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Purpose: To determine the dose-length product (DLP)–effective 
dose (ED) (DLP/ED) conversion coefficient (k) tables for 
the lower extremities that can be used for calculating ED.

Materials and 
Methods:

Dose calculations were performed on standard phantoms 
using a validated Monte Carlo calculation tool. Calcula-
tions were performed to obtain ED values for tube voltages 
from 80 kV to 140 kV in steps of 20 kV for the following 
examinations: hip (femur), knee, ankle, and computed 
tomographic (CT) angiography of the lower extremities. 
Values of the DLP were calculated by multiplying mea-
sured CT dose index values by the scan length; k values 
resulted as the quotients of the ED and DLP values. DLP/
ED coefficients averaged over the range of voltage values 
and their standard deviations were determined for the 
given lower-extremity CT examinations for all age groups 
and for both sexes.

Results: Coefficients depend strongly on the phantom age and size, 
but little on the kilovolt value. In the case of the new-
born, for example, k values were 0.0612, 0.0046, 0.0014, 
and 0.047 for hip, knee, ankle, and CT angiography, re-
spectively, while in the case of the adult, these respective 
values were 0.0110, 0.0004, 0.0002, and 0.0062. A sub-
stantial difference up to 20% between coefficients in male 
and female phantoms was observed for CT angiographic 
examination.

Conclusion: DLP/ED conversion coefficients are provided for lower 
extremities and allow estimation of ED for commonly 
used clinical musculoskeletal CT and CT angiographic 
protocols.

q RSNA, 2014

Natalia Saltybaeva, MS 
Mary Ellen Jafari, MS
Martin Hupfer, PhD
Willi A. Kalender, PhD
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Phantoms
Standard anthropomorphic computa-
tional models such as Oak Ridge Na-
tional Laboratory (Oak Ridge, Tenn), 
International Commission on Radio-
logical Protection, GSF family of voxel 
phantoms, and UF family of hybrid 
phantoms (14–18) mimic organs and 
tissues of the human body and are 
widely used for radiation dosimetry 
applications. There are two main ap-
proaches for computational models: 
(a) the stylized approach, where equa-
tion-based mathematical functions are 
used to represent the boundaries and 
shapes of organs defining the model; or 
(b) the voxel-based digital approach, 
where the object is represented by vol-
ume arrays or three-dimensional voxel 
matrices (19). In our study, we used 
the Oak Ridge National Laboratory 
mathematical phantoms family, orig-
inally developed for “internal photon 
sources,” consisting of mathematically 
defined phantoms that mimic new-
borns; 1-, 5-, and 10-year-old children; 
15-year-old teenagers; and adults of 
both sexes (15). For these phantoms, 
the organs contributing to the ED pre-
viously were defined as in ICRP pub-
lication 60 (20). For this study, these 
phantoms were modified (6) to include 

comprise approximately 5% of all CT 
studies (7) but have not previously 
been considered as contributors to 
effective dose. The purpose of this 
study was to determine the DLP/ED 
conversion coefficient (k) tables for 
the lower extremities that can be used 
for estimating ED.

Materials and Methods

Dosimetry Software Tool
Among CT dose estimation methods, 
Monte Carlo (MC) simulation is gen-
erally considered as the most accu-
rate due to its ability to model the 
CT scanner and the physical interac-
tions between radiation and matter 
(8–10). Modeling usually includes the 
CT source, filtration, tube current, and 
scanner geometry (4,10,11).

One of the coauthors (M.H.) is 
a part-time employee of CT Imaging 
(Erlangen, Germany), which provided 
the validated software tool for organ 
and ED estimations (ImpactDose 2.0, 
previously named WinDose; CT Imag-
ing). This tool, initially described in 
1999 (12), based on MC dose simu-
lations performed with standard an-
thropomorphic phantoms permits 
selection of scan parameters, such as 
tube voltage, current, detector colli-
mation width, and pitch, together with 
anatomic range for protocol-specific 
dose calculations, taking overscanning 
and overbeaming effects into account. 
MC simulations used in this tool were 
previously validated and showed high 
accuracy of dose calculation, with sta-
tistical uncertainties typically below 
10% (10,11,13). MC precalculated 
dose tables provide information about 
organ dose values per unit of primary 
radiation, characterized by the mea-
sured weighted CTDI (CTDIw) value. 
Organ dose values and ED as their 
weighted sum are finally calculated.

Published online before print
10.1148/radiol.14132903 Content codes:  

Radiology 2014; 273:153–159

Abbreviations:
CTDI = CT dose index
CTDIvol = volume CTDI
CTDIw = weighted CTDI
DLP = dose-length product
ED = effective dose
MC = Monte Carlo
SD = standard deviation

Author contributions:
Guarantors of integrity of entire study, N.S., M.E.J., W.A.K.; 
study concepts/study design or data acquisition or data 
analysis/interpretation, all authors; manuscript drafting or 
manuscript revision for important intellectual content, all 
authors; approval of final version of submitted manuscript, 
all authors; agrees to ensure any questions related to the 
work are appropriately resolved, all authors; literature 
research, N.S., M.E.J., W.A.K.; experimental studies, N.S., 
M.H., W.A.K.; statistical analysis, N.S.; and manuscript 
editing, all authors

Conflicts of interest are listed at the end of this article.

Advances in Knowledge

 n Dose-length product–effective 
dose (ED) conversion coefficients 
for CT examinations of the lower 
extremities are provided.

 n The k values resulted as the 
ratios of the ED to the dose-
length product values.

Implication for Patient Care

 n Statements on ED are available 
and can be communicated to the 
patient.

Radiation dose from computed 
tomography (CT) examinations 
is a subject of concern to ra-

diologists, referring physicians, and 
patients. Organizations such as the 
International Atomic Energy Agency, 
the European Society of Radiology, 
the U.S. Food and Drug Administra-
tion, and the Joint Commission have 
recommended cumulative dose track-
ing for individual patients not only for 
estimating potential risk of radiation 
exposure but also for protocol opti-
mization, standardization, and quality 
assurance (1).

Although not intended for individ-
ual patient dose assessment (2), the 
metric most commonly used to track 
cumulative dose is effective dose (ED) 
in millisieverts. ED can be used for 
comparison and summation of dose 
from different modalities, which is why 
it is used for this purpose.

A simple and practical approach for 
calculation of ED for CT is based on the 
volume CT dose index (CTDI) (CTDIvol). 
CTDIvol is first multiplied by the scan 
range to obtain the dose-length product 
(DLP). ED can then be easily calculated 
by multiplying DLP by a body region–
specific conversion coefficient k.

DLP/ED conversion coefficients for 
CT were first published in 1999 (3) by 
the European Commission for differ-
ent regions of the adult body and were 
extended for a range of voltage values 
and various scanner manufacturers 
(4,5). They have recently been revis-
ited and adapted to modern CT scan-
ners and wide detectors and to include 
both sexes and different ages (6).

DLP/ED conversion coefficients, 
however, are only available for the 
following body regions: head, neck, 
thorax, abdomen, and pelvis. CT 
examinations of the extremities 
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2.1; CT Imaging) as an average value 
over the volume of the organs. ED 
values were calculated as follows:

( )T T

T

ED ,W H= ×∑

where T is the tissue or organ of inter-
est, HT is the average organ dose, and 
WT represents the tissue-weighting 
factors published in ICRP publication 
103 (2).

The conversion factors k were calcu-
lated according to the following equation:

,
DLP

g
g r
r

r

E
k =

where g and r represent the gender 
(sex) and body region, respectively, and 
DLP is determined as CTDIvol multiplied 
by the length of the irradiated region. 
In this study, we used spiral protocols 
with pitch of 1 (ie, CTDIvol = CTDIw). 
The CTDIw was calculated as follows: 
CTDIw = 1/3 ⋅ CTDI100,c + 2/3 ⋅ CTDI100,p, 
where CTDI100,c and CTDI100,p corre-
spond to the values measured by using 
a 100-mm long ionization chamber in 
the center, c, and the periphery, p, of 
a 32-cm polymethyl methacrylate cylin-
drical phantom, respectively.

Results

The DLP/ED conversion coefficients k 
as a function of tube voltage, means, 
and standard deviations (SDs) calcu-
lated for the four types of lower-ex-
tremity CT examinations for all phan-
tom ages and both sexes are shown in 
the Table.

Figure 3 shows the conversion co-
efficients averaged over sex and voltage 
as a function of age. These data show 
that conversion coefficients increase 
strongly with decreasing age. In the 
case of ankle and knee examinations, 
where ED values are generally very 
low, this effect is less visible, while in 
the case of CT angiography and hip ex-
aminations, the increase is significant. 
Figure 4 compares the k values for 
male and female adults, averaged over 
the investigated tube voltages.

(femur), knee, and ankle CT and low-
er-extremity CT angiography. Figure 1  
schematically represents anatomic 
landmarks of these regions, chosen 
with respect to commonly used pro-
tocols (21–23) and defined as follows: 
(a) hip, from the top of the femoral 
head through the lesser trochanter; 
(b) knee, from the lower part of the 
femoral bone through the tibial bone; 
(c) ankle, starting above the tibia/fib-
ula joint and extending through the 
entire foot, and (d) CT angiography, 
from the celiac arteries through the 
toes. The software gives ED and DLP 
values for each of these examinations 
as an output (Fig 2).

On the basis of three-dimensional 
dose distributions, obtained with MC 
simulations, organ doses were com-
puted by using software (ImpactDose 

further organs such as the salivary 
glands, extrathoracic tissue, lymph 
nodes, prostate, oral mucosa, and the 
nasal vestibule introduced in ICRP 
Publication 103 (2).

Dose Calculation
All dose simulations were performed 
for scanner geometry, spectra, and 
filtration equivalent to those of a 
commercial CT scanner (Somatom 
Definition Flash CT scanner; Siemens 
Healthcare, Forchheim, Germany).  
For simulations, the following were 
used: x-ray tube current of 100 mA; 
scanning time of 1 second per rota-
tion; collimation width of 64 3 0.6 
mm; and tube voltages of 80, 100, 
120, and 140 kV. For both sexes, cal-
culations were performed for four dif-
ferent types of CT examinations: hip 

Figure 1

Figure 1: Anatomic landmarks for CT examinations of lower extrem-
ities: hip, knee, ankle, and CT angiography.
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With respect to sex, higher differ-
ences between coefficients for male and 
female phantoms were observed for the 
hip region. This can be explained by the 
scan range position and differences in 
male and female body habitus. In fe-
male phantoms, the organs with high 
radiation sensitivity weight factors such 
as uterus and bladder were completely 
included in the irradiated region, while 
in the male phantoms, the bladder and 
the male gonads were only partially ir-
radiated or were outside the scanned 
area.

The study had a number of po-
tential limitations that have to be dis-
cussed. Since DLP is a function of both 
the scan range and the CTDIvol, it may 
vary for different types of scanners and 
different vendors. In this study, all sim-
ulations and calculations were based on 
the use of only one type of CT scan-
ner. However, it was shown previously 
(5) that the scanner-specific geometry 

provided on the scanner console and in 
the study’s “dose page,” into ED values.

The influence of the x-ray tube volt-
age on the conversion coefficient k for 
different types of lower-extremity CT 
examinations was found to be negligi-
ble; SDs of values averaged over the 
range of investigated voltage values 
were lower than 1%. This tendency was 
also shown in previous investigations 
for other body regions (5).

With respect to pediatric subjects, 
the computed conversion factors were 
much higher than for adult phantoms. 
This result was expected because in the 
case of child phantoms with smaller 
body sizes, radiosensitive organs receive 
higher doses than the corresponding 
organs of adults. Therefore, they con-
tribute more to the ED with the same 
exposure and DLP. Previous published 
studies on DLP/ED conversion coeffi-
cients for thorax, head, abdomen, and 
pelvis have shown similar effects (4,6).

Discussion

CT examinations of the lower extrem-
ities are used for musculoskeletal con-
ditions and angiography (22). The ED 
from these examinations, mandatory in 
many cases, has often been omitted be-
cause DLP/ED conversion coefficients 
were not available. The purpose of this 
study was to provide DLP/ED conver-
sion coefficients suitable for these re-
gions to enable efficient estimation of 
ED for use in regulatory and accred-
iting body compliance and in patient 
safety, protocol optimization, and qual-
ity assurance.

EDs were estimated by using MC 
simulations based on reference anthro-
pomorphic phantoms, and DLP values 
were calculated by taking CTDIvol values 
into account. The DLP/ED coefficients 
result as the quotient of ED and DLP 
values. These coefficients can be used 
to convert the DLP values, normally 

Figure 2

Figure 2: Screenshot of the dosimetry tool (ImpactDose 2.0; CT Imaging) shows results for a knee examination as an example.
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manufacturers. The same findings were 
obtained for scanners from one man-
ufacturer that spanned 25 years (5). 
Therefore, it can be expected that 
the results obtained in this study are 
valid in general. Similar considerations 

Siemens, Healthcare Sector, Erlangen, 
Germany; Philips Healthcare, Andover, 
Mass; and Toshiba America Medical 
Systems, Tustin, Calif) and found that 
DLP/ED ratios were equal across sim-
ilar-generation scanners from different 

and filtration have similar effects on 
both DLP and ED values without major 
effect on the resulting DLP/ED ratios. 
Huda compared the DLP/ED conver-
sion coefficients for four major vendors 
(GE Medical Systems, Milwaukee, Wis; 

DLP/ED Conversion Coefficients k as a Function of Tube Voltage

Phantoms and Parameters

Male Phantom Female Phantom

Ankle Knee Hip CT Angiography Ankle Knee Hip CT Angiography

Adult phantom
 80 kV 0.0002 0.0004 0.0091 0.0046 0.0002 0.0004 0.0095 0.0057
 100 kV 0.0002 0.0004 0.0107 0.0058 0.0002 0.0004 0.0115 0.0070
 120 kV 0.0002 0.0004 0.0113 0.0060 0.0002 0.0004 0.0122 0.0073
 140 kV 0.0002 0.0004 0.0114 0.0061 0.0002 0.0004 0.0123 0.0074
 Mean 0.0002 0.0004 0.0106 0.0056 0.0002 0.0004 0.0114 0.0068
 SD % 0.0010 0.0011 0.1053 0.0676 0.0028 0.0027 0.1321 0.0801
15-Year-old phantom
 80 kV 0.0003 0.0005 0.0139 0.0064 0.0002 0.0004 0.0095 0.0057
 100 kV 0.0003 0.0005 0.0145 0.0067 0.0002 0.0004 0.0115 0.0070
 120 kV 0.0003 0.0005 0.0149 0.0069 0.0002 0.0004 0.0122 0.0073
 140 kV 0.0003 0.0005 0.0150 0.0070 0.0002 0.0004 0.0123 0.0074
 Mean 0.0003 0.0005 0.0146 0.0068 0.0002 0.0004 0.0114 0.0068
 SD % 0.0013 0.0004 0.0519 0.0298 0.0028 0.0027 0.1321 0.0801
10-Year-old phantom
 80 kV 0.0003 0.0008 0.0293 0.0097 0.0003 0.0008 0.0219 0.0093
 100 kV 0.0003 0.0008 0.0229 0.0100 0.0003 0.0008 0.0179 0.0098
 120 kV 0.0003 0.0008 0.0232 0.0102 0.0003 0.0008 0.0183 0.0100
 140 kV 0.0002 0.0008 0.0232 0.0103 0.0003 0.0007 0.0186 0.0106
 Mean 0.0003 0.0008 0.0247 0.0100 0.0003 0.0008 0.0192 0.0099
 SD % 0.0026 0.0026 0.3104 0.0256 0.0013 0.0035 0.1820 0.0555
5-Year-old phantom
 80 kV 0.0005 0.0013 0.0305 0.0150 0.0005 0.0013 0.0254 0.0147
 100 kV 0.0005 0.0013 0.0289 0.0153 0.0005 0.0012 0.0243 0.0151
 120 kV 0.0004 0.0012 0.0303 0.0154 0.0004 0.0011 0.0271 0.0153
 140 kV 0.0004 0.0012 0.0310 0.0154 0.0004 0.0011 0.0272 0.0154
 Mean 0.0004 0.0012 0.0302 0.0153 0.0004 0.0012 0.0260 0.0151
 SD % 0.0039 0.0064 0.0926 0.0182 0.0039 0.0081 0.1402 0.0337
1-Year-old phantom
 80 kV 0.0010 0.0023 0.0440 0.0274 0.0006 0.0023 0.0370 0.0282
 100 kV 0.0008 0.0025 0.0439 0.0275 0.0008 0.0020 0.0383 0.0285
 120 kV 0.0008 0.0023 0.0436 0.0274 0.0008 0.0021 0.0386 0.0284
 140 kV 0.0008 0.0023 0.0434 0.0285 0.0008 0.0020 0.0386 0.0283
 Mean 0.0009 0.0023 0.0437 0.0277 0.0008 0.0021 0.0381 0.0283
 SD % 0.0112 0.0092 0.0294 0.0525 0.0122 0.0149 0.0758 0.0124
Newborn phantom
 80 kV 0.0017 0.0056 0.0625 0.0473 0.0013 0.0045 0.0568 0.0502
 100 kV 0.0015 0.0052 0.0635 0.0468 0.0014 0.0041 0.0608 0.0490
 120 kV 0.0014 0.0049 0.0642 0.0458 0.0013 0.0040 0.0591 0.0485
 140 kV 0.0013 0.0047 0.0635 0.0452 0.0011 0.0039 0.0589 0.0464
 Mean 0.0015 0.0051 0.0634 0.0463 0.0012 0.0041 0.0589 0.0485
 SD % 0.0173 0.0417 0.0697 0.0941 0.0131 0.0266 0.1622 0.1593

Note.—The value for k is expressed in mSv/(mGy  cm).
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60% (5,24,25). Dose calculation soft-
ware or MC simulations taking tube 
current modulation effects into account 
are required for related accurate dose 
estimations. The computational patient 
models considered in this study repre-
sent average adult males and females, 
which may differ greatly from any in-
dividual patient. This leads to underes-
timation of ED if the patient is smaller 
than the model and overestimation 
of ED if the patient is larger than the 
model. The use of standard anthropo-
morphic models makes all estimates of 
ED applicable only to standard patients 
but do not take patient-specific habitus 
into account. Therefore, the same scan 
length may cover different anatomic 
structures and may lead to a differ-
ence in dose values. This is a general 
problem of the DLP/ED approach and 
can only be solved by using individual 
patient-specific dose calculations (26).

Although ED is not an appropriate 
measure for individual patients (2), cal-
culation of ED is required for dose track-
ing, comparing dose values from different 
examinations and modalities, and for fur-
ther protocol optimization. The present-
ed study provides DLP/ED conversion 
coefficients for ED estimation specific 
for CT of the lower extremities to ensure 
compliance with regulatory and accred-
iting body recommendations for patient 
dose tracking and for comparison and 
optimization of dose for different CT pro-
tocols. The method is practical, easy, and 
complements the existing method of ED 
calculation in CT, and it may be extended 
to other specific regions.
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