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Purpose: To test the hypothesis that patient size can be accurately 
calculated from axial computed tomographic (CT) images, 
including correction for the effects of anatomy truncation 
that occur in routine clinical CT image reconstruction.

Materials and 
Methods:

Institutional review board approval was obtained for this 
HIPAA-compliant study, with waiver of informed consent. 
Water-equivalent diameter (DW) was computed from the 
attenuation-area product of each image within 50 adult 
CT scans of the thorax and of the abdomen and pelvis 
and was also measured for maximal field of view (FOV) 
reconstructions. Linear regression models were created 
to compare DW with the effective diameter (Deff) used to 
select size-specific volume CT dose index (CTDIvol) con-
version factors as defined in report 204 of the American 
Association of Physicists in Medicine. Linear regression 
models relating reductions in measured DW to a metric 
of anatomy truncation were used to compensate for the 
effects of clinical image truncation.

Results: In the thorax, DW versus Deff had an R2 of 0.51 (n = 200, 
50 patients at four anatomic locations); in the abdomen 
and pelvis, R2 was 0.90 (n = 150, 50 patients at three an-
atomic locations). By correcting for image truncation, the 
proportion of clinically reconstructed images with an ex-
tracted DW within 65% of the maximal FOV DW increased 
from 54% to 90% in the thorax (3602 images) and from 
95% to 100% in the abdomen and pelvis (6181 images).

Conclusion: The DW extracted from axial CT images is a reliable 
measure of patient size, and varying degrees of clinical 
image truncation can be readily corrected. Automated 
measurement of patient size combined with CT radiation 
exposure metrics may enable patient-specific dose estima-
tion on a large scale.
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size-specific dose estimates (SSDEs) by 
size-adjusting CTDIvol (14). Multiplica-
tion of the CTDIvol by the appropriate 
conversion factor (derived from Monte 
Carlo simulations and phantom mea-
surements) yields the SSDE, which is 
intended to better approximate radia-
tion dose to the patient’s central organs. 
To implement this type of approach on 
a large scale, automated methods to de-
termine patient size are needed.

The purpose of this study was to test 
the hypothesis that patient size can be 
accurately calculated from axial CT im-
ages, including correction for the effects 
of anatomy truncation that occur in rou-
tine clinical CT image reconstruction.

Materials and Methods

Institutional review board approval was 
obtained for this Health Insurance Por-
tability and Accountability Act–com-
pliant study, with waiver of informed 
consent.

Setting and Cohort
The cohort included patients of 18 
years of age or older of both sexes who 
underwent CT in January 2012 in the 

soft tissues, necessitating adjustment ac-
cording to patient size for appropriate 
CT dosimetry (13–17).

There are many patient safety and 
quality improvement applications of 
large-scale radiation exposure databases 
(6,18). Certain activities, including reg-
ulatory oversight, institutional bench-
marking, and some CT quality assurance 
and protocol optimization efforts, can 
be performed by using large databases 
devoid of patient size information. How-
ever, several efforts either further benefit 
from or require the inclusion of patient 
size information. Protocol optimization 
efforts and appropriate dose-alert levels 
should ideally be linked to patient size to 
identify undesirable variations in tech-
nique arising from poorly standardized 
CT protocols (19) while controlling for 
the expected large variations necessary 
to maintain image quality at all patient 
sizes (20). While patient-specific dose 
monitoring and risk assessment remain 
controversial in large part because of 
uncertainties in our underlying cancer 
risk models (21,22), any such programs 
would require more accurate patient 
dosimetry than can be derived from the 
raw CT exposure metrics CTDIvol and 
dose-length product. Furthermore, ef-
forts to directly test or refine our risk 
models of the biological effects of ion-
izing radiation at the low doses used 
in diagnostic imaging will benefit from 
large databases of accurate dosimetry 
data linked to cancer or other biological 
outcomes (23–26).

The American Association of Phys-
icists in Medicine (AAPM) report 
204 established a method to calculate 

Concerns about the potential risks of 
radiation exposure from computed 
tomography (CT) have captured 

the attention of the medical community 
and of the public as a whole (1–4). The 
California legislature responded by man-
dating the recording of “patient dose” 
in the radiology report, which became 
effective on July 1, 2012 (5). Informatics 
toolkits have been developed to collect 
radiation exposure data from individual 
examinations (6–8) and to provide the 
automation necessary to aggregate indi-
vidual information for large-scale study 
(9). Recording CT scanner metrics, such 
as the volume CT dose index (CTDIvol) 
and the dose-length product, can aid in 
successfully monitoring x-ray tube out-
put, but these metrics fall short of mea-
suring radiation dose to the patient (10–
12). For a given CT technique, patient 
dose decreases as patient size increases 
because there is more attenuation of 
the incident x-ray beam by surrounding 

Implications for Patient Care

 n Patient size metrics are essential 
to properly translate CT metrics 
of x-ray tube output into size-
specific dose estimates that are 
more meaningful for an indi-
vidual patient.

 n The automated capture of size 
information such as DW from CT 
images may enable large-scale 
patient-specific dosimetry estima-
tion for patients of variable 
geometry and tissue attenuation.

Advances in Knowledge

 n Patient size may be modeled as a 
water-equivalent diameter (DW), 
which can be automatically 
extracted from axial CT images 
and used to calculate size-specific 
dose estimates.

 n The extracted DW values corre-
late well with the physical dimen-
sions of effective diameter (R2 of 
0.90 for abdomen and pelvis, P 
, 1 3 10215; R2 of 0.51 for 
thorax, P , 1 3 10215) while 
taking into account variations in 
tissue attenuation and morpho-
logic features between anatomic 
regions.

 n The reconstructed field of view in 
routine clinical practice often 
truncates peripheral anatomy 
and leads to underestimation of 
DW; correction for this effect may 
be achieved by capturing a 
measure of image truncation, 
resulting in an increase in DW 
values to within 65% of the true 
DW from 54% to 90% for tho-
racic CT images and from 95% 
to 100% for abdominal and 
pelvic CT images.
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are presumed to represent pure air, to 
correct for variations in manufacturer 
conventions, some of which set air out-
side the patient to 21024 rather than 
21000 HU. These normalized attenua-
tion values are multiplied by the pixel 
area (pixel width multiplied by pixel 
height) and summed over all pixels in 
the image. Multiplication of this nor-
malized attenuation-area product by 
4/p followed by a square root operation 
yields the DW.

The air border proportion is the 
proportion of image border pixels that 
contain an attenuation value less than 
2600 HU. If the entire patient cross 
section is fully contained within the 
reconstructed FOV, the air border pro-
portion would be one (Fig 3). As the 
peripheral soft tissues are truncated 
in reduced FOV reconstructions, the 
air border proportion decreases.

The proportion of maximal FOV DW 
is the ratio of the DW measured on rou-
tine clinical images to the DW measured 
on images reconstructed at maximal 
FOV, shown schematically in Figure 3. 
As greater amounts of the patient are 
truncated by the clinical FOV, there is 
a corresponding decrease in the mea-
sured DW, as part of the patient’s anat-
omy is excluded from measurement in 
the CT image.

performed these measurements during 
his 2nd year as an informatics fellow. 
Deff is the geometric mean of these di-
ameters taken from axial images:

 eff AP L  ,= √D D D  (1)

where DAP is anteroposterior diameter 
and DL is lateral diameter.

The water-equivalent diameter 
(DW) represents the diameter of a cylin-
der of water that contains the same to-
tal x-ray attenuation as that contained 
within the patient’s axial cross section 
and depends on both the cross-sec-
tional area of the patient and the atten-
uation of the contained tissues (Fig 2) 
(17,27–29); DW may be calculated from 
the CT images as Equation (2):

 DW  (2)

where HU signifies Hounsfield units, X 
is pixel width, and Y is pixel height.

Each pixel’s attenuation value in 
Hounsfield units is normalized to a 
new scale with an attenuation of one 
for water and zero for air. All pixels 
with attenuation less than 2600 HU 

Brigham and Women’s Hospital (Bos-
ton, Mass) Emergency Department 
(approximately 60 000 visits per year).  
The first 50 CT examinations of the tho-
rax and the first 50 CT examinations of 
the abdomen and pelvis that met inclu-
sion criteria were analyzed.

Image Reconstruction
The emergency radiology CT scanner 
(Somatom Definition AS+; Siemens 
Healthcare, Forchheim, Germany) was 
calibrated daily with a water phantom 
for clinical use. CT scans were recon-
structed at 3-mm axial section thick-
ness by radiologic technologists, using 
a routine clinical reconstruction field of 
view (FOV) (clinical FOV). Additional 
axial series with 3-mm section thick-
ness were reconstructed at the CT 
scanner workstation with the maximal 
500-mm FOV (maximal FOV), and all 
images were transferred to the archive 
(Centricity; GE Healthcare, Piscat-
away, NJ) serving the picture archiv-
ing and communication system. Scans 
were excluded if the entire contour of 
the skin was not visible on the max-
imal FOV reconstruction (39 of the 
thorax, 23 of the abdomen and pelvis) 
because of miscentering, broad shoul-
ders, or obese habitus or if the scan 
was obtained with the arms at least 
partially down in the scanned region 
rather than overhead (20 of the tho-
rax, two of the abdomen and pelvis).

Patient Size Definitions, Study Metrics, 
and Measurement Methods
The effective diameter (Deff), as defined 
in AAPM report 204 (14), is the di-
ameter of a circle containing the same 
cross-sectional area as that of an ellipse 
with axes defined by the anteroposteri-
or and lateral dimensions of the patient 
(Eq [1]). The maximal midline skin-
to-skin dimensions along the patient’s 
anteroposterior and lateral dimensions 
were manually measured at the picture 
archiving and communication system 
from the axial images reconstructed 
with the maximal FOV, without at-
tempting to correct for irregularities 
in the skin surface owing to undulat-
ing skin contours, as may occur with 
breast tissue (Fig 1). One author (I.I.) 

Figure 1

Figure 1: D
eff

 measurements in a female patient. The anteroposterior and lateral 
dimensions (orange) are measured skin to skin and may be used to create an ellipse 
(blue) with the same minor and major axes. However, this patient’s anatomic con-
tours are not geometrically regular, and her breast tissue lies outside of the ellipse.
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reconstructed CT series (which some-
times truncated peripheral anatomy) 
and at the corresponding locations 
in the maximal FOV reconstructions 
(which always included the entire pa-
tient contour). For a training set in-
cluding all images from the first 10 CT 
scans, linear regression models were 
created separately for the thorax and 
for the abdomen and pelvis to define 
the relationship between the propor-
tion of maximal FOV DW and the air 
border proportion. These regression 
model fit equations predict how much 
of the patient’s total tissue attenuation 
remains in the image on the basis of 
the measured air border proportion, 
allowing for correction of the mea-
sured DW (from truncated images) 
to the expected DW in the absence of 
truncation. This correction was ap-
plied to a validation set including all 
images from the remaining 40 clini-
cally reconstructed CT scans to deter-
mine the percentage of the corrected 
DW values within 65% of the corre-
sponding maximal FOV DW values.

Statistical Analysis
Statistical analysis and graphics were 
generated by using spreadsheet software 
(Excel 2007; Microsoft, Seattle, Wash) 
and the statistical software R (version 
2.15.0; R Foundation for Statistical 
Computing, Vienna, Austria). Linear re-
gression was performed with a = .05.

