advances in CT 
scanners, and specifically cone beam CT which use wide x-ray beams, will require modification or 
replacement of current CTDI metrics. Alternatives to current CTDI metrics are described, and manufacturers 
need to assess their suitability for specifying the amount of radiation emitted by CT scanners in 
clinical examinations.
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In 2006, the average medical radiation effective 
dose to which the US population was exposed 
was estimated at approximately 3 mSv per 
year [1]. Compared to the 1980s, this per capita 
medical radiation dose value has increased by 
approximately 600%, and is now comparable to 
the annual exposure from natural background 
radiation. Medical imaging using ionizing radia-
tion is recognized as providing valuable diagnos-
tic information that offers substantial benefits to 
most patients [2]. Exposure to radiation, however, 
is currently believed to carry a small risk of car-
cinogenesis [3,4]. Consequently, those responsible 
for medical imaging must ensure that patient 
medical examinations have benefits that exceed 
the radiation risks [5]. Imaging practitioners 
also need to adopt the As Low As Reasonably 
Achievable (ALARA) principle, which means 
that no more radiation should be used than 
needed for obtaining diagnostic information in 
a radiological examination [5]. The direct corol-
lary of these requirements is that imaging prac-
titioners must understand how much radiation 
is being used in any radiological examination, 
how much radiation is absorbed by patients, as 
well as the corresponding radiological risks [6]. 

CT is the largest contributor to population 
medical doses, and in the USA, this imaging 
modality alone was reported to account for 

approximately 50% of the per capita medi-
cal dose in 2006 [1]. Current CT scanners use 
dosimetry metrics based on the CT dose index 
(CTDI) [7]. CTDI data quantify the amount 
of radiation that is used to perform a given CT 
examination, and are related to patient doses by 
means of generic ‘dose/CTDI’ conversion fac-
tors [8]. All dose/CTDI conversion factors need 
to take into account the characteristics of the 
x-ray beam, as well as the body region and size 
of the patient being irradiated [9,10]. Organ and 
effective doses, in turn, can be used to quantify 
any radiation risks to patients [6]. Radiation risks 
are especially important in CT imaging because 
these are required to identify indicated exami-
nations where patient benefits are greater than 
the corresponding risks. Furthermore, awareness 
of patient risks is likely to encourage operators 
to follow the ALARA principle with respect to 
their patients [11].

In this article, an overview of CTDI dose met-
rics is provided, together with an outline of how 
CTDI dose metrics are related to the amount of 
radiation received by any given patient under-
going a CT examination. The role and respon-
sibilities of the manufacturers in providing 
information on the amount of radiation used to 
perform CT scans, as well as the correspond-
ing patient doses, are addressed. Technological 
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advances in CT scanners and, specifically, cone-
beam CT  [12], which uses wide x-ray beams, 
will require the replacement or modifications 
of CTDI metrics. Alternatives to current CTDI 
metrics are discussed, and manufacturers will 
need to assess their suitability for specifying the 
amount of radiation emitted by CT scanners 
in clinical examinations, and how these can be 
related to patient doses. 

CT dosimetry
CT dose index
The amount of radiation used in CT examina-
tions is quantified using the CTDI [7,13]. Most 
CTDIs are currently measured using a 100-mm-
long pencil-shaped ionization chamber (i.e., 
CTDI

100
) that integrates radiation intensity pro-

files in the direction perpendicular to the imaging 
plane [14,15]. CTDIs are normally obtained for a 
single rotation of the x-ray tube, and are expressed 
as air kerma (AK; mGy). Measurements obtained 
at the CT isocenter, in the absence of any phan-
tom, are known as CTDI

air
. Most CTDI meas-

urements are made in one of two phantom sizes 
that are normally referred to as the head (16-cm 
diameter) and body (32-cm diameter). Phantom 
measurements are generally obtained in the 
periphery and center of a given phantom that 
help ensure that the effects of beam-shaping fil-
ters are taken into account. The weighted CTDI 
(CTDI

w
) is defined as a third of the central CTDI 

and two-thirds of the peripheral CTDI [16]. For 
fixed techniques and CT x-ray beam filtrations, 
CTDI

w
 in a 32-cm (body) phantom will be 

approximately half the corresponding value in a 
16-cm (head) phantom [17]. 

Many CT examinations are performed in heli-
cal scanning, characterized by the CT pitch that 
is obtained by dividing the distance traveled by 
the patient table per x-ray tube rotation by the 
nominal x-ray beam width at the CT isocenter. A 

pitch of unity results in a pattern of energy depo-
sition similar to that associated with contiguous 
axial scanning. By comparison, CT pitch values 
that are greater than 1 will reduce patient doses, 
and vice versa. The volume CTDI (CTDI

vol
) is 

defined as CTDI
w
 divided by CT pitch, and pro-

vides an estimate of the average phantom dose for 
a complete helical scan [18]. CTDI

vol
 depends on 

the choice of x-ray techniques (kV, mAs) and CT 
pitch, but is independent of patient characteristics. 

