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Abstract

A method for estimating peak skin dose (PSD) from CTDIvol has been published but

not validated. The objective of this study was to validate this method during CT-

guided ablation procedures. Radiochromic film was calibrated and used to measure

PSD. Sixty-eight patients were enrolled in this study, and measured PSD were col-

lected for 46 procedures. CTDIvol stratified by axial and helical scanning was used to

calculate an estimate of PSD using the method [1.2 × CTDIvol(heli-

cal) + 0.6 × CTDIvol(axial)], and both calculated PSD and total CTDIvol were compared

to measured PSD using paired t-tests on the log-transformed data and Bland-Altman

analysis. Calculated PSD were significantly different from measured PSD (P < 0.0001,

bias, 18.3%, 95% limits of agreement, −63.0% to 26.4%). Measured PSD were not sig-

nificantly different from total CTDIvol (P = 0.27, bias, 3.97%, 95% limits of agreement,

−51.6% to 43.7%). Considering that CTDIvol is reported on the console of all CT scan-

ners, is not stratified by axial and helical scanning modes, and is immediately available

to the operator during CT-guided interventional procedures, it may be reasonable to

use the scanner-reported CTDIvol as an indicator of PSD during CT-guided proce-

dures. However, further validation is required for other models of CT scanner.
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1 | INTRODUCTION

The scope and complexity of computed tomography (CT)-guided

interventions is increasing,1 and CT is now used in combination with

angiography in hybrid imaging systems.2–5 Patient dose indices vary

depending on the complexity of the procedure,6 and patients can be

exposed to high peak skin doses (PSD) during the most complex pro-

cedures, as the same skin site is scanned repeatedly. This is very

similar to the pattern of irradiation during dynamic imaging, including

CT perfusion. The potential effects of high PSD delivered during

such procedures were demonstrated in the CT perfusion incidents

that occurred in the mid-2000’s, with patients experiencing transient

and permanent alopecia7 and an incident during which a young child

experienced erythema after repeated CT of the head. Radiation

cataractogenesis is a related concern if the area of repeated scan-

ning includes the eye lenses.

Given the potential complications associated with high PSD

experienced during CT, it is useful to understand how scanner-re-

ported dose indices relate to patient skin and surface doses, as these

indices are available to the physician during the procedure, reported

in real-time. Soon after the CT perfusion incidents, studies examining

patient doses resulting from CT brain perfusion were published,

including a Monte Carlo study of patient lens and skin doses,8 a

phantom study of organ doses,9 and a phantom study of skin dose.10

While these studies examined only CT brain perfusion imaging using

axial scanning mode, an expression relating patient skin dose to the
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volume computed tomography dose index (CTDIvol) for interven-

tional CT procedures was published around the same time,11 based

on previous evaluation of the relationship between CTDIvol and sur-

face dose for different scanning modes.12 This method was based on

a linear weighted sum of CTDIvol(helical) and CTDIvol(axial)
1. The

weighting factors were determined from the definitions of CTDI and

CTDIvol, the relationship between peripheral and central CTDI mea-

surements in the 32 cm body phantom, and the relationship

between peripheral CTDI and surface dose reported by Bauhs

et al.12 The method is as follows:

skin dose¼ 1:2�CTDIvol helical modeð Þþ0:6�CTDIvolðintermittent axial½ �modeÞ
(1)

This method, while incorporated into existing recommendations

regarding CT-guided interventional procedures,1 has never been vali-

dated.

The purpose of this study was to validate this existing method

for calculating patient PSD during CT-guided interventional proce-

dures. We hypothesized that the method would predict skin doses

that were not significantly different from skin doses measured using

radiochromic film.

2 | METHODS

This study was conducted in compliance with the Healthcare Insur-

ance Portability and Accountability Act and received prospective

Institutional Review Board approval. Informed consent was obtained

from all 68 patients enrolled in this study during a five month period.

All procedures were performed on a single Definition AS128+ CT

(Siemens Healthineers, Malvern, PA) located in the interventional

radiology department. Procedures performed included radiofre-

quency, microwave, and cryo- ablation.

PSD were measured using Gafchromic XR-RV3 film (Ashland,

New Jersey). The film was cut into 35 cm × 5 cm strips. All film was

from a single lot, and the film was calibrated using the same CT

scanner used to perform the ablation procedures using standard

methods.13 During calibration, strips of film were placed immediately

beneath a 32 cm CTDI phantom, on top of the CT slicker and table

pad, with the orange side facing down towards the table. Exposure

was measured using a 0.6 cc thimble ionization chamber (10x5-0.6,

Radcal, Monrovia, CA) located adjacent to the film. The 0.6 cc cham-

ber had a National Institute of Standards and Technology (NIST)

traceable calibration at 120 kVp (HVL = 7.65 mm Al). Calibration

films were exposed to air kerma ranging from 0 mGy to 4,009 mGy

at 120 kV. The films were stored in a dark location for 2 weeks prior

to scanning, as were films irradiated during patient procedures. All

films were scanned using an Epson V700 Professional flatbed scan-

ner (Epson, Long Beach, CA) in reflective mode in 48 bit color at

150 dpi with all corrections disabled. The long axis of the film was

oriented parallel to the scan direction, which centered the narrow

strips in the scanner. After scanning, film darkening was measured

from the red channel data. A four parameter logistic model Rodbard

fit14 was applied to the calibration data in ImageJ (NIH, Bethesda,

MD)15 to derive the calibration function.

During CT-guided interventions, one strip of film was placed in the

same location and orientation as for calibration, immediately under

the patient. The technologist was instructed to identify the lesion to

be treated during the procedure on prior cross-sectional imaging and

then use anatomical landmarks to center the film, oriented along the

long axis of the patient, as close as possible to the region of interest.

As PSD was the dosimetric quantity of interest, it mattered only that

the film was irradiated during a single rotation during each scanning

event, i.e., capturing the entire length of long helical scans was not

required. All images from every procedure were reviewed to ensure

that the film was irradiated during each scan event. The area of maxi-

mum film darkening was identified visually and a region of interest

containing at least 6,750 pixels was placed to measure the film dark-

ening with the same methods used for calibration.

PSD was calculated using the method of Leng et al,11 listed pre-

viously in the introduction. This was accomplished by multiplying

CTDIvol from helical scans acquired during clinical procedures by 1.2

and adding this to the CTDIvol from axial scans multiplied by 0.6 for

all acquisitions during the procedure. The CDTIvol reported for topo-

grams was not included. CTDIvol reported by the CT scanner used in

this study was within 5% of the CTDIvol measured during routine

quality assurance testing performed during the study period. CT-

guided procedures at our institution generally follow the workflow

outlined in the Best Practice Guidelines for CT-Guided Interventional

Procedures from the Society of Interventional Radiology,1 including,

in order, a topogram, a helical preprocedure planning scan (PPS),

axial or helical imaging during the intervention phase, and an

optional postprocedure helical scan. Most procedures also included a

limited multiphase contrast-enhanced CT to assess ablation margin

adequacy. Otherwise, most helical scanning was performed in i-Spiral

mode using a collimated beam width of 38.4 mm (detector configu-

ration 32 x 1.2 mm) and a pitch of 1.0, and most axial scanning was

performed using a collimated beam width of 14.4 mm (detector con-

figuration 3 x 4.8 mm) in i-Sequence mode. CT fluoroscopy was used

occasionally, also at a beam width of 14.4 mm, and was treated the

same as axial scanning. Most procedures used 120 kV, with occa-

sional use of other kV depending on patient dimensions, and mAs

was adapted to patient size using technique charts.16

Measured PSD were compared to calculated PSD and to total

CTDIvol alone using paired t-tests on the log-transformed data. A

simple Bonferroni correction was used to correct for multiple com-

parisons. Five statistical tests were performed during data analysis,

resulting in a corrected alpha of 0.05/5 = 0.01. Bland-Altman analy-

sis was used to examine bias, and correlation was calculated using

the Spearman correlation coefficient.

3 | RESULTS

The film calibration data are plotted in Figure 1. One procedure was

cancelled, the technologist forgot to place the film for 11
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procedures, and no exposure was recorded on the film (i.e., the film

was placed outside the imaged field of view) for 10 procedures, leav-

ing 46 procedures available for analysis. Measured PSD ranged from

30.5 mGy to 1,303.9 mGy, with a median of 263.1 mGy.

The fraction of CTDIvol contributed by axial scanning varied

widely (Fig. 2). Calculated PSD were significantly different from mea-

sured PSD (P < 0.0001). Calculated PSD underestimated the mea-

sured PSD by 18.3% (Fig. 3a, 95% limits of agreement, −63.0% to

26.4%). The standard deviation of the differences between calcu-

lated PSD and measured PSD across all procedures was 20.5 mGy.

Total CTDIvol was not significantly different from measured PSD

(P = 0.27) and underestimated the measured PSD by 3.97% (Fig. 3b,

95% limits of agreement, −51.6% to 43.7%). The standard deviation

of the differences between CTDIvol and measured PSD across all

procedures was 24.1 mGy.

4 | DISCUSSION

In the specific context of this study, CTDIvol alone was a better pre-

dictor of PSD during CT-guided interventions than PSD calculated

using an existing method. The 95% limits of agreement for the dif-

ference between CTDIvol and measured PSD indicated that CTDIvol

can predict the PSD within 50%, a reasonable benchmark for patient

dosimetry with indirect dose indices.17 While the existing method

also, in general, predicted PSD within 50%, bias was greater, and use

of the existing method required that CTDIvol be stratified into contri-

butions from axial and helical scanning, which is somewhat cumber-

some and difficult to do during the procedure at the scanner

console.