Results

Surrogates of Patient Size: DW versus Deff

Figure 4 shows the correlation and 
linear regressions relating the auto-
matically extracted DW to the manu-
ally measured Deff. For the thorax, 200 
images from 50 scans at four anatomic 
locations had a Deff range of 21.3–33.6 
cm (R2 = 0.51, P , 1 3 10215). For the 
abdomen and pelvis, 150 images from 
50 scans at three anatomic locations 
had a Deff range of 24.8–36.5 cm (R2 = 
0.90, P , 1 3 10215). The linear models 
for both the thorax and the abdomen 
and pelvis were significant, with cor-
relation between DW and Deff that was 
good in the thorax and excellent in the 

artery, immediately superior to the 
iliac crest, and at the L5-S1 interver-
tebral disk space.

The AAPM report 204 (14) defined 
CTDIvol conversion factors, or CF, with 
Equation (3), as follows:

  (3)

where a and b are coefficients. For the 
standard 32-cm-diameter CT dose in-
dex phantom used for reporting of torso 
exposures, they derived coefficients a = 
3.704 and b = 0.0367, and used Equa-
tion (3) to produce a lookup table of 
conversion factors at representative Deff 
values (14). The measured Deff can be 
used to select the appropriate conver-
sion factor, which is then multiplied 
by the reported CTDIvol to produce the 
SSDE.

Linear regression models were cre-
ated to define the relationship between 
DW and Deff separately for the thorax 
and for the abdomen and pelvis.

Image Truncation Prevalence and 
Correction
The toolkit was used to measure 
DW for all images in the clinically 

These methods of calculating DW 
and the air border proportion were 
coded into a previously reported 
open-source informatics toolkit–the 
generalized radiation observation kit, 
or GROK (6,30), configured to ana-
lyze the desired CT images. The tool-
kit calculates DW by obtaining pixel 
attenuation values in Hounsfield units 
from the axial CT images and pixel 
dimensions from the Digital Imaging 
and Communications in Medicine (DI-
COM) header (Eq [2]). The air bor-
der proportion is calculated for each 
CT image by “thresholding” the 1-pix-
el-wide image border (the pixel is des-
ignated as air or not air on the basis 
of its value above or below -600 HU).

Patient Size Surrogates: DW versus Deff

For each of the 50 CT scans of the 
thorax, DW and Deff were measured 
on images at four anatomic locations: 
the lung apex, the superior aspect of 
the aortic arch, the carina, and im-
mediately superior to the diaphragm. 
For each of the 50 CT scans of the 
abdomen and pelvis, DW and Deff were 
measured on images at three anatomic 
locations: the superior mesenteric 

Figure 2

Figure 2: D
W
 calculation. The patient axial CT image (left, orange) is comprised of individual pixels 

with width (X ), height (Y ), and CT numbers (measured in Hounsfield units [HU] ). As in Equation (2), pixel 
attenuations are normalized so that a pixel has an attenuation defined as zero if it contains air and one if it 
contains water. Subsequent multiplication by the pixel area (X • Y ) yields the normalized attenuation-area 
product, which is converted from a rectangular to a circular attenuation-area product when multiplying by 
4/p. A square root operation then yields the diameter of a cylinder of water, D

W (right, blue), that would 
contain the same total attenuation as the CT image.
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abdomen and pelvis. As demonstrated 
in Figure 5, A, and 5, B, the aerated 
lungs yielded a smaller DW than an ab-
dominal or pelvic image with compara-
ble Deff, which contains more soft-tissue 
attenuation and less internal air.

Image Truncation Prevalence and 
Correction
As patient tissue traverses the image 
border and decreases the air border 
proportion, there is a progressive de-
crease in measured DW below the max-
imal FOV DW (Fig 6). There is substan-
tial variation, depending on the body 
habitus of the patient and the quantity 
and attenuation of the truncated anat-
omy: The notable divergence in the 
thorax as the air border proportion de-
creases relates in part to the observa-
tion that the same amount of truncated 
soft tissue has a larger proportional ef-
fect in the mid thorax where there is 
less total contained attenuation than in 
the shoulders or upper abdomen where 
there is little contained gas. Nonethe-
less, the significant linear regression 
models show good correlation both in 
the thorax (R2 = 0.72, P , 1 3 10215) 
and in the abdomen and pelvis (R2 = 
0.74, P , 1 3 10215).

