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Evaluation of the radiation dose in micro-CT
with optimization of the scan protocol
Inneke Willekensa,b*, Nico Bulsb, Tony Lahouttea,c, Luc Baeyensd,
Christian Vanhovea,c, Vicky Caveliersa,c, Rudi Deklercke, Axel Bossuyta,c

and Johan de Meyb
Introduction: Micro-CT provides non-invasive anato
Contrast M
mic evaluation of small animals. Serial micro-CT measurements
are, however, hampered by the severity of ionizing radiation doses cumulating over the total period of follow-up. The
dose levels may be sufficient to influence experimental outcomes such as animal survival or tumor growth.
Aim: This study was designed to evaluate the radiation dose of micro-CT and to optimize the scanning protocol for
longitudinal micro-CT scans.
Methods andMaterials: Normal C57Bl/6micewere euthanized. Radiation exposure wasmeasured using individually
calibrated lithium fluoride thermoluminescent dosimeters (TLDs). Thirteen TLDs were placed in the mice at the
thyroid, lungs, liver, stomach, colon, bladder and near the spleen. Micro-CT (SkyScan 1178) was performed using two
digital X-ray cameras which scanned over 180- at a resolution of 83mm, a rotation step of 1.08-, 50 kV, 615mA and
121 s image acquisition time. The TLDs were removed after each scan. CTDI100 wasmeasured with a 100mm ionization
chamber, centrally positioned in a 2.7 cm diameter water phantom, and rotation steps were increased to reduce both
scan time and radiation dose.
Results: Internal TLD analysis demonstrated median organ dose of 5.5W 0.6mGy per mA s, confirmed by CTDI100
with result of 6.6mGy per mA s. A rotation step of 2.16 resulted in qualitatively accurate images. At a resolution of
83mm the scan time is reduced to 63 s with an estimated dose of 2.9mGy per mA s. At 166mm resolution, the scan
time is limited to 27 s, with a concordant dose of 1.2mGy per mA s.
Conclusions: The radiation dose of a standard micro-CT scan is relatively high and could influence the experimental
outcome. We believe that the presented adaptation of the scan protocol allows for accurate imaging without the risk
of interfering with the experimental outcome of the study. Copyright # 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Micro-CT is being used in preclinical small animal imaging studies
to conduct non-invasive anatomic evaluation of small rodents.
The use of serial micro-CT imaging to perform longitudinal
studies holds great research potential over more commonly used
invasive techniques that are labor intensive and prevent
follow-up of the same animals over time. Because of the
possibility of using each animal as its own baseline value,
longitudinal CT studies require smaller numbers of animals and
decrease masking effects of subtle morphological variations
generally observed within a cohort (1). Multimodality imaging,
where different molecular imaging techniques like single photon
emission computed tomography (SPECT), positron emission
tomography (PET) and bioluminescence imaging (BLI) are
combined with micro-CT, provides an important improvement
in preclinical small animal imaging research (2). Multimodality
imaging is able to combine the high-resolution and anatomical
data provided by CT with the high sensitivity of nuclear imaging
methods. This allows, for example, measurement of tumor
growth and vascularization in vivo over time (3). However, the use
of ionizing radiation calls for concern, as the animals are exposed
to relatively large radiation doses. As such, these dose levels may
be sufficient to influence the experimental outcomes such as
animal survival or tumor growth.
edia Mol. Imaging 2010, 5 201–207 Copyrigh
As a rule, micro-CT imposes a relatively high ionizing radiation
dose on the animals, mainly due to larger photon fluence needed
to keep the signal-to-noise ratio high enough at high spatial
resolution for adequate image quality. The concrete value,
however, depends on both the scanning frequency and the
t # 2010 John Wiley & Sons, Ltd.
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image resolution. According to previous studies, single-dose
exposures from in vivo micro-CT imaging may not be a problem
(4). The cumulative radiation dose in longitudinal in vivo studies
may, however, be on the order of a few Gray, whereby tissue
damage becomes a possible concern (5). The properties of a
micro-CT scan are mainly determined by the resolution, voltage
and scan time. The quality of micro-CT images depends on the
total radiation dose that the animal is able to endure. The smaller
voxel size requires higher radiation doses to produce images
comparable to clinical CT (6). In literature, a longitudinal in vivo
study reported that animals received up to 11 scans over a time of
2 days (7). Methods for restriction of the radiation doses animals
are subjected to include reduction of the X-ray tube current, the
scanning time and the number of images obtained (8).
Obtaining high-quality images with an X-ray dose small

enough for the animal to recuperate when using in vivo micro-CT
therefore poses a significant challenge. Although contrast agents
or experimental design can improve image quality, the delivered
dose remains the predominant factor determining the quality of
the scans, since a reduction in linear voxel dimension by a factor
of 2 would require an increase in delivered dose by factor 16 (9).
Micro-CT is frequently used in combination with PET and

SPECT. This multi-modality imaging imposes even higher
radiation doses, further complicating in vivo imaging. PET and
SPECT allow for time-course evaluation of radiolabeled molecules
in vivo (10). Nuclear imaging methods are very sensitive, but are
hampered by resolution restrictions. The combined use of SPECT/
CT scans allows fusion of functional SPECT images with
anatomical images obtained by CT to provide an accurate
localization of the tracer. In addition, CT data are essential for
attenuation correction of the SPECT and PET data in order to
perform an absolute quantitative analysis of radioactivity (11,12).
For PET and SPECT radionuclides need to be injected into the
animals. Thus, for multimodality imaging the whole body dose
depends both on the residence time of the radiopharmacon, with
a different retention time in the various organs (13), and the
radiation dose delivered during CT imaging. The radiation dose in
small animal SPECT and PET is not well established. According to
estimates by Funk et al. (13), the whole body dose in mice
ranges between 0.06 and 0.9 Gy. The S-values were between
1.06� 10�13 Gy/Bq s for SPECT agents, and 15.0� 10�13 Gy/Bq s
for PET agents. Because the total body dose can be very high, it
should be monitored very thoroughly and also the administered
activity should be kept to a minimum. An alternative imaging
modality for anatomic localization is MRