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The CT dose index and its derivatives, such as the volume 
CT dose index (CTDIvol), are commonly used dose met-

rics (1,2) that represent CT scanner output. They do not 
represent patient dose (3). The size-specific dose estimate 
(SSDE) estimates the average absorbed dose to a patient 
of a specific size at the center of a scan range (4). SSDE is 
calculated as the product of CTDIvol and a size-dependent 
conversion factor (fsize) (4,5).

The water-equivalent diameter (WED) is the diameter 
of a water cylinder with the same x-ray absorption as a spe-
cific patient and is used to determine absorbed dose (6,7) 
and to quantify patient size for the purpose of calculating 
SSDE (8). Delivering the same radiation output (ie, CT-
DIvol) to objects of equivalent absorption (ie, WED) will 
result in equivalent absorbed doses (ie, SSDE). However, 
x-ray absorption depends on photon energy. Consequently, 
the WED of a patient depends on the tube potential, even 
though the physical dimensions and mass of the patient are 
independent of examination parameters.

In clinical practice, a range of tube potential settings are 
used (eg, 70–150 kV). However, the effect on WED and 
SSDE of the use of tube potentials other than 120 kV has 

not been well established using patient data, leaving open 
the question of whether these metrics apply to current clin-
ical practice. The purpose of our study was to determine 
the effect of different tube potentials on WED and SSDE 
for patient CT scans of the head, chest, and abdomen.

Materials and Methods
This minimal-risk retrospective study was approved by the 
Mayo Clinic (Rochester, Minn) institutional review board 
and complied with the Health Insurance Portability and 
Accountability Act. The requirement for informed consent 
was waived.

Figure 1 shows the study design. CT examinations 
performed at Mayo Clinic between March 2013 and June 
2017 were retrieved from our clinical data registry, images 
at non–120-kV tube potentials were simulated by scaling 
the CT numbers of bone at 120 kV by factors determined 
from phantom studies, and WED was calculated (S.L., 
S.L.M., J.J.S., T.R.M., and J.M.W., with 13, 1, 1, 2, and 
2 years of experience, respectively). SSDE at non-120-kV 
tube potentials was calculated for each patient by using the 
tube-potential–specific fsize values measured in phantoms 
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Imaging Reference Systems). Head phantom sizes mimicked 
those of a newborn, 1-year-old, 5-year-old, and medium-sized 
adult. Chest and abdomen phantom sizes mimicked those of a 
newborn, 1-year-old, 5-year-old, 10-year-old, and a 15-year-old; 
and a small, medium, and large adult. The anatomic region of 
interest was positioned in the middle of or adjacent to similarly 
sized phantoms to produce a realistic scatter environment (Fig 
2B).

Phantoms were scanned (J.J.S. and T.J.V.) by using a 192- 
detector-row CT scanner (Somatom Force; Siemens Healthcare) 
and routine clinical protocols (Table E2 [online]) at 120 kV and 
at 70, 90, 110, 130, and 150 kV. The tube current was adjusted 
at each tube potential to match the CTDIvol of the 120-kV scan. 
Regions of interest were drawn on each bone insert, and the 
mean CT numbers were recorded for each phantom and tube 
potential combination. The ratio of the mean CT number be-
tween the alternative tube potential and 120 kV was calculated 
for all bone plugs and phantom sizes.

By using Matlab scripts (version 9.2; MathWorks), bony 
structures were segmented (S.L., S.L.M., and J.M.W.; Fig 2A) 
by using empirically determined thresholds (200, 100, and 150 
HU for head, chest, and abdominal scans, respectively). The cal-
culated ratio of mean CT numbers in bone was multiplied by 
bone CT numbers on the 120-kV patient images to determine 
bone CT numbers at other tube potentials, and WED was cal-
culated and plotted against WED at 120 kV.

The percentage bone volume was calculated (S.L., S.L.M., 
and T.R.M.) from the segmented patient images as the ratio of 
the number of pixels occupied by bone to the total number of 
pixels in the scan range. The percentage bone attenuation was 
calculated as the ratio of total attenuation by bone to the total 
attenuation in the scan range.