Use of the linear fit equations of Fig-
ure 6 to correct the measured DW to the 
expected maximal FOV DW on the basis 
of the air border proportion yields the re-
sults in the Table. Before correction, 54% 
(1942 of 3602) and 95% (5893 of 6181) 
of the truncated images in the thorax and 
in the abdomen and pelvis, respectively, 
had a DW within 65% of the maximal 
FOV DW. After applying the correction 
procedure based on the linear model 
for each anatomic region, 90% (3250 of 
3602) of thoracic images and 100% (6154 
of 6181) of the abdominal and pelvic im-
ages had a corrected DW within 65% of 
the maximal FOV DW.

Discussion

We found that accurate measurement 
of patient size from axial CT images 
can be automated, including calcula-
tion of DW and correction for the ef-
fects of image truncation encountered 
in clinical routine. When combined 

Figure 3

Figure 3: Effect of clinical image truncation. The air border proportion is the proportion of image 
border pixels that contain attenuation values less than 2600 HU. If there is no image truncation (sche-
matic patient contour as blue ellipse with maximal FOV), the air border proportion is one (all border 
pixels contain air), resulting in extraction of the full patient D

W
 (blue circles). In routine clinical image 

reconstruction, the peripheral soft tissues are often truncated (orange ellipse with clinical FOV) to focus 
on the anatomy of interest, resulting in a reduced air border proportion, and a reduced D

W
 (orange 

circle).

Figure 4

Figure 4: Patient size correlation. D
W
 demonstrates excellent correlation with D

eff
 for the abdomen 

and pelvis and good correlation for the thorax.
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We, instead, selected DW for auto-
mated patient size measurement be-
cause it captures variations in contained 
tissue attenuation and more closely 
matches the automated tube-current–
modulation calculations performed 
on most CT scanners from the local-
izer images. The intent of automated 
DW extraction is to provide a robust 
measure of patient attenuation that can 
be used for SSDE calculation in place 
of the purely geometric measure, Deff. 
It should be noted that, in AAPM re-
port 204, only abdominal organ doses 
were evaluated as a function of the Deff 
of the abdomen and the extension of 
these methods to the thoracic organs 
was not formally validated. Within the 
abdomen, DW and Deff correlate quite 
closely, and the derivation methods un-
derlying AAPM report 204 suggest that 
use of DW in place of Deff is a reasonable 
approach. While we expect that this 
proposed replacement and extension of 
SSDE methods to the thorax would also 
improve generalizability to the thorax, 
both of them require formal validation 
from a dosimetry perspective.

Because DW intentionally measures 
a different quantity than Deff, the lin-
ear relationship between these metrics 
is not perfect. For a given patient, one 
would expect DW to be relatively insen-
sitive to the degree of inspiration (as 
the total contained tissue attenuation is 
unchanged), although Deff will increase 
as the chest wall expands. Variable ra-
tios of aerated lung to soft tissue also 
produce greater variability between pa-
tients in the average tissue attenuation 
within the chest compared with that in 
the abdomen and pelvis. These factors 
contribute to the looser correlation be-
tween DW and Deff in the thorax (R2 = 
0.51) compared with that in the abdo-
men and pelvis (R2 = 0.90).

The increasing proportion of low-
attenuation fat in large patients flat-
tens the slope of the Figure 4 linear fit 
models below one and contributes to 
their nonzero intercepts. The aerated 
lungs in the thorax produce a smaller 
DW than in the abdomen for a given 
Deff, further reducing the slope of the 
linear fit equation in the thorax. In 
keeping with this observation, recent 

deviate from an elliptical shape, cannot 
be directly measured in regions of im-
age truncation, and does not account 
for variations in the x-ray attenuation of 
heterogeneous tissues within the body. 
Two cross sections through the body 
with identical outer diameters would 
have the same measured Deff and, thus, 
the same AAPM report 204 size cor-
rection factors, even though in reality a 
more air-filled body region would typi-
cally have greater central organ doses, 
as there is less tissue to attenuate the 
incident x-rays (34).

with automated extraction of CT scan-
ner x-ray tube output metrics, patient- 
and size-specific radiation dose mon-
itoring initiatives may be enabled in 
large scale.

Many metrics of patient size, in-
cluding weight (15,31), body mass 
index (32), cross-sectional diameter 
(33), and perimeter (13), have been 
used previously for CT dosimetry cal-
culations. The Deff, as selected by the 
AAPM, is a reasonable choice for man-
ual measure, but it has limitations in 
regions of irregular body contours that 

Figure 5

Figure 5: Patient size and image truncation. A, Maximal FOV axial reconstructions in the thorax and, B, 
those in the pelvis for patients with comparable manually measured D

eff
. While the physical areas of these 

two axial cross sections are similar, the D
W
 is 15% higher in the pelvis (B) than in the thorax (A) because 

of the aerated lungs, corresponding to a 32% higher tissue attenuation in the pelvis (contained attenua-
tion scales as the square of the diameter). Physical dimensions such as D

eff
 do not capture this underlying 

attenuation difference. C, D, Axial image reconstructions performed in clinical routine with a limited FOV have 
expected decreases in the measured D

W
, compared with reconstructions in A and B. Image C is truncated 

version of A; image D is truncated version of B. Use of the air border proportion as a measure of truncation 
allows for the correction of D

W
 values that more closely approximate maximal FOV images.
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which systematically adds to the Fig-
ure 4 model intercepts and increases 
the overall patient attenuation (propor-
tional to the square of DW) by a few 
percentage points. Future methodologic 
enhancements to more accurately de-
termine DW could include body contour 

It should be noted that, in our im-
plementation, the measured DW cap-
tures all of the attenuation contained 
in the image. This includes variable 
amounts of the CT table that artificial-
ly increase the measured attenuation, 
typically contributing 4–5 cm of DW, 

work by Wang et al (29) demonstrated 
that geometry-based size-estimation 
methods that do not account for aer-
ated lung may lead to a substantially 
overestimated DW, compared with at-
tenuation-based methods such as the 
method implemented in this work.

Figure 6

Figure 6: Linear regression model correction for image truncation. For each image in the thorax and in the abdomen and pelvis, the cor-
responding point plots the ratio of the measured D

W
 to the maximal FOV D

W
 along the y-axis and the air border proportion on the x-axis. As in 

Figure 3, the air border proportion is a measure of image truncation, and greater degrees of image truncation (moving to the left on the x-axis) 
result in extracted D

W
 values progressively smaller than the maximal FOV D

W
. A, Thorax and, B, abdomen and pelvis training set data (10 

patients each) used to define the linear regression models relating the measured D
W
 and degree of truncation to the expected maximal FOV D

W
. 

Validation data sets in 40 patients each in the thorax (C) and abdomen and pelvis (D), where the linear regression models are used to correct 
the clinical FOV truncated D

W
 values (data in blue) to the predicted maximal FOV D

W
 values (data in orange).
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CT scanner x-ray tube output metrics 
into meaningful measures of patient 
dose. We developed a method to auto-
matically extract patient size from axial 
CT images as a water-equivalent diame-
ter DW, including correction for the im-
age truncation of peripheral soft tissues 
that is common in clinical routine. Such 
automated patient size extraction may 
enhance large-scale radiation databases 
with SSDEs, thus enabling new oppor-
tunities in radiation dose monitoring 
and potentially aiding efforts to refine 
our radiation risk models.
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