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Abstract

Introduction: Low-dose Whole Body Multi-Detector Computed Tomography (MDCT) has been established as an alternative to conventional X-ray imaging for
Multiple Myeloma (MM) diagnosis. During an MDCT scan two dose indices are displayed on the monitor to account for the dose delivered to the patient: the
volume computed tomography dose index (CTDI ) and the dose length product (DLP). Both parameters though, are not sufficient in estimating the actual dose on
their own. Two methods are proposed to promptly evaluate the scan dose, based on the two indices displayed: an effective dose evaluation through the DLP (Huda et
al, 2008) and the Size-Specific Dose Estimate (SSDE), which also takes into account the patient’s size, based on the CTDI | (AAPM Report 204).

Material and method: In this study a standardized protocol was developed and data from a good number of clinical examinations were collected. Effective dose
was calculated based on the scanner displayed DLP. SSDE calculations were based on the scanner displayed values for the CTDI, . SSDE is the averaged patient
dose within the scan volume corrected for patient size. Dose is estimated using both methods for a set of 85 patients, examined for MM, for the torso body part.
Although these indices are quite different in principle, they both present a rough but fast and prompt evaluation of the delivered dose. The results of the two methods
are presented and evaluated.

Result: Calculated ED and SSDE values were found to present a weak correlation. Pairwise comparisons showed that the dose values through the two methods
differed significantly (P < 0.001) by (0.92 + 0.79) mSv. The Bland-Altman plot showed that the 95% LOA is 3.1 mSv wide, yelding a relatively poor agreement
between the two methods.

Conclusion: The two methods of evaluation of the CT scan dose indices, ED and SSDE, based on DLP and CTDI  correspondingly, provide an easily applicable
dose estimation of a CT scan, but their values are found to present a notable difference. This means that they can not be used interchangeably clinically, but the most
appropriate one should be used accordingly. ED relies on standardized phantoms and therefore has shortcomings with respect to its ability to reflect any individual
patient effective dose. The SSDE is a good tool for estimating the average radiation dose for a given patient depending on the input parameters and the dimensions
of the specific person in question but does not incorporate any organ/tissue weighting factors. It is recommended that when examined patients deviate significantly
from the reference person by ICRP, dose should be estimated through the SSDE method. It is also proposed that tissue weighting factors would be incorporated with
the SSDE methodology to provide a more refined estimate of risk.

Introduction
Multiple Myeloma Imaging

Multiple Myeloma (MM) is a disease originating in the bone
marrow and possibly extending into soft tissue or the peripheral
blood, characterized by a proliferation of malignant plasma cells [1].
Imaging is required both for the disease staging and for bone fractures
anticipation [1].

A series of plain X-ray images was the standard procedure for both
staging and follow up [1,2]. Conventional radiography until recently
was used as the standard for staging newly diagnosed myeloma, partly
due to its wide availability and low costs [3]. However, this procedure
cannot refrain from being painful and tiring for the patient. Apart
from conventional radiography, a variety of newer imaging modalities
including whole-body low-dose-CT, whole-body MRI and 18F-FDG
PET/CT may be used for imaging and detection of MM disease.
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Detection of lytic bone lesions is crucial in the workup for multiple
myeloma and often in asymptomatic patients defines the decision to
start treatment.

Given the high intrinsic contrast of bone tissue, even a low-dose
CT protocol produces images of good quality, suitable for diagnosis,
with a significant radiation dose saving. A low dose whole body CT
protocol can be used by lowering significantly the tube current. In their
pioneer work Horger M, et al. [2] explore protocols of whole-body
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low-dose multi-detector row-CT(MDCT) in the diagnosis of MM that
lower the dose of radiation necessary to image the skeletal system while
preserving sensitivity and image detail.

As far as the required contrast is concerned, CT is superior in
detecting focal bone destructions [3] and intramedullary lesions
surrounded by fat but might be proven more challenging when diffuse
bone marrow infiltration and intra-vertebral lesions are examined.
These cases are better imaged with MRI modalities [4].

Whole-body low-dose CT is increasingly used due to its higher
sensitivity for the detection of osseous lesions and its ability to diagnose
extra osseous lesions. MM population can be favored of the CT
investigation features, of increased diagnostic accuracy, comfort of the
patient and balance between high image quality and absorbed dose [5].