To determine fsize at alternative tube potentials, the anthro-
pomorphic phantoms mimicking patient sizes from newborns 

and compared with SSDE at 120 kV (J.J.S. and T.J.V., with 28 
years of experience).

Head (50 adult and pediatric patients), chest (50 adult and 
50 pediatric patients), and abdominal (50 adult and 50 pediatric 
patients) noncontrast CT examinations were randomly selected 
to represent a range of body habitus. Scans with anatomy outside 
of the field of view (torso, 50 cm; head, 25 cm) were excluded.

Clinical head and chest CT protocols used 120 kV (Table 
E1 [online]). Noncontrast abdominal scans are infrequent in 
our practice, except for assessment of urinary stone by using 
dual-energy CT. Because a linearly weighted mixture of low- 
and high-energy images mimics 120-kV images (9,10), mixed 
images were used as surrogates for 120-kV scans in the abdo-
men. Patients had been scanned on similar scanners from the 
same manufacturer (Somatom Definition AS+, Definition 
Flash, and Force; Siemens Healthcare).

Patient images were simu-
lated at non–120-kV tube 
potentials by scaling the CT 
numbers on the 120-kV or 
120-kV-equivalent (mixed) 
images by using a tube-poten-
tial-dependent factor. The at-
tenuation of bone changes with 
energy, whereas the attenuation 
of soft tissue does not (Appen-
dix E1 [online]). Therefore, our 
study scaled only the CT num-
bers of bony structures.

To determine bone scal-
ing factors, bone-equivalent 
inserts (Fig 2A; 230–870 HU 
at 120 kV) were inserted into 
anthropomorphic head, chest, 
and abdomen phantoms rang-
ing in size from newborn to 
large adult (Models 007TE-
01–007TE-18 and 007TE-
21–007TE-27; Computerized 

Abbreviations
CTDIvol = volume CT dose index, fsize = size-dependent conversion factor, 
SSDE = size-specific dose estimate, WED = water-equivalent diameter

Summary
In both children and adults, published size-specific conversion factors de-
rived for approximately 120-kV x-ray spectra yielded accurate size-specific 
dose estimates for patient CT scans acquired at alternative tube potentials.

Key Results
	N In this retrospective study of noncontrast CT scans in 250 patients, 

tube potential negligibly affected water-equivalent diameter for 
torso scans; in head scans, the greatest mean difference in water-
equivalent diameter relative to 120 kV occurred at 70 kV (20.49 
cm 6 0.08 [standard deviation]; P , .001).

	N For typical scan parameters, the mean differences in size-specific 
dose estimates relative to 120 kV were less than 5%; for unlikely 
scan parameter combinations, differences ranged from 212.4% to 
6.9% (P , .001).

Figure 1:  Flowchart of each step used in this study to calculate water-equivalent diameter (WED) and size-specific dose 
estimate (SSDE) at each kilovolt. CTDIvol = volume CT dose index.
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to large adults were arranged to simulate a head and torso 
configuration (Fig 2B) and scanned (J.J.S. and T.J.V.) by us-
ing a 192-detector-row CT scanner (Somatom Force; Siemens 
Healthcare) at 120 kV and 70, 90, 110, 130, and 150 kV  
(Table E2 [online]). The scan range was adjusted according to the 
body region and patient size (Table E3 [online]). Helical pitch 
was determined on the basis of the phantom size, nominal beam 
width, and measured radiation beam width to achieve a uniform 
dose profile at the phantom periphery (11). The absorbed dose 
at the longitudinal center of each region was measured by using 
a small ionization chamber (model 9015, 10 3 6–0.6 probe; 
Radcal) at the center and peripheral locations, as described in 
the American Association of Physicists in Medicine Report 111 
(12). The weighted absorbed dose was calculated as follows:

Weighted absorbed dose = 1/3 dosecenter 1 2/3 dosemean periphery, 
where the mean dose at the periphery was the average of the mea-
surements at the 3 o’clock and 12 o’clock positions. Weighted 

absorbed dose was divided by CTDIvol to obtain fsize, which was 
fitted to exponential curves for each tube potential and body 
region using the equation fsize (TP WED) = a (TP)  e2b(TP)  

WED, where a and b are tube-potential–dependent coefficients de-
termined by the fit, WED is given in centimeters, and TP is tube 
potential given in kilovolts.

To determine SSDE for each patient at each alternative 
tube potential (J.J.S.; S.L.; L.Y., with 15 years of experience; 
and C.H.M., with 30 years of experience), WED values at 
alternative tube potentials were used to select fsize for each pa-
tient and tube potential. fsize was multiplied by the CTDIvol 
of each patient to calculate SSDE by following the meth-
ods used in American Association of Physicists in Medicine 
Report 204 (4), as follows: SSDE (TP) = fsize(TP WED) 3  
CTDIvol, where TP is tube potential.

Differences were calculated between the resulting values and 
those at 120 kV.

Figure 2:  (A) Cross-sectional CT images of the large adult anthropomorphic 
abdomen phantom show cylindrical cavities filled with bone-equivalent inserts (top 
row) and cylindrical cavities filled with tissue-equivalent inserts (bottom row). The 
large white circle is the bone-equivalent spine of the phantom. The left-side images 
are the original images; the right-side images are those after bone segmentation. (B) 
Phantom configuration for scans of the chest. The ionization chamber was placed lon-
gitudinally at the center of scan range in the chest phantom (arrows). Similarly sized 
phantoms were placed next to each chest phantom to provide sufficient scattering 
media to accommodate a scan length appropriate for a typical patient in each size 
and age category.
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Statistical Analysis
The patient sample size (n = 250) was chosen (C.H.M. and 
S.L.) to be at least an order of magnitude larger than the pa-
tient sample sizes (eight or 15 patients) for previous determina-
tions of fsize (4,5), yet achievable by using the patient examina-
tions that were in our clinical data registry at the time the study 
was performed.

For each tube potential and body region, fsize values were fit 
to exponential curves (J.J.S.) as a function of WED, and WED 
and SSDE values at alternative tube potentials were linearly 
regressed against the values at 120 kV by using Excel (version 
15.35.0, Microsoft) to determine fit parameters and correla-
tion coefficients (C.H.M.). Mean differences were calculated 
(C.H.M.) and significance determined by using a one-sided, 

paired t test and a significance criterion of a equal 
to .05. Cohen d was calculated (C.H.M.) to mea-
sure effect size by dividing the absolute value of the 
mean difference by the pooled standard deviation. 
For mean differences less than 0.2 standard devia-
tions, the difference had little to no effect, though 
statistically significant. A Cohen d value of 0.2 was 
considered to have a small effect whereas a value of 
0.5 was considered to have a medium effect.

Results

Phantoms
Regulatory and accreditation criteria typically re-
quire that the mean CT number in water, measured 
at any tube potential or in any image type, be within 
the range of 25 to 5 HU. In Appendix E1 (online), 
Tables E4 and E5 (online) show that these criteria 
were met for all tube potentials and the mixed im-
ages for both head and body phantoms.

The ratio of the mean bone CT numbers mea-
sured in phantoms between alternative tube po-
tentials and 120 kV (Table 1) was larger than 1 for 
tube potentials less than 120 kV and smaller than 1 
for tube potentials greater than 120 kV. For a given 
tube potential, the ratios were not significantly dif-
ferent between the head and torso except for at 70 
kV (P , .05).

Patients
For the 250 patients (median age, 21.5 years; inter-
quartile range, 44 years; 130 women) included in our 
study, the mean percentage bone volumes for head, 
chest, and abdominal scans were 20.7%, 7.8%, and 
4.5%, and the mean percentage bone attenuations 
for head, chest, and abdominal scans were 29.6%, 
10.4%, and 6.6%, respectively (Fig 3). With 10% or 
less of the total attenuation in the torso because of 
bone, tube potential is expected to have a minimal ef-
fect on WED and SSDE (Appendix E2 [online]). For 
head examinations, with 30% of the total attenuation 
because of bone, changes in tube potential are ex-
pected to have a stronger effect on WED and SSDE.

On scans of the chest and abdomen, WED values 
at alternative tube potentials were linearly related to 
WED at 120 kV (R2 = 1.000) for both pediatric and 
adult patients. The fitted slopes were all 1.00, and 
the y-intercepts ranged from 20.03 to 0.01 cm in 
children and from 20.23 to 0.06 cm in adults (Fig 
4). The effect size (ie, the practical significance) of 

Table 1: Ratio of the Mean CT Number in Bone at Alternative Tube 
Potentials Relative to That at 120 kV

Type of 
Phantom

Alternative Tube Potential

70 kV 90 kV 110 kV 130 kV 150 kV
Head 1.47 6 0.00 1.21 6 0.00 1.05 6 0.00 0.96 6 0.00 0.89 6 0.00
Chest 1.50 6 0.02 1.21 6 0.01 1.05 6 0.00 0.95 6 0.00 0.89 6 0.00
Abdomen 1.50 6 0.01 1.22 6 0.01 1.06 6 0.00 0.95 6 0.00 0.89 6 0.00

Note.—Data are ratios 6 standard deviation across phantom sizes.

Figure 3:  (A) Box-and-whisker plots of the distributions of the percentage bone volume for  
the five patient samples that were evaluated. (B) Box-and-whisker plots of the distributions of the 
percentage bone attenuation for the five patient samples that were evaluated.
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tube potential on WED relative to WED at 120 kV was neg-
ligible (Cohen d, 0–0.05) in both pediatric and adult patients.

In scans of the head, WED values at alternative tube poten-
tials were linearly related to WED at 120 kV (R2 = 0.995 for 70 
kV; R2 = 0.999 for 90 kV; and R2 = 1.000 at 110, 130, and 150 
kV) in pediatric and adult patients. The slopes of the fitted lines 
ranged from 1.06 (70 kV) to 0.987 (150 kV), and the y-inter-
cepts ranged from 20.42 cm (70 kV) to 0.10 cm (150 kV) (Fig 
5A). In children and adults, the effect size of tube potential on 
WED relative to WED at 120 kV was medium at 70 kV (Cohen 
d, 0.65); small at 90 kV (Cohen d, 0.29); and negligible for 110, 
130, and 150 kV (Cohen d, 0.07, 0.06, and 0.16, respectively). 
However, even with a medium effect size at 70 kV, the absolute 
difference in WED was small (mean difference, 0.49 cm 6 0.08 
[standard deviation]; range, 0.32–0.68 cm; P , .001).

Table 2 summarizes the fitting results for fsize (R
2  0.984). 

Substantial differences were observed in the values of fsize among 
different tube potentials. For example, a greater than 20% dif-
ference was observed in fsize between 70 kV and 150 kV for the 
smallest phantoms at chest and abdomen examinations and the 
largest phantom in head examinations.

Some tube potential dependence was observed for SSDE 
(Figs 5B, 6), mainly because of the differences in the values 
of fsize because the tube potential varied. At alternative tube 
potentials, the differences in SSDE values from those at 120 
kV ranged from 21.9 to 0.7 mGy for chest, 26.9 to 3.1 
mGy for abdomen, and 26.9 to 3.9 mGy for head. Relative 
to 120 kV, the greatest underestimation of SSDE (negative 
difference values) occurred at 70 kV and the greatest over-
estimation of SSDE (positive difference values) occurred at 
150 kV. Compared with SSDE at 120 kV, the mean SSDE 
percentage difference ranged from 211.4% (70 kV) to 
4.3% (150 kV) and from 212.4% (70 kV) to 5.9% (150 
kV) for adult chest and abdomen examinations, respectively 
(Table 3). Less tube potential dependence was observed for 
pediatric patients. For head examinations, the difference 
was from 212.0% (70 kV) to 6.9% (150 kV) in adult and 
pediatric patients. The data in Table 3 include all tube po-
tentials and patient sizes. However, for the most common 
combinations of tube potential and patient size, the differ-
ence in SSDE at each tube potential relative to that at 120 
kV was within 5%.

Figure 4:  Water-equivalent diameter (WED) values at alternative tube potentials (kilovolt settings) plotted against the WED values at 120 kV. Graphs show (A) adult chest, 
(B) adult abdomen, (C) pediatric chest, and (D) pediatric abdomen.
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Discussion
Published size-dependent conversion factors (fsize) used to calcu-
late size-specific dose estimate (SSDE) were primarily derived 

from phantom measurements, with only eight (torso) and 15 
(head) human CT data sets (4,5). In our study, we measured 
the dependence of the water-equivalent diameter (WED) and 

SSDE on tube potential for 250 
noncontrast head, chest, and ab-
domen CT scans in adult and 
pediatric patients. We found 
that tube potential negligibly 
affected WED for torso scans 
(Cohen d, 0–0.05). In head 
scans, the greatest mean differ-
ence in WED relative to WED 
at 120 kV occurred at 70 kV 
(20.49 cm 6 0.08; P , .001). 
The mean differences in SSDE 
relative to SSDE at 120 kV were 
less than 5% for common scan 
parameter combinations. For 
uncommon combinations, dif-
ferences ranged from 212.4% 
to 6.9% (P , .001), which are 
less than the uncertainty range 
(620%) specified by Ameri-
can Association of Physicists in 
Medicine Report 204 (4).

Our results demonstrate in 
patient data the robustness of 
WED and SSDE across patient 
sizes, body regions, and tube 
potentials. This is important for 
the clinical adoption of SSDE, 
which was recently codified in 
an international standard (13). 
Intuitively, patient size, as ex-
pressed by WED, is not ex-
pected to change simply because 
scan parameters are varied. Also, 
SSDE is expected to be an ac-
curate estimate of the absorbed 
dose in the center of the scan 
volume at any tube potential. Figure 5:  Adult and pediatric head (A) water-equivalent diameter (WED) values and (B) size-specific dose estimate 

(SSDE) values at alternative tube potentials plotted against the respective values at 120 kV.

Table 2: Best Fit Coefficients for the Exponential Curve Relating Size-dependent Conversion Factor and Water-equivalent 
Diameter

Tube 
Potential

Chest Phantoms Abdomen Phantoms Head Phantoms
a Coefficient b Coefficient R2 Value a Coefficient b Coefficient R2 Value a Coefficient b Coefficient R2 Value

70 kV 5.102 0.054 0.984 5.119 0.049 0.994 2.266 0.060 0.991
90 kV 4.381 0.046 0.990 4.454 0.042 0.999 2.066 0.050 0.998
110 kV 3.959 0.041 0.990 4.197 0.039 0.996 1.898 0.042 1.000
120 kV 3.733 0.039 0.991 3.920 0.037 0.995 1.948 0.044 0.996
130 kV 3.626 0.038 0.988 3.932 0.037 0.998 1.855 0.040 0.992
150 kV 3.375 0.034 0.981 3.635 0.033 0.989 1.826 0.036 0.998

Note.—The exponential curve fitting equation is fsize (TP WED) = a (TP)  e2b(TP)  WED, where fsize is size-dependent conversion 
factor, WED is water-equivalent diameter (in centimeters), a and b are tube-potential-dependent coefficients determined by the fit, and TP 
is tube potential (in kilovolts).
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Therefore, from a practical point of view, the influence of tube 
potential on SSDE is negligible, and the use of published fsize 
values (4,5) to calculate SSDE in patients undergoing CT at al-
ternative tube potentials is a reasonable approach.

At our institution, the size of the reconstruction field of view 
is limited to the anatomy of interest. Whereas this maximizes 
the pixel resolution on the image, many archived clinical images 
clip some peripheral anatomy, yielding an underestimation of 
WED. As recommended by American Association of Physicists 
in Medicine Report 220, we used 50-cm reconstruction field-
of-view images for our WED calculations and excluded patients 
with any anatomy outside the 50-cm field of view from our 
study to avoid underestimating WED (8). To do this, we had to 
select scans from our clinical CT data registry, which contains 
the unreconstructed projection data. The only noncontrast CT 
scan of the abdomen with enough patients in the registry was for 
the evaluation of urinary stone disease, which at our institution 
is always performed by using dual-energy protocols. However, 
previous evaluations (9,10) of the properties of mixed images 
from the scanner types used in our study and the independence 
of soft-tissue CT numbers on tube potential (Appendix E1 [on-
line]) support the premise that mixed images accurately simulate 

a 120-kV image. Therefore, the use of mixed images is not a 
limitation of our study.

Our study had limitations. First, only noncontrast scans 
were investigated. The attenuation of iodinated contrast ma-
terials has a considerable dependence on tube potential, more 
than that of bony structures. However, the volume of iodinated 
contrast media injected in contrast-enhanced CT examinations 
is small (~50 to 150 mL) as a percentage of most scan volumes. 
It is reasonable, therefore, to expect tube potential to have little 
to no effect on WED and SSDE for contrast-enhanced scans. 
There may be exceptions to this in certain examinations where 
iodine accumulation may contribute substantially to the total 
attenuation. In those situations, if the percentage iodine vol-
ume and attenuation are of similar or smaller magnitude than 
that of bone, then the results shown here would be equally 
true in examinations with large iodine concentrations in the 
scan volume. Second, all examinations included in our study 
were performed with scanners from a single manufacturer, al-
though multiple scanner models were included. However, the 
differences in effective energy for the range of tube potential 
values examined (70–150 kV) likely exceed differences in ef-
fective energy related to variations in x-ray spectra between 

Figure 6:  Adult and pediatric site-specific dose estimate (SSDE) values at alternative tube potentials plotted against the respective values at 120 kV for (A) adult chest, 
(B) adult abdomen, (C) pediatric chest, and (D) pediatric abdomen.
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manufacturers. Therefore, we do not expect the conclusions of 
our study to be dependent on the manufacturer.

In 250 adult and pediatric patients, tube potential had a neg-
ligible effect on the water-equivalent diameter (WED) at chest 
and abdomen CT and a small effect (,0.7 cm) at 70-kV head 
CT. Additionally, the tube potential had a small effect on the 
size-specific dose estimate (SSDE), with a less than 5% differ-
ence between SSDE at 120 kV and SSDE at alternative tube 
potentials for common CT protocols. We concluded, therefore, 
that the values of the size-dependent conversion factor published 
in American Association of Physicists in Medicine Reports 204 
and 293 are appropriate for use by scanner manufacturers to 
calculate WED and SSDE for the range of spectra used in clini-
cal practice (4,5). Future investigations of the percentage iodine 
volume and percentage iodine attenuation in contrast-enhanced 
examinations are needed to confirm that these findings apply to 
contrast-enhanced CT examinations.
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Table 3: Differences in the Size-specific Dose Estimate 
at Alternative Tube Potentials from Those at 120 kV for 
Abdomen, Chest, and Head CT Examinations

Location of CT 
Examination

Tube Potential 

70 kV 90 kV 110 kV 130 kV 150 kV
Adult abdomen (%) 212.4 23.8 0.2 0.4 5.9
Pediatric  

abdomen (%)
0.6 1.9 2.5 0.4 1.2

Adult chest (%) 211.4 24.1 0.2 0 4.3
Pediatric chest (%) 4.2 3.4 2.3 21.1 21.1
Adult and pediatric  

head (%)
212.0 24.5 0.3 1.6 6.9

Note.—Values are the percentage difference. For adult 
examinations of the torso and any head examination, 90, 
110, or 130 kV are most likely to be used clinically, and for 
pediatric examinations of the torso, 70, 90, or 110 kV are most 
likely to be used clinically. It is uncommon to perform chest 
or abdomen scans in adults at 70 kV because of the difficulty 
of achieving sufficient transmission. The use of 70 kV for head 
examinations is uncommon due to the strong attenuation by 
the skull and potential beam hardening artifacts. The use of 
130 and 150 kV in children was unlikely because adequate 
transmission is easily achieved in small patients at lower tube 
potentials, where tissue and iodine signals are higher. Whereas 
useful in morbidly obese patients or patients with dense 
metallic implants, 150 kV is currently available from only one 
manufacturer; therefore, its use is relatively uncommon. Hence, 
for likely combinations of tube potential and patient size, the 
percentage difference was within 5%.


