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Abstract 
In the last ten years, the number of paediatric computed tomography (CT) scans 
have increased worldwide, contributing to higher population radiation dose. 
Technique diversification in paediatrics and different CT equipment technologies 
have led to various exposure levels complicating precise evaluation of doses and 
operational conditions necessary for good quality images. The objective of this 
study was to establish a quantitative relationship between absorbed dose and 
cranial region in children up to 6 years old undergoing CT exams. Methods: X-ray 
was measured on the cranial surface of 64 patients undergoing CT using 
thermoluminescent (TL) dosimeters. Forty TLD100 thermoluminescent dosimeters 
(TLD) were evenly distributed on each patient’s skin surface along the saggital 
axis. Measurements were performed in facial regions exposed to scatter radiation 
and in the supratentorial and posterior fossa regions, submitted to primary 
radiation.  TLDs were calibrated for 120kV X-ray over the acrylic phantom. TL 
measurements were made with a Harshaw 4000 system. Patient mean TL readings 
were determined for position, pi, of TLD and normalized to the maximum 
supratentorial reading. From integrating the linear TL density function (ρ) resulting 
from radiation distribution in each of the three exposed regions, dose fraction was 
determined in the region of interest, along with total dose under the technical 
conditions used in that specific exam protocol.  For each TLD position along the 
patient’s cranium, there were n TL measurements with 2% uncertainty due to TL 
reader, and 5% due to thermal treatment of dosimeters. Also, mean TL readings 
and their uncertainties were calculated for each patient at each position, p. 
Results: Mean linear TL density for the region exposed to secondary radiation 
defined by position, 0.3≤p≤6 cm, was ρ(p)=7.9(4)x10-2+7(5)x10-5p4.5(4) cm-1; exposed 
to primary X-ray for the posterior fossa region defined by position 6.0<p≤9.6 cm, 
and supratentorial defined by position 9.6≤p≤12.3cm, were ρ(p)=30(8)x10-

1+47(10)x10-3p cm-1 and ρ(p)=0,87(7)-0,007(7)p cm-1 respectively. As the exam 
protocol used 120kV, 300mAs, and slice thickness/spacing of 3/5mm and 5/7mm for 
the posterior fossa and supratentorial regions respectively, total calculated dose 
was 11.3(3.3) mGy. Eye region calculated dose was 0.4(0.1) mGy. Conclusion: 
Thermoluminescent dosimetry can be used in determining integral patient absorbed 
dose distribution in the three cranial regions under different X-ray exposure 
conditions. The proposed function permitted dose estimation in cranial paediatric 
exams independent of mAs because maximum TL readings were determined in the 
supratentorial region, maintaining the above-mentioned operational and 
geometrical conditions. 
 
Introduction   

 
With the increased popularity of computerized tomography (CT) 

equipment and more investment in all methods of medical image diagnosis, 
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CT is currently considered as the highest contributor to increased dose 
levels in the population. In the United Kingdom, CTs accounted for 4% of all 
radiological examinations performed in the mid 1990s contributing to about 
40% of all x-radiation exposure in medical procedures. Similar data were 
reported in Germany in 1994. In the USA, recent data demonstrate that CTs 
account for 10% of all radiological procedures making up two thirds of all 
doses. From these, 11% are performed in children (1,2,3). 

The first recommendations on Radiological Protection in Paediatric 
Radiology were made by the National Council on Radiation Protection  
(NCRP) in Document No 68, 1978. Due to children’s long life expectancy, 
there is a great potential for undesirable X radiation effects to manifest. It 
reports that children exposed to radiation are twice as susceptible to 
developing leukaemia as irradiated adults. This highlights the need for 
establishing specific protocols in paediatric scans aimed at optimising dose 
levels (4,5). 

In the past five years, the Society of Paediatric Radiology has 
reported a 200% increase in child examinations in the USA, cranium CT being 
the most common. Due to anatomical variations in the craniums of children 
up to 6 years old, dose evaluation is complex. Different cranium sizes should 
result in customized exposure conditions, as in conventional radiology. 
However, this is not often the case in CT examinations (1,2,5).  

The objective of this study was to establish a quantitative relationship 
between absorbed dose and cranial region in children up to 6 years old undergoing 
CT exams.   
 
Materials and Methods 

 
This study was made with a CT helicoidal AV/Tomoscan-Philips. It has 

a maximum tube voltage of 140kV, maximum current of 400mA, and a high 
frequency generator, allowing section thicknesses of 1, 2, 3, 5, 7, and 10mm 
and a gantry inclination of -30° to +30°.  

The exam protocol for child cranium CTs planned by the paediatric 
radiological team establishes a gantry inclination of approximately 22° 
allowing sections from the patients supra orbital region in two anatomical 
areas: posterior fossa and supra-tentorial. In children from 6 months to six 
years, section thicknesses and increments are respectively: 2 and 5mm for 
the posterior fossa and 7 and 7mm for the supra-tentorial region. A typical 
section planning image for this exam is shown in Figure 1 (A)(5,7,8,9). The 
exposure condition was 120kV, 300mAs for the posterior fossa and 200mAs 
for the supra-tentorial region. 

Previously authorized by the UNIFESP Ethics Committee in Research, 
dosimetric evaluations were performed in 64 outpatients up to 6 years old 
with clinical indications for cranial CT using thermoluminescents dosimeters 
(TLD), TLD100s, Harshaw, USA. 

The TLD100s underwent pre-irradiation thermal treatment as per 
manufacturer instructions with 400°C for one hour in a Quimis muffle type 
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oven, followed by 100°C for 2 hours in TDLab’s Olidelf-cz sterilization oven 
(10). 

After thermal treatment 40 TLDs were randomly selected and inserted 
into an acrylic tube, Figures 1 (B) & (C). This tube was fixed to the patient 
minutes before the scan, in the cranium lateral position, over the ear 
vertical plane line in the parietal and temporal bone regions up to 4cm 
below the external ear canal and maintained throughout the exam as shown 
in Figures 1 (A) & (B). 

To guarantee identification of TLD’s position exposed to primary and 
secondary x-ray beams, a small tin wire was placed in the acrylic tube which 
can be seen in the planning image and is shown in Figure 1. This created a 
reference position for dosimeters along the patient’s axial plane so that 
secondary X-radiation was measured from the 1st to 20th TLD and primary 
beam X-radiation from 21st to the 40th TLD. Therefore, the 20th dosimeter 
was placed on the patient’s orbital-meatal line. As each dosimeter is 3.2mm, 
there was 6.4cm of measurement for each type of radiation (primary and 
secondary). 
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Figure 1: (A) A typical section planning image for child cranium CTs 

exam; (B) tube fixed to the patient in the cranium lateral position, over the 
ear vertical plane line in the parietal and temporal bone regions up to 4cm 
below the external ear canal and maintained throughout the exam; (C) 40 

TLDs inserted into an acrylic tube 
 

 At the end of the CT scan, these were processed using a 4000 Harshaw 
reader. Reading conditions in this equipment were: 4°C.s-1 linear heating 
rate; 30s reading cycle; between 100 and 220°C integrated light emission, 
and 1.5L.min-1 nitrogen flow (10). 

To determine conversion factor, fTL, in mGy.nC-1, and estimate 
absorbed dose in mGy, dosimeter TL response was compared with results 
from a Victoreen 660-3 ionisation chamber (IC) and Victoreen 660 
electrometer and corrected for environmental conditions and instrument 
calibration factor. The dosimeters were irradiated in a General Electric X-
ray Proteus XRA diagnostic apparatus which has half value layer (HVL) of 
5.25 mmAl, for 120 kV. Exposures were generated by 120 kV and 400 mAs, 
on the top in an acrylic scatter area of 106.9 cm2 by 4.5 cm high. Geometric 
characteristics were 1m focus-detector distance and collimated field 
exposure of 10x10cm on the scatter surface. A 10.0 x 10.0 x 0.5 cm acrylic 
plate was placed over the TLDs and IC, simulating the same X-radiation 
attenuation suffered by the TLDs in the acrylic tubes when used in cranium 
CTs. 

Uncertainties analysis method associated to dosimetric measurements 
 
 From the measurement of the intensities TL  of  40 TLDs  it is possible  
to identify the positions of each TLD. The positioning deviation of the 21th 
TLD, related to the orbital-meatal line was corrected based on the planning 
image and not considered on the uncertainty estimative. 
  For each dosimeter position p all over the patient’s cranium (figure 1) 
there are n TL measures with uncertainties u from 2 and 5%, according to 
Harshaw reader and the temperature of the thermal treatment, 
respectively. Besides, for each position, the mean TL reading pTL   and its 
uncertainties, types A and B, were calculated (11). So, the uncertainty of 

pTL is:  
22

ppp
BATL

uuu += . 

Between the TL measured in each position p for each patient i, there 
is one maximum value

máxpTL , which is found in the supra tentorial region. The 

uncertainty 
pBu is composed by the combination of two other uncertainties: 

the temperature t, from the thermal treatment and the reader, TL. Thus, 
the uncertainty 

pBu depends on t and TL.  
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In case of the combine uncertainties the standard uncertainty Cu (y) is 
given by the following equation (11),  
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where the xj are the temperature tj and the xi are the readings TLi.. 

Therefore, the temperature t, applied on the TLDs thermal treatment, is 
constant and the TL reading is variable, so the correlation between these 
parameters is insignificant. Under these conditions, the covariance term, 
cov(xi,xj), from the last equation may be despised and the final expression 
for the uncertainty 

pBu  is given by:       

22 ).05,0().02,0( ppB TLTLu
p

+≅ . 

The uncertainty 
pAu is the standard uncertainty, which means the 

standard deviation of the mean value of the TL readings on p position. Since 
the uncertainty 

pTLu  has two types of components, A and B, the significance 

of the component B was evaluated, using the equation:   
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where, Varp, is the relative variance between the uncertainties 
pTLu  and 

pAu .The figure 2 presents the relative values given by the equation, in 

function of  p position, in cm, of the TLDs used on the patients.     
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Figure 2: Values of the relative variance between the uncertainties 

pTLu  and 

pAu  in function of the TLDs positions.  
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 The maximum value for Varp is about 5%, as shown on figure 2. 
Therefore, the uncertainty type B was despised and the 

pTLu  could be 

calculated using only
pAu . 

 
Dose’s distribution function on patient’s cranium 
 

The dosimetric evaluation in each patient resulted 40 TL readings, 
directly related to the absorbed dose on the patient’s skin surface, during 
the CT cranium exam. Considering the geometric conditions and the tube 
voltage, 120 kV, are always the same, the function of the dose distribution 
on the patient’s cranium can be calculated by the mean linear density of the 
relative TL reading ρ(p), given by: 

( ) 










∆
=

→∆
máxp

p

x TL

TL

x
p

1
lim

0
ρ , 

where, ( )
máxpp TLTL  is the relative TL measure, TLr, on the p position for each 

patient i. ∆x is a perpendicular distance to the axial plane of the 
tomographic slice. For a very small ∆x, ρ(p) will be the TL linear density, in 
cm-1. 

The total absorbed dose D, in mGy, all over the patient’s cranium 
from the position p to p+∆p can be found by: 

( ) ( )∫
∆+

⋅⋅=
pp

p
TLp dppfTLpD

máx
ρ , 

where, 
máxpTL  in nC, is the mean value of the 

máxpTL for any exposure condition 
and  fTL is the conversion factor between the TL reading and the dose in 
mGy. 

The total dose uncertainty uD was found by the equation:,  

( ) ( ) ( )222
ITLpfpTLTLD ufTLIuTLIufu

máxTLmáxmáxp
⋅⋅+⋅⋅+⋅⋅= , 

where,  

( )∫
∆+

=
pp

p

dppI ρ , 

máxTLu  is the uncertainty of the  
máxpTL , 

TLfu is the uncertainty of fTL and uI is 

the uncertainty calculated for the result of  the I. The last uncertainty 
depends on the linear density function of the TL , which varies in function of 
the anatomic region exposed to the x-ray on CT exam.   

The uncertainties of the mean linear density of the relative TL 
reading, ρ(p),    was found by the equation: 
• To secondary X-ray, referent figure 5,  
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where, RXsu  is the calculated uncertainly from secondary X-ray and pi is an 
arbitrary position . 
• To primary X-ray, referent figures 6 and 7, 
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where, RXpu is the calculated uncertainly from primary  x-Ray . 

Results 
 
The following data were recorded using each measurement in the 64 

patients: exposure conditions (kV & mAs), section thicknesses and spacing 
used in posterior fossa and supra-tentorial regions, and the respective TL 
readings for each position p. Mean head area was calculated from 
tomographic image measurements from the A↔B and C↔D distances defined 
for patients cranium region (Figure 3); from this we established that 
cranium sizes of children from 6 months to 6 years old present a homogenous 
sample (Figure 4). 

 

 
Figure 3: Tomographic image measurements from the A↔B and C↔D 

distances defined for patient’s cranium region supra-tentorial. 
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.  
Figure 4: Mean head area was calculated from tomographic image 

measurements from the A↔B and C↔D distances. 
 

The figures 5, 6 and 7 shown the mean linear density of the relative 
TL reading ρ(p), used to calculate total dose D on the cranium volume, in 
function of the position, to secondary and primary X-ray exposure. 
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Figure 5: Mean linear density of the relative TL reading, ρ(p), to 

secondary and 
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 X-ray exposure on position 0.3 ≤ p ≤ 6 cm. 
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Figure 6: Mean linear density of the relative TL reading, ρ(p), to primary X-

ray  
exposure on position 6.0< p ≤ 9.6 cm. 
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Figure 7: Mean linear density of the relative TL reading, ρ(p), to primary X-

ray 
 exposure on position 9.6 ≤ p ≤ 12.3 cm  

 
 
The figure 8 show mean linear density of the relative TL reading, ρ(p), 

gave by experimental and by equations. 
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Figure 8: Mean linear density of the relative TL reading, ρ(p), gave by 

experimental  
and by equations. 

 
 The calculated absorbed doses D, established by the equations are: 
• To the eyes on secondary x-ray exposure: 0.4(0.1) mGy  
• All over the cranium: 11.3(3.3) mGy. 

 
Discussion and Conclusions 
 

In literature the main biological effects associated with CT scans are 
stochastic, which includes leukaemia and other types of cancer (4,12). 
Particularly in cranium scans, we should also consider the close proximity of 
the eyes to tomographic sections in the posterior fossa region which are 
inclined to develop cataracts (13,14). Some researchers have gone even 
further, reporting that children who have had frequent cranium CT scans can 
have cognitive problems in adulthood (15). Therefore considering the increase 
in population exposure to radiation due to a large increase in paediatric CT 
scans, it is important to prevent and minimize the risk of deleterious effects 
from excessive scans during childhood (1,2). In this stage, the dose threshold 
for cataract induction may be half the adult dose (9). Typical cases where 
there has been frequent exposure of the child’s cranium early in life are 
common in patients with hydrocephalia, retinoblastoma, and repetitive 
headaches. Therefore paediatric patients frequently undergoing cranium CT 
scans are at higher risk of lens damage which justifies optimisation studies 
of exposure conditions (9,13,14,15). 

Respecting patient clinical picture limitations, several researchers 
believe that magnetic resonance should be adopted as an alternative 
paediatric imaging diagnosis method (2,15). However access to magnetic 



 11

resonance exams is more difficult than CTs because it is a high cost exam 
especially in Brazil’s economical situation. 

The complex nature of estimating CT scans contribution to collective 
dose goes beyond variations in operational technical conditions and 
tomography equipment configuration. The actual method for determining 
absorbed dose in CT scans has specific characteristics which may generate 
uncertainty factors of up to 10 (14). According to national and international 
guidelines, CT scan dose determination can be measured by pencil-type 
ionisation chamber. It is then possible to calculate the standard adopted CT 
index of CTDI and MSAD (1,8,16). However, thermoluminescent dosimetry has 
been effective dose evaluation method mainly because of its integrating 
characteristic (10). That is its ability to measure accumulated primary and 
secondary radiation in the exposed anatomical region. The use of 
thermoluminescent dosimetery permitted determination of integrated 
absorbed dose distribution in the patient for different scan x-ray exposure 
conditions. 
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