New whole-body low-dose CT protocols allow for collection of
higher quality images and details of the skeleton at doses of radiation
not much higher than conventional radiography. They have a superior
detection rate for lytic bone lesions compared with whole-body X-ray,
for a possible restaging of the disease Furthermore, rapid acquisition
time, superior image quality without need for i.v. contrast agents due
to the intrinsic contrast of bone and utility in planning for image-
guided biopsy and surgical interventions are some features that have
contributed to the growing use of whole-body low-dose CT protocols

[6].

Due to the high intrinsic contrast of bone the tube current can be
lowered to a range of values 50mAs to 100mAs depending on the size
of the patient [7].

These protocols are increasingly used in MM patients imaging in
many European institutions. Our institution has applied the whole-
body low-dose CT protocol since 2013 in all MM patients.

Dose Evaluation in MDCT scans

Volume CT Dose Index (CTDIvol) and Dose Length Product
(DLP): During a MDCT scan both the Volume CT Dose Index
(CTDI, ) and the Dose Length Product (DLP) are displayed, to account
for the dose delivered to the patient.

When measuring or communicating the radiation output of a
CT scanner, CTDI-based calculations are the reference standard [8],
even though some weaknesses of the CTDI as a dose index have been
debated [9,10]. CTDI was established to provide a standardized
method to compare the scanner output between different scanners,
using a reference phantom. This reference phantom is made of PMMA,
is cylindrical and has a diameter of either 16 cm or 32 cm, accounting
for either the patient’s head or body, respectively.

The dose received by a patient during a CT scan is affected by both
the scanner radiation output and the patient size. CTDI ; provides
information only on the scanner output and cannot therefore estimate,
exclusively, patient dose [11].

As far as the DLP is concerned, it is calculated as the product of
CTDI , (mGy) and scan length (cm) and can be used to quantify the
total amount of radiation received by a patient during a scan [12]. DLP
however has the drawback of not being comparable with dose metrics
used with other imaging modalities.

Both the CTDI,  and the DLP are sensitive to scan parameters (tube
voltage, gantry rotation time, tube current, pitch, bow-tie filter), but are
independent of patient size [13].
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A more detailed analysis of all the dose indices mentioned can be
found in the referenced literature [13,14].

Effective Dose (ED)

Effective Dose (ED) is a weighted average of organ doses. By
taking into account the tissues receiving the radiation dose it attempts
to reflect the equivalent whole-body dose that results in a stochastic
risk equivalent to the risk of the actual absorbed dose of the partial
body irradiation, such as a CT scan [14]. It provides a standardized
dose estimate, comparable along all imaging modalities, as well as a
quantification of the induction of genetic effects due to radiation [15].

A study by Huda et al. [16] has published data on the ratio of ED
to DLP, for 16-section CT scanners, from four vendors, for typical scan
lengths encountered at head and body CT examinations. In this way, a
direct conversion of the DLP displayed on the scanner monitor to ED
is allowed. This study [16] used commercially available CT dosimetry
software (ImPACT CT Patient Dosimetry Calculator, version 0.99x;
ImPACT, London, England) to calculate patient organ dose and ED
from CT scans, using the Monte Carlo dose data sets published by the
National Radiological Protection Board (NRPB) [17].

The equation of the ED estimation, through the proposed
Conversion Factors (CF), is the following:

ED =CF * DLF

The study [16] also examines the possible alterations in the
conversion factors due to different long-axis scan location, x-ray tube
voltage and tube current, as well as a comparison between different
dosimetry software packages.

Size-Specific Dose Estimate (SSDE)

The Size-Specific Dose Estimate (SSDE) is a recently proposed
dose index to quantify the dose received by a patient during a scan, by
taking into account the patient’s size as well [13]. It is based on a series
of published conversion factors by the AAPM that takes into account
the patient’s size and is applied to the displayed CTDI . Transverse
CT images should be used to estimate patient size since localizer
radiographs generally overestimate patient size due to magnification.
Measurement of patient size can be obtained from the mid-slice
location on the transverse CT image series [18].