It has been reported previously that surface dose as a percent-

age of CTDIvol for axial scanning increases with decreasing phantom

size, from 49% to 65% for phantom lateral widths ranging from

50 cm to 25 cm.18 There was a weak, non-significant correlation

(ρ= 0.30, P = 0.041) between percent error in calculated PSD com-

pared to measured PSD and patient effective diameter (Fig. 4a).

There was no correlation (ρ= 0.25, P = 0.093) between percent error

in CTDIvol compared to measured PSD and patient effective diame-

ter (Fig. 4b). There was a weak, significant correlation (ρ= 0.44,

P = 0.0023) between percent error in CTDIvol compared to mea-

sured PSD and the fraction of CTDIvol contributed by axial scanning

(Fig. 4c). These findings likely reflect the complex interactions among

the factors that affect the relationship between patient surface dose

and CTDIvol, including scanning mode, patient size, and the position

of the patient relative to isocenter, as patient access and probe

placement considerations often mean that the patient is not cen-

tered in the gantry.

There are several uncertainties associated with radiochromic film

dosimetry, these have been discussed extensively in a review by

McCabe et al13 and summarized elsewhere.19 Considering that cali-

bration of the film for the present study was done using backscatter

conditions, the accuracy limits on measured PSD in this study were

approximately �10%, as calculated using the summary information in

Table II of Ref. 18.

While this study included a variety of CT-guided ablations per-

formed on patients of different sizes, all procedures were performed

using a single modern CT scanner at a single site, a limitation of this

study. The relative contributions of primary and scatter radiation to

CTDIvol vary as a function of beam width 20, and it has been

reported that surface dose as a percentage of CTDIvol for axial scan-

ning increases with increasing beam width, from 68% to 89% for

beam widths ranging from 5 mm to 28.8 mm.18 However, the beam

widths used for most scanning in this study, 14.4 mm for axial
F I G . 1 . Radiochromic film calibration data plotted as air kerma
versus reflective density.13

F I G . 2 . Histogram of the fraction of total procedural CTDIvol
contributed by axial scanning across all 46 procedures for which film
dosimetry was available.
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scanning and 38.4 mm for helical scanning, are very common in

modern CT. Even so, our findings are still somewhat scanner-specific,

as other aspects such as beam quality, determined by X-ray tube

and generator design and bowtie filter shapes and materials, affect

the relationship between peripheral and central CTDI100 and the

relationship between surface dose and CTDIvol, as reported by las

Heras et al.10 las Heras found that for the 16 cm CTDI head phan-

tom the ratio of PSD to CTDIvol varied by up to 25% among 4 CT

scanner models. However, the scan protocols used in their study

used 1, 2, or 4 gantry rotations to cover the imaged volume, leading

to substantial variations in surface dose across the imaged volume.

5 | CONCLUSION

Peak skin doses (PSD) resulting from CT-guided procedures, calcu-

lated using an existing method, were significantly different from

measured PSD for procedures performed using a single make and

model of CT scanner. Total CTDIvol was not significantly different

from measured PSD in the specific context of this study.

F I G . 3 . Bland-Altman plots of (a) percent difference between peak
skin dose (PSD) calculated using an existing method and measured
PSD and (b) percent difference between total CTDIvol and measured
PSD. The dashed line indicates bias and the dotted lines indicate the
95% limits of agreement (LoA), and the x-axis title “Average (mGy)”
is the average of the estimates produced by the two measurement
methods.

F I G . 4 . (a) Percent error in PSD was calculated using an existing
method compared to measured PSD versus patient effective
diameter; (b) percent error in CTDIvol compared to measured PSD
versus patient effective diameter; and (c) percent error in CTDIvol
compared to measured PSD versus fraction of CTDIvol contributed
by axial scanning.

JONES ET AL. | 227



ACKNOWLEDGMENTS

The University of Texas MD Anderson Cancer Center is supported

by Cancer Center Support Grant P30CA016672.

CONFLICT OF INTEREST

Alda L. Tam has the following disclosures: Research grant: BTG,

Guerbet; Consulting: Boston Scientific, Endocare. None of the

other authors has anything to disclose. This study was conducted

in compliance with the Healthcare Insurance Portability and

Accountability Act and received prospective Institutional Review

Board approval.

DATA AVAILABIL ITY STATEMENT

Data were available on request due to privacy/ethical restrictions.

NOTE

1 See the penultimate paragraph of the Methods section for a brief

description of how axial and helical CT are used together during CT-

guided procedures.
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