The volume CTDI is termed as the CT beam 
intensity, because its value is independent of 
scan length. On a CT scanner operated in heli-
cal mode for fixed techniques (i.e., kV, mAs and 
pitch), use of a scan length of 10 cm would gener-
ate exactly the same CTDI

vol
 value as selection of 

a scan length of 100 cm, even though the latter 
generally deposit approximately ten-times more 
energy into the patient. Multiplying CTDI

vol
 

by the corresponding scan length generates the 
dose–length product (DLP). The DLP param-
eter thus  accounts for both radiation intensity 
(i.e., CTDI

vol
) and scan length in the CT exami-

nation, and are also provided on the CT console 
at the completion of each patient scan. Table 1 
provides an overview of current CTDI dose met-
rics, which are an important tool for monitor-
ing and optimizing patient doses in diagnostic 
radiology [19]. 

�� Patient doses
For a CT scan of length (L), starting in the mid-
thigh region, the normalized absorbed dose to 
an organ (D’

organ
[L]) is defined as the organ dose 

divided by the corresponding CTDI
vol 

[20]. Figure 1 
shows an example of the normalized absorbed 
dose to the liver as a function of scan length for 
an averaged-sized adult patient weighing a nomi-
nal 70 kg. For this size patient, the liver dose will 
be 1.45 × CTDI

vol
 for a whole-body scan because 

the liver dose is approximately 45% higher than 

Table 1. Common CT dose index metrics. 

CTDI parameter
(units)

Measurement method

CTDI
100 

(mGy) Air kerma measurement made in a 100-mm long ionization chamber

CTDI
air 

(mGy) CTDI measured free in air at the CT scanner isocenter

CTDI
p 
(mGy) CTDI measured at the periphery of any CT dosimetry phantom

CTDI
c 
(mGy) CTDI measured at the center of any CT dosimetry phantom

CTDI
w 

(mGy) Weighted CTDI that defined as: 1/3 (CTDI
c
) + 2/3 (CTDI

p
)

CTDI
vol

† (mGy) Equal to CTDI
w
 divided by pitch

Dose–length product† 
(mGy-cm)

Product of CTDI
vol

 and the scan length L (cm)

†Metrics displayed on all current clinical CT scanners.
c: Center; CTDI: CT dose index; L: Length; p: Periphery; vol: Volume; w: Weighted.
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the CTDI
vol

 on current CT scanners [21,101]. The 
liver dose for a normal-sized adult scanned from 
L1 to L2 may then be obtained using the formula: 

( [ ] [ ])D L D L CTDI2 1iver liver voll #\ \-

where CTDI
vol

 is the value used to perform the 
specified clinical examination. This methodology 
can be used to obtain organ doses of any scan 
length, but the resultant organ doses are only 
valid for individuals whose physical characteris-
tics are comparable to the 70-kg anthropomor-
phic phantom used by the ImPACT Patient CT 
Dosimetry Calculator to generate D’

liver
(L) [21,101]. 

Organ doses derived in this manner can be used 
to estimate the likelihood of a deterministic 
effect, as well as the organ stochastic risk [3,4]. 

The effective dose (E) is generally recog-
nized as a parameter that is directly related 
to the patient stochastic risk [6], and permits 
direct comparisons to be made for different 
types of radiation exposure [22–24]. Values of 
DLP can be used to estimate patient effec-
tive doses [9,25]. Figure 2 shows how the E/DLP 
conversion factor varies along the long patient 
axis z and show the locations of radiosensitive 
organs, such as the thyroid (z = ~72 cm) and 
the breasts (z = ~52 cm). Calculations were per-
formed for a GE VCT operated at 120 kV, with 
effective doses computed using International 
Commission on Radiological Protection (ICRP) 
Publication 103 tissue-weighting factors. Values 
of E/DLP in Figure 2 are provided for CT output 
(CTDI

vol
 and DLP) measured in 32- and 16-cm 

diameter phantoms. When a 32-cm phantom 
is replaced by a 16-cm phantom, DLP data are 
approximately doubled, and E/DLP conversion 
factors will be approximately halved, and patient 
doses (always) remain unchanged. As with organ 
doses, the E/DLP conversion factors are only 
valid for adult patients of approximately 70 kg, 
and may need to undergo minor modifications 
to take into account the effects of automatic 
exposure control systems currently used on most 
commercial CT scanners [26,27]. 

When the radiation used to perform a given 
CT examination (i.e., CTDI

vol
 and DLP) remains 

constant, organ and effective doses are reduced 
with increasing patient size, and vice versa [8,28]. 
The patient mass in a CT slice may be estimated 
from the cross-sectional area, and the corre-
sponding average Hounsfield Unit (HU) value, 
assuming that the HU value is proportional to 
physical density [29]. This latter approximation 
is reasonable because at the high photon ener-
gies encountered in CT, most interactions are 

Compton scatter where the probability of an 
interaction is directly proportional to patient 
physical density. Modeling of patients (as a mass 
equivalent cylinders of water) allows relative 
doses (as a function of water cylinder diameter) 
to be used to estimate how organ and effective 
doses vary with patient size [30]. The relative dose 
D

r
 is defined as the ratio of the dose in a cylinder 

of water that is equivalent to a patient of a speci-
fied size divided by the corresponding dose in a 
cylinder that is equivalent to a standard individ-
ual (e.g., ImPACT anthropomorphic phantom). 
Figure 3 shows values of D

r
 that were obtained in 
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Figure 1. Liver dose normalized by the 
corresponding volume CT dose index for a 
GE VCT scanner operated at 120 kV, 
generated using the ImPACT CT Patient 
Dosimetry Calculator. Scans commence at 
the upper thigh region and end at the top of 
the head. 

Figure 2. Effective dose/dose–length product for a normal-sized adult 
patient as a function of patient (phantom) scan location obtained using 
the ImPACT CT Patient Dosimetry Calculator.
DLP: Dose–length product; E: Effective dose.
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this manner and are applicable for cardiac and 
chest CT examinations [10,20]. Data in Figure 3 
show relative doses D

r
 as function of weight, as 

well as anteroposterior (AP) dimension, where a 
normal-sized adult has an AP chest dimension of 
22.5 cm. More sophisticated approaches to CT 
dosimetry are now available that utilize voxelized 
phantoms derived from CT images [27,31,32]. 

�� Patient risks
Radiation risks can be conveniently catego-
rized as being deterministic and stochastic 
[3]. Deterministic risks have a threshold below 
which the risk does not occur, and above which 
the risks become more likely to occur with 
increasing dose. In addition, deterministic effect 
severity often increases with increasing dose. 
Examples of deterministic effects include cata-
ract induction, epilation and skin burns. The 
threshold dose for deterministic effects in medi-
cal imaging is generally taken to be 2 Gy [33]. 
Although deterministic effects have occurred 
in high-dose procedures, such as perfusion CT 
imaging [34], they are expected to be rare when 
examinations are performed by individuals 
who are well trained in medical imaging and 
radiation dosimetry [35]. 

Stochastic effects include carcinogenesis and 
the induction of genetic effects in the offspring 
of irradiated individuals [36]. The latter are pres-
ently deemed to be of minor importance in medi-
cal imaging, and the principal radiation risk for 
patients undergoing CT examinations is there-
fore the possible induction of cancer. Risks asso-
ciated with lower levels of radiation are periodi-
cally reviewed by leading scientific organizations, 
including the ICRP [3], the US National Academy 
of Sciences Committee on the Biological Effects 
of Ionizing Radiation (BEIR) [4], and the UN 
Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR) [37]. For practical radia-
tion protection purposes, these scientific bod-
ies recommend that the carcinogenic radiation 
risk is taken to be directly proportional to the 
absorbed radiation dose, with no threshold dose 
below which the risk could be taken to be zero. 
Figure 4 shows risk estimates published in BEIR 
VII for uniform whole-body doses of 100 mGy 
(i.e., effective doses of 100 mSv) that show how 
radiation risks vary with age and sex [4]. 

Manufacturer role
�� Essential data

In any radiological examination, it is impera-
tive that the manufacturer provides definitive 
data that characterizes both the quantity and 
quality of the radiation beam that is incident 
on the patient. For example, in a chest x-ray, 
it would be appropriate to provide data on the 
AK, and the corresponding kerma area product 
(KAP), that is incident on the patient to charac-
terize the ‘quantity’. A half value layer (mm Al), 
with additional data on relevant parameters (i.e., 
x-ray tube voltage, waveform ripple and inher-
ent/added filtration), should also be provided, to 
charcterise ‘quality’. Knowledge of the quantity/
quality of radiation incident on the patient is the 
sine qua non for any assessment of the pattern of 
energy deposition in patients, the corresponding 
organ doses and any possible patient risks [38]. 

In CT, the x-ray beam intensity is currently 
characterized by CTDI

vol
, and the total amount 

of radiation used to perform any examination is 
quantified by the DLP. A 16-cm diameter acrylic 
phantom is used to quantify CT output in head 
examinations, and a 32-cm phantom for body 
examinations. However, for many examinations 
it is unclear as to whether the dose refers to the 
‘head’ or the ‘body’. Cervical spines, for example, 
may use a body or head protocol [39]. Pediatric 
body scans, whole-body adult scans and extremi-
ties are additional areas where there could be 
ambiguities regarding which phantom was used 
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to quantify CTDI
vol

 and DLP. It is, therefore, 
imperative that manufacturers always specify the 
phantom size for any value of CTDI

vol
 and DLP 

that is provided to the operator. 
The x-ray tube voltage is one of the most impor-

tant determinants of the x-ray beam quality, and 
is generally available in any CT scan. However, 
most CT scanners can also modify both the 
added filtration and/or the beam-shaping filter 
that is used for a given examination. Operators 
often have very little understanding of the type of 
filtration that is used for any given mode of opera-
tion. This state of affairs is unfortunate because 
each vendor has different rules on filter choices 
that depend on the type of scan being performed. 
Factors that can influence the choice of filtra-
tion include the scanned region, patient size or 
whether the individual is a pediatric patient [39]. 
In addition, little information is provided on the 
resultant beam quality (i.e., half-value layer) either 
on the central x-ray beam axis, or across the x-ray 
fan beam, taking into account the characteristics 
of the beam-shaping filter. Given that x-ray beam 
quality has been shown to affect dose conversion 
factors in medical imaging [40,41], including CT 
[25], this area merits additional effort by manufac-
turers and researchers. 

�� Desired data
In a CT examination, key dose quantities (i.e., 
CTDI

vol
 and DLP) can be provided to the 

operators prior to the initiation of any radiation 
exposure, as well as at the completion of each 
scan. It would also be desirable to provide opera-
tors with explicit information as to how these 
radiation values compare with similar types of 
examination. Comparisons could refer to similar 
examinations performed on the same CT scan-
ner using historical data that is readily avail-
able on modern computer-controlled imaging 
equipment. However, the appropriate amount 
of radiation will also depend on patient size and 
the specific imaging task. 

Patient size
Over the last decade, CT protocols have increas-
ingly accounted for patient physical characteris-
tics [42], which can be readily obtained from the 
patient (e.g., weight and height), or directly from 
the CT images (e.g., AP dimension). In partic-
ular, CT scanners are increasingly using auto-
matic exposure control that explicitly takes into 
account the size of the patient. Determining how 
much radiation should be used to perform a CT 
examination must always involve consideration 
of the patient size. 

Imaging task
The amount of radiation used in CT examina-
tions must also consider the diagnostic task. It 
is now established that any scientific measure 
of image quality needs to explicitly account for 
the detection task [43]. For example, the quantity 
and quality of radiation used in CT examina-
tions will clearly depend on whether iodinated 
contrast material has been administered to 
the patient. 

Radiation protection philosophy for medi-
cal imaging utilizes the concept of a diagnostic 
reference level (DRL) [44]. Consider a survey 
of routine head CT examinations performed 
in the USA that demonstrates a distribution 
of CTDI

vol
 values. The 75th percentile value 

of this distribution of CTDI
vol

 values could be 
used as a threshold value (i.e., DRL). Facilities 
that use more radiation would be expected to 
investigate (any) reason for needing to use higher 
radiation intensities. 

The American College of Radiology (ACR) 
CT accreditation program uses CTDI

vol
 val-

ues listed in Table 2 for adult and pediatric CT 
examinations [45]. Exceeding the ACR DRL 
value results in a formal notification of this fact 
to the applicant, and may also result in a fail-
ure of the accreditation application (Table 2). It 
is also worth noting that using too little radia-
tion can also result in suboptimal image quality 
and adversely affect diagnostic performance that 
may result in more patient detriment than would 
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overexposure. Ideally, there would be an expected 
range of CTDI

vol
 for each CT examination, with 

alerts provided when selected parameters results 
in values that fall outside of this standard range. 

�� Optional data
Data for CTDI

vol
 and DLP, together with infor-

mation on x-ray beam quality, can be used to 
obtain estimates of patient organ and effec-
tive doses (see previous sections). The operator 
should be formally responsible for converting CT 
output data into patient doses (and risk). Only 
the operator knows the way the patient is being 
scanned and the body region being investigated, 
as well as the physical patient characteristics 
that all impact on patient doses. However, the 
important patient characteristics that impact on 
dose conversion factors, such as scanned region 
and patient characteristics (e.g., size) are readily 
available at the operators console. Vendors are 
thus capable of developing user-friendly software 
tools to help operators convert the essential data 
that is incident on patients into corresponding 
data on the patient organ/effective doses, as well 
as the corresponding radiation risks. We pro-
vide illustrative examples of absolute and rela-
tive dose/CTDI conversion factors that are cur-
rently available in the scientific literature, or that 
may be generated from popular CT dosimetry 
software packages [46,47,101]. 

Absolute doses
Table 3 shows representative ratios of organ dose 
to CTDI

vol
 for whole-body scans in a normal 

sized adult [101]. Table 4 shows the E/DLP con-
version factors for this scanner for normal sized 
adults undergoing a range of CT examinations, 
and where the regional variations depicted in 
Figure 2 have been averaged out [9,48]. 

Relative doses
Figure 5 shows relative effective dose as a function 
of age, a constant incident radiation intensity 
(DLP) obtained using E/DLP data published by 
Deak et al. [25]. Data shown in Figure 5 are taken 
as an average over five age groups, ranging from 
newborns to adults. Figure 6 shows how the choice 
of x-ray tube voltage affects E/DLP factors in 
head and body examinations based on recent 
data provided by Deak et al. [25]. Assuming a 
constant DLP, x-ray tube voltage appears to be 
of little importance for adult E/DLP values, but 
increase modestly as patient age decreases. 

CT dose-conversion factors available in the 
scientific literature are often based on data gen-
erated on single slice scanners introduced into 
clinical practice over 20 years ago [101], or lim-
ited to a single vendor [46]. Since manufactur-
ers are the only ones who currently possess the 
important quantitative data on beam quality 
for CT x-ray beams, they must be involved in 

Table 2. Volume CT dose index reference and failure values currently used by the 
ACR CT accreditation program.

Type of CT 
examination

Phantom diameter for 
measuring CTDIvol (cm)

CTDIvol (mGy)

Reference value Failure value

Adult head 16 75 80

Adult body 32 25 30

Pediatric body 16 20 25

CTDI
vol

: Volume CT dose index.

Table 3. Values of normalized organ doses for whole-body CT examination  
(120 kV) obtained using the ImPACT CT patient dose calculator. 

Organ Organ dose normalized by the corresponding CTDIvol measured 
in CT dosimetry phantom with diameter of:

16 cm 32 cm

Brain 0.82 1.7

Thyroid 1.2 2.3

Lung 0.81 1.6

Stomach 0.74 1.5

Colon 0.67 1.4

Red bone marrow 0.56 1.2

Average of data for GE LS 16, GE VCT, Siemens Sensation 16, Siemens Sensation 64, Philips Brilliance 16, and Toshiba 
Aquilion 16.
CTDI

vol
: Volume CT dose index.
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quantifying how conversion factors are influ-
enced by x-ray beam characteristics, including 
x-ray quantity and quality. Of particular note is 
that this requires investigation of the influence of 
x-ray tube voltage (and ripple), beam filtrations 
(intrinsic and added), and beam shaping filter(s), 
whose characteristics are generally (only) known 
to CT vendors. One option would be for vendors 
to explicitly take on the responsibility of gener-
ating dose/CTDI conversion factors. The other 
possibility is for vendors to make available the 
required CT output data (i.e., quantity and qual-
ity) to the medical imaging community, who 
could then use these CT output data to generate 
appropriate dose/CTDI conversion factors. 

Current alternatives to CTDI
�� Problem

Use of wide beams in multidetector CT (MDCT) 
can underestimate phantom doses when CTDI 
are measured with one rotation of the x-ray tube, 
and the resultant dose profile is integrated using 
a pencil ionization chamber with a length of only 
100 mm. It has been shown that the equilibrium 
dose may be underestimated by 20% in the center 
of a body phantom, and by approximately 10% in 
the center of a head phantom for a MDCT with 
a beam width of 20 mm  [49]. Since CT beam 
widths can now exceed the length of the stand-
ard 100‑mm ionization chamber, the approach 
to CT dosimetry that has been employed for the 
last 30 years requires urgent review. 

There is currently no consensus regarding the 
most appropriate dosimetry scheme to replace 
current CTDI metrics. Proposed alternatives, 
that range from minor modifications to radi-
cal replacements, are briefly outlined below. 
Manufacturers are an important stakeholder in 
the ongoing debate on the future of CT dosim-
etry, and need to play an active role to ensure 
that any scheme is accurate and practical. In 

addition, it is important that CT dosimetry 
methods can also be implemented in a clinical 
setting to meet the patient dosimetry needs of 
the imaging community. 

�� Modifying CTDI 
The x-ray beam collimation (width) for a 
MDCT can be represented as W, which is the 
product of the nominal detector width and the 
number of detector elements along the long 
patient (z) axis. For values of W that are less 
than 40 mm, the standard definition and meas-
urement of CTDI

100
 would be used. For values of 

W that are greater than 40 mm, CTDI
100

 would 
be determined using [50]:

( )
[ ]
[ ]

CTDI CTDI W
CTDI W
CTDI W

ref

air ref

air
100 100 #= c m

Table 4. Effective dose/dose–length product conversion factors for 16- and 32-cm 
diameter phantoms computed using International Commission on Radiological 
Protection Publication 103 organ-weighting factors for selected CT examinations.

Region E103/DLP (µSv/mGy-cm)

d
phantom= 16 cm d

phantom= 32 cm

Head 2.4 4.9

Neck 5.3 11

Chest 10 20

Abdomen 8.2 16

Pelvis 7.1 14

Whole body 7.7 15
DLP: Dose–length product; E: Effective dose.
Data from [48].
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where CTDI
100

(W
ref

) is the CTDI measured 
in the normal manner using a reference beam 
width (e.g., 40 mm). CTDI

air
 are the free-in-

air measurements of CTDI obtained using a 
30-cm-long pencil chamber and measured for 
the (large) beam width W (i.e., CTDI

air
[W]), 

as well as for the reference beam width W
ref

 (i.e., 
CTDI

air
[W

ref
]). 

This approach preserves the conventional 
approach to CT dosimetry, and would only 
require operators to acquire a 30-cm-long pencil 
chamber. The advantage of such a scheme would 
be ease of measurement, as well as continuity 
with the traditional approach to CT dosimetry. 
It is recognized that this approach would con-
tinue to underestimate the equilibrium dose [49] 
as discussed in the next section.

�� Equilibrium dose 
Dixon et al. proposed measurement of a 
new quantity, the equilibrium dose [49,51]. 
Measurement of the equilibrium dose requires 
the replacement of the pencil ionization cham-
ber by a small volume ionization chamber, and 
scanning long phantoms to ensure that dose 
equilibrium has been established at the location 

of the ionization chamber [52]. Measured val-
ues of the equilibrium dose can be 75% higher 
than CTDI on the central axis, and 22% higher 
on the peripheral axis [53]. The ‘dose equilib-
rium’ concept has a solid physics rationale, and 
has been investigated experimentally and by 
the use of the Monte Carlo simulation  [53–56]. 
Nonetheless, the introduction of the equi-
librium dose for CT dosimetry has several 
shortcomings, including: 

�� Practical: measurement of equilibrium dose 
requires the use of CT dosimetry phantoms 
that are longer than the 15-cm long CTDI 
phantoms that are currently used. The weight 
and physical stability of such phantoms poses 
obvious problems; 

�� Operational: introduction of the equilibrium 
dose would make comparisons with tradi-
tional dose metrics (i.e., CTDI

vol
 and 

DLP) problematic; 

�� Theoretical: the primary objective of ‘CTDI’ 
metrics is to quantify CT scanner output, 
rather than any kind of absorbed dose per se. 
In conventional radiography and fluoroscopy, 
for example x-ray tube output is obtained 
using measurements made ‘free in air’ rather 
than based in phantoms. 

�� Kerma area product
Each projection in CT corresponds to an image 
dataset that is obtained at one angular posi-
tion of the x-ray tube. A single CT projection 
is therefore no different to a radiograph or short 
fluoroscopy exposure [57]. Therefore, in princi-
ple, the KAP for a single CT projection could be 
determined in exactly the same manner as is cur-
rently used in radiography or fluoroscopy. The 
resultant KAP for a complete CT examination 
would be obtained by adding up the individual 
KAP values for each projection in the complete 
CT scan. Huda and Ogden recently modeled 
a commercial CT scanner geometry and used 
ellipses to simulate patient heads and abdomens 
to compute values of KAP in CT [58]. 

Table 5 provides a summary of the key dose 
metrics expressed using the traditional CTDI

vol
 

and DLP indicators, as well as the correspond-
ing KAP values [59]. It is notable that the KAP 
values demonstrate that more radiation is inci-
dent in body CT scans than in head CT scans, 
which is not evident from inspection of either 
CTDI

vol
 or DLP because these latter indices 

are measured in different-sized phantoms. In 
addition, CT KAP values can be compared 
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directly with those associated with head and 
chest radiographic examinations (~1 Gy-cm2 
for head and chest examinations), abdominal 
radiographic examinations (~5 Gy-cm2), aver-
age barium fluoroscopic studies (~20 Gy-cm2) 
and interventional studies (~100 Gy-cm2) [60]. 

The concept of KAP in CT is very attractive, 
and should be straightforward to implement by 
imaging vendors. Using KAP in CT would unify 
patient dosimetry in CT with current practice 
in projection radiography and f luoroscopy. 
Nonetheless, the KAP concept has one signifi-
cant limitation, in that all patient dose-conver-
sion factors based on AK will be dependent on 
the x-ray beam quality. In adult chest radiogra-
phy, for example, the E/KAP conversion factor 
for PA projections in adults is 59 µSv/Gy-cm2 
at 50 kV (2-mm Al filtration) but increases to 
230 µSv/Gy-cm2 at 120 kV (5-mm Al filtra-
tion) [61]. In practice, this means the quantity 
of radiation incident on any patient (i.e., KAP) 
cannot be fully understood unless the corre-
sponding x-ray beam quality is explicitly taken 
into account. 

Future perspective
A scheme for CT dosimetry that is based on 
average AK values in a specified field of view, 
K

CT
(FOV) is described below and its use for 

estimating patient organ and effective  doses 
is illustrated. 

�� KCT(FOV)
Measurements of CTDI

air
(r) as a function of 

the distance r from the CT isocenter have been 
presented for a Siemens Sensation 16 scanner 
operated in body mode [62]. Measurements were 
made at the isocenter and then at 2-cm incre-
ments to a distance of 25 cm from the isocenter 
and are shown in Figure 7A. Measured values of 
CTDI

air
(r) were then fitted to a third order poly-

nomial and were used to calculate the average 
CTDI

air
(r) (i.e., the average CTDI

air
 from zero 

to r). For an average AK denoted as K
CT

(FOV), 

FOV is the diameter (cm) of the scanned region, 
which is twice that of the r values shown in 
Figure 7. 

Figure 7B shows how the average AK varies with 
FOV. Data in Figure 7B show that K

CT
(25) is equal to 

0.82 × CTDI
air

, K
CT

(35) is equal to 0.70 × CTDI
air

, 
and K

CT
(45) is equal to 0.60 × CTDI

air
 [62]. It is 

notable that the K
CT

(FOV) metric is more effec-
tive at characterizing the effect of the beam shap-
ing filter than current CTDI measurements. For 
a FOV of 32 cm, corresponding to the size of 
the body CT phantom, the average AK shown 
in Figure 7B is based on eight (radial) samples, and 
may be compared with only two (radial) samples 
used in determining CTDI. 

Table 5. CT dose index and kerma area product values associated with standard 
head and abdomen CT examinations. 

Parameter Head CT Abdomen CT

CTDI dosimetry phantom diameter 
(cm)

16 32

CTDI
vol 

(mGy) 60 20

Scan length (cm) 15 30

Dose–length product (mGy-cm) 900 600

Kerma area product (Gy-cm2) 17 32

CTDI
vol

: Volume CT dose index.
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air on a Siemens Sensation 16 CT scanner 
showing: (A) relative air kerma as a 
function of the radial distance (r) from the 
CT isocenter; (B) average air kerma within 
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Table 6. Ratios of organ dose to KCT(FOV) for a whole-body scan on a Siemens 
Sensation 16 scanner operated using the body filter at 120 kV.

Organ Organ dose/KCT(FOV) for a FOV of:

25 cm 35 cm 45 cm

Brain 0.79 0.92 1.1

Thyroid 1.2 1.4 1.6

Lungs 0.86 1.0 1.2

Stomach 0.79 0.92 1.1

Colon 0.71 0.83 0.97

Red bone marrow 0.61 0.71 0.83

K
CT

(FOV): Average air kerma value in a specified field of view.

�� Organ doses 
Table 6 shows the ratio of the organ dose to the 
average AK K

CT
(FOV) for three FOV values 

ranging from 25 to 45  cm, generated using 
organ doses in the ImPACT spreadsheet [101]. 
Data shown in Table 6 were obtained for a whole-
body scan on a Siemens Sensation 16 CT scan-
ner operated with the body filter. These data 
were obtained at 120 kV, and are only valid for 
a whole-body scan in a 70-kg adult patient. For 
partial body scans, and for patients with differ-
ent sizes, appropriate correction factors are read-
ily available, as discussed previously. Therefore, 
data shown in Table 6 offers organ dose-conver-
sion factors for any sized patient undergoing any 
type of scan and are based on the average AK 
with the scanned volume (i.e., K

CT
[FOV]). 

Data in Table 6 are analogous to those pro-
vided in Table 3 and, thus, provide continuity 
with current approaches to CT dosimetry. Since 
all (organ dose)/(K

CT
[FOV]) values shown in 

Table 6 are of the order of unity, they also offer an 
intuitive interpretation of measured CT output 
parameter K

CT
(FOV). 

�� Effective doses
For a CT examination with an average CT 
scanner output K

CT
(FOV) in a region defined 

by a scan length L, it is possible to define 
an ‘AK-length’ product using the quantity 
K

CT
(FOV) × L. Table 7 shows conversion factors 

of effective dose-per-unit AK-length product 
value for FOV ranging from 25 to 45 cm. The 
units of the conversion factors are µSv/mGy-
cm. Unlike E/DLP, conversion factors in Table 7 
for head and body scans are inherently com-
mensurate, and show that for constant incident 
radiation intensity, the body of any patient is 
approximately four-times more sensitive than 
the head. 

Data shown in Table 7 are qualitatively similar 
to the E/DLP conversion factors used in clini-
cal practice and illustrated in Table 4. As such, 
these conversion factors will be familiar to the 
CT medical imaging community, and have 
values that are comparable to those in current 
usage. The qualitative and quantitative similar-
ity of data shown in Table 7 to current E/DLP 
(i.e., k-factors) conversion factors [9,25,63] would 
facilitate their introduction in clinical practice. 

�� KCT(FOV) benefits
Use of K

CT
(FOV) to quantify CT output is 

analogous to the current CTDI
vol

 and DLP met-
rics, except that AK values are obtained ‘free in 
air’, and do not use a phantom. Although this 
approach is new, extant data in the literature per-
mits the generation of approximate dose con-
version factors that can be used for most CT 
scanners in use today (Tables 6 & 7), including 
cone-beam CT scanners. The benefits of this 
CT dosimetry scheme include: 

Table 7. Effective dose per unit (KCT[FOV] × scan-length product) value on a 
Siemens Sensation 16 scanner operated at 120 kV. 

Body region Scan length (cm) Effective dose per KCT(FOV) × scan length 
(µSv/mGy-cm) for a FOV of:

25 cm 35 cm 45 cm

Head 15 2.3 2.8 3.2

Chest 30 10 12 14

Abdomen/pelvis 40 8.8 10 12

K
CT

(FOV): Average air kerma value in a specified field of view.
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�� Quantification of the amount of radiation that 
is incident on the patient in a simple and 
unambiguous manner, without the use of 
any phantom; 

�� An intuitive framework that enables operators 
to convert CT x-ray tube outputs into corre-
sponding patient organ and effective doses;

�� Provision of a direct link with the dose metrics 
(CTDI

vol
 and DLP) that, hitherto, have been 

used in CT imaging. 

Manufacturers are an important stakeholder 
in CT dosimetry, and will therefore need to 
evaluate the practical utility of using K

CT
(FOV) 

to quantify CT scanner output, the dependence 
of dose conversion factors on beam quality and 
CT filtration, as well the overall accuracy for 
estimating patient doses. 

Conclusion
In this article, current CTDI metrics have been 
explained, and the manner in which they can be 
used to quantify patient organ and effective doses 
described. Manufacturers must provide data on 
the quantity and quality of the x-ray radiation 
that is incident on patients. In addition, it is also 
appropriate for manufacturers to identify whether 
the selected amount of radiation is reasonable for 
a specific patient and a well-defined imaging task. 
Manufacturers could help the imaging commu-
nity by providing conversion factors to translate 
CT output to the corresponding patient doses. 

Technological advances in CT scanners, and 
specifically cone-beam CT scanners that use 
wide x-ray beams, will require the replacement 

or modifications of CTDI metrics. Several pub-
lished alternatives to current CTDI metrics have 
been described and their respective strengths and 
weaknesses identified. A novel approach to CT 
dosimetry, based on K

CT
(FOV), is proposed. 

Typical patient organ dose and effective dose 
conversion factors are provided, which can be 
used for current cone-beam CT scanners where 
traditional CTDI metrics are impractical. 

Manufacturers need to assess the suitability 
of all new proposals for specifying the amount 
of radiation emitted by CT scanners in clini-
cal examinations. Of particular importance is 
a need for manufacturers to address the impor-
tance of the x-ray beam output (quantity and 
quality) associated with CT dose-conversion 
factors because they are the only stakeholder 
with explicit knowledge of the radiation 
characteristics of any given CT scanner. 
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Executive summary

Patient dosimetry
�� The volume CT dose index (CTDI

vol
) quantifies the CT x-ray tube output intensity, and the corresponding dose-length product (DLP) 

quantifies the total amount of radiation used to perform a clinical CT examination. 
�� CT operators make use of ‘dose/CTDI’ to estimate patient effective doses, taking into account the CT x-ray beam characteristics, 

scanned region and patient size.

Manufacturer role
�� The manufacturer must provide CT operators with quantitative data on CT output (i.e., CTDI

vol
, DLP, phantom size and beam quality), 

and should provide an indication as to whether the amount selected for any given patient and imaging task is reasonable. 
�� Manufacturers possess information on the CT output, and therefore must be involved in the generation of dose/CTDI conversion factors, 

and could also develop software to assist operators to translate CT output into corresponding patient doses.

Current alternatives to CTDI
�� CT scanners are increasingly using x-ray beams that exceed the 100-mm length of CTDI pencil chambers, which, therefore, requires the 

modification, or complete replacement, of current CTDI metrics. 
�� Proposed alternatives to current CTDI metrics include: application of a correction factor to narrow beam CTDI data; measurement of an 

equilibrium doses in large phantoms; and use of kerma area product, as currently used in conventional radiography and fluoroscopy.

Future of CT dosimetry
�� A novel proposal is made that eliminates all CT dosimetry phantoms to permit determination of the free-in-air average air kerma in a 

defined field of view, K
CT

(FOV), conceptually analogous to CTDI
vol

. 
�� Adoption of the K

CT
(FOV) metric would be easy to achieve, provide intuitive patient dose conversion factors, and offer conceptual 

continuity with current approaches to CT dosimetry.
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