The conversion factors are divided in those concerning either
head scans (based on the 16 cm diameter head dosimetry phantom)
or body scans (based on the 32 cm diameter body dosimetry phantom)
[13]. The patient size is taken into account by considering one of four
possible measurements: the patient’s lateral (LAT) dimension (left-to-
right dimension of the body part being scanned), the anterior-posterior
(AP) dimension (thickness of the body part being scanned), the sum
of the LAT and AP dimensions or the effective diameter. The effective
diameter (Eff-D) can be thought as the diameter of the circle whose area
is the same as that of the patient cross section [13]. It can be calculated
as:

Eff-D = (APxLAT)"

By knowing the reference phantom used (32cm or 16cm diameter
reference phantom) and the patient’s Eff-D, the appropriate conversion
factor is derived from the AAPM 204 tables or is calculated by using the
exponential equation as described in Appendix A [12]. By multiplying
this factor with the displayed CTDI  the SSDE (in mGy) of a certain
CT scan is calculated.
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The general form of the conversion is the following:
SSDE = f,, * CTDI*
SDE = f,, * CTDI"™

for the 32 cm and the 16 cm reference body phantoms respectively.
The f, and f, factors are calculated based on the effective diameters and
the scanning parameters. For example, when a tube of 120 kV is used,
they are calculated as:

f, = 3.704369*exp(-0.03671937*Eff-D)

f, = 1.874799*exp (-0.03871313* Eff-D)

for the 32 cm and the 16 cm reference body phantoms respectively.
Dose Units

As already stated, SSDE is measured in mGy whereas ED in mSv.
The numerical comparison between the two methods though is possible
because of the type of radiation used in CT. The dose equivalent (mSv)
is equal to the product of the absorbed dose (mGy) and the radiation
quality factor Q; since Q equals 1 for radiations used in CT (and in
diagnostic radiology in general), absorbed dose in mGy and dose
equivalent in mSv are numerically equal and are many times used
interchangeably [18].

Material and method

Patient sample, CT system and scan parameters

A set of 85 adult patients, MM diagnosed, was examined. These
patients underwent CT scan examinations between November 2013
and May 2014 in the I* Radiology Department of the University of
Athens.

All CT scans were performed on a Philips CT Brilliance 16
scanner, using the helical whole-body low dose protocol of our
department, common in many other European Institutes for MM
imaging. Patient’s weight varied between 50 - 85 kg, for adults above
the age of 40. The parameters used were a tube voltage of 120 kV, a
tube current - time product of 60 mAs and a collimation of 16 x 1.5
mm. In every scan the patient’s weight, the anterior posterior (AP)
dimension, the lateral dimension at the patient’s largest area, the
CTDI , and the DLP were documented.

All patients were positioned supine, head first, with the arms above
their head. Scan lengths varied between 1.05 - 1.54 m, measuring from
the top of the head to the level beneath the knees (Figures 1 and 2).

This whole-body protocol was used for both imaging the body
and the head, i.e. the 32 cm reference phantom, leading to a possible

BONME

Figure 1. CTDIvol and the DLP values are displayed on the CT screen, useful in evaluation
of absorbed dose delivered per MDCT scan performed on the Philips CT Brilliance 16
scanner in our Radiology department
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Figure 2. The documented dimensions from a CT scan, needed to calculate the Effective
Diameter (Eff-D) of each patient. Rando Phantom transverse slice is displayed to show the
AP and LAT measurements

miscalculation of head and legs dose. Moreover, both the ED and SSDE
conversion factors concern specific body parts.

For these reasons the head and legs parts were omitted from
calculations and only the body part (trunk) was examined. This was
done by calculating the percentage of the total scan length occupied by
the trunk. It was found to have an average value of 47.9%. By multiplying
this percentage to the DLP value, the body DLP was extracted. DLP
values for the trunk varied between 240 - 340 mGy *cm and effective
diameters between 20 — 36 cm. The part examined can be seen on a
scanogram in Figure 3.

Effective Dose calculation

Firstly, estimations of the ED were done, based on the displayed
DLP and the conversion factors (CF) introduced by Huda et al [16].
A direct conversion of the displayed on the scanner monitor DLP
(in mGy *cm) to ED (in uSv) is possible this way, as presented in the
Introduction section.

ED =CF* DLP

The representative value of 18 uSv/mGy *cm, for a body scan
of ED/DLP at 120 kV, was used as a CF in our calculations, since
a whole-body protocol was used [15]. The CF accounting for our
system in specific examinations are 18, 17 and 20 uSv/mGy *cm for
chest, abdominal and pelvic examinations respectively [15].

SSDE index calculation

Secondly, calculations of the SSDE indices were done, by
multiplying the CTDI  of the scanner for a reference phantom (32
cm) and the size dependent conversion factors introduced by the
AAPM Report 204.

The factors were calculated as described in Appendix A [13], for
the 32 cm reference body phantom, concerning a tube voltage of 120
kV, from the exponential equation:

f, = 3.704369*exp(-0.03671937*Eff Diam)
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Thus, the SSDE index (in mGy, for the 32 cm reference body
phantom) is calculated as:

SSDE = f,*CTDI® |

The effective diameter of each patient was determined as explained
in the Introduction section Size-Specific Dose Estimate (SSDE)

Data analysis

Data from 85 patients’ CT scans, examined for MM, were collected
in the Evorad RIS-PACS Workstation 2.1 and transferred in the SPSS
software (version 21.0; SPSS, Inc, Chicago, IL) for evaluation. The
patient dose received during a CT scan in MM examinations, for the
torso part, was evaluated for a wide range of effective body diameters,
both through the SSDE and the ED, as previously described.

The dose estimation values obtained with the two methods
were compared using linear regression, and the Pearson correlation
coeflicients were calculated. The values also were compared by repeated-
measures analysis of variance (ANOVA), and pairwise comparisons
were performed. A Bland - Altman plot was used to assess agreement
among the two methods, and the 95% limit of agreement (LOA) was
calculated. A P-value less than 0.05 were considered significant.

Result
SSDEs and EDs with respect to patients’ weight

SSDEs are known to present a decreasing trend in relation to
patient body weight, since the body dimensions are accounted for in the
calculating equation. This is confirmed by running a linear regression
test between the SSDEs and the body weights of the patients, concluding
in a moderate negative correlation (Pearson correlation, r = - 0.41; P <
0.001). The resulting pattern can be seen in the scatter plot of the two
data sets (Figure 4).

EDs do not take into account patient body size; however, a linear
regression test between EDs and patient body weights presents a
moderate positive correlation between the two (Pearson correlation, r
=0.59; P < 0.001). The pattern can be seen in the scatter plot of the two
data sets (Figure 5).

TEST
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Figure 3. A scanogram showing the area under examination, accounting for an average of
58.9% of the total scan length
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Figure 4. Linear regression between the SSDEs and the corresponding patient body
weights. A moderate negative linear correlation is shown (r = - 0.41; P <0.001)
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Figure 5. Linear regression between the EDs and the corresponding patient body weights.
A moderate positive linear correlation is shown (r = 0.59; P < 0.001)

A statistical evaluation of the calculated ED and SSDE values

The mean dose values calculated for the set of the 85 patients was
(5.9 + 0.7) mGy through the SSDE estimation and (4.9 £ 0.3) mSv
through the ED estimation. No linear correlation was seen between
the SSDEs and EDs (Pearson correlation, r = - 0.13; P = 0.1). No
evident pattern can be seen at the scatter plot of the two data sets, in
Figure 6.

Pairwise comparisons of the mean dose obtained with repeated-
measures ANOVA showed that the dose values through the two
methods differed by (0.92 £ 0.79) mSv, with a p value less than 0.001
(Table 1).

The respective Bland-Altman plot between SSDEs and EDs is
shown in Figure 7. It shows that the 95% Level of Agreement, LOA
(mean difference + 1.96 x SD) is 3.1 mSv for the dose estimate between
the SSDEs and the EDs.
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Table 1. Two dose estimation methods - Pairwise Comparison

Pairwise Comparison Mean Difference + SD (mSv) P
ED and SSDE 0.92+0.79 <0.001
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Figure 6. Linear regression between the EDs and the corresponding SSDEs. No evident
pattern can be seen (r=-0.13; P=0.1)
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Figure 7. A Bland-Altman plot between SSDEs and EDs, showing the 95% Level of
Agreement (LOA) boundaries (mean difference + 1.96 x SD). A wide range of 3.1 mSv
yields a relatively poor agreement between the two methods

Discussion

Two methods to estimate patient dose from a CT scan, relying on
the displayed on the CT console dose indices values, were evaluated.
The first one is an ED estimation based on the displayed DLP [15] and
the second one an SSDE evaluation based on the displayed CTDI [13].

These indices are based on different principles. The most important
differences are the inclusion of tissue and radiation weighting factors
in the ED estimation and the inclusion of the patient’s dimensions in
the SSDE estimation. However, they can both offer an easy and prompt
dose evaluation of a CT scan, through the two proposed methods.

In the current study, we found a weak linear correlation (r = - 0.13;
P =0.1) between EDs and SSDEs, evaluating the dose received by a set
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of 85 adult patients, for the torso body part of a low-dose whole body
CT.

Pairwise comparisons showed that the dose values through the two
methods differed by (0.92 + 0.79) mSv, which is considered a significant
difference (P < 0.001).

The Bland-Altman plot showed that the 95% LOA (mean difference
+ 1.96 x SD) was 3.1 mSv wide for the dose estimation between ED
and SSDE. These results show that the discrepancies between the two
methods could be 47% at most, considering a mean dose of 5.9 mSv.
These discrepancies seem highly significant and are clinically relevant.
Therefore, these discrepancies indicate that dose estimation with these
two methods should not be used interchangeably in a clinical setting.

The mean dose values calculated for the set of the 85 patients was
(5.9 £ 0.7) mGy by the SSDE estimation and
(4.9 + 0.3) mSv by the ED estimation, for the torso body part.

Dose values referred to in other studies, range around 6.2 mSv
(ICRP26) and 6.5 mSv (ICRP60) for 60 mAs, concerning a whole-body
low-dose MDCT [2].

The two methods might not be expected to present identical values,
since they are based on different principles, but it is of great interest
to know if they can be used interchangeably in clinical routine. The
difference between the two dose estimation methods can be attributed
to a number of factors and possible sources of errors.

Firstly, both methods are strongly dependent on the displayed
on the CT console dose values, either the CTDI  or the DLP, and
are therefore sensitive to the already stated weaknesses and possible
inaccuracies relevant to the two indices [8,19].

When calculating the EDs, the displayed DLP values were used to
account for the body part, omitting the head and legs fraction, because
of the whole-body low dose protocol used for imaging. This may
alter dose values considerably and it would be advised to repeat the
calculations for patients examined following a low dose head protocol
together with a low dose body protocol for scanning.

Moreover, the SSDE estimation strongly depends on defining the
patient diameter, which can vary with the anatomic level and changes
considerably over the examined area, especially when large areas are
scanned. It also does not take into account the scan length but is based
on typical abdominal scan lengths which can vary with patients’ height.

As also mentioned in other studies, further instructions on how
to determine the patient diameter appear necessary for a general
acceptance and right use of the SSDE concept [20].

Size-specific dose estimates (SSDE) can be used as an image-quality
estimate [21]. The SSDE method of radiation dose optimization for
torso CT should include SSDEs as a function of patient sizes, given
an SSDE threshold curve based on experts’ valuation of image quality
[21,22]. A low dose CT protocol used in MM imaging could produce
doses that are slightly above the threshold SSDE curve.

Furthermore, SSDEs allow dose to be tailored to patient size in a
straight way but how well SSDE works with automated tube current
modulation was investigated recently [22]. A general relationship
between CTDIvol-to-ED Conversion Coeflicients and patient size was
created and SSDE for exams acquired with both fixed and modulated
tube currents could be estimated. Though in Whole Body Low dose
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Protocol, a fixed tube current is used, the modulated tube current use
may be another positive option.

An incorporation of tissue weighting factors with the SSDE
methodology would also provide a more refined estimate of risk.
Moore et al used physical anthropomorphic phantoms to investigate
the correlation of size-specific dose estimate (SSDE) with absorbed
organ dose, for estimating patient organ dose in a pediatric population.
Organ dose Correlation Factors (CF organ SSDE) and patient-specific
SSDE estimate patient organ dose [23].

Conclusion

The two methods, based on CTDI  and DLP, provide an easily
applicable prompt dose estimation of a Whole-Body Low Dose CT
scan in MM patient but are affected by different parameters and present
notable differences in the resulting values. Thus, they are not to be used
interchangeably in a clinical setting.

It is recommended that when patients with significant deviation
from the reference person by ICRP (who weights around 70kg) are
examined, dose could be estimated through the SSDE method.

Attention must also be given when scanning large anatomic areas,
where both methods are sensitive to the mentioned parameters. Lastly,
it is proposed that tissue weighting factors are incorporated with the
SSDE methodology to provide a more refined estimate of risk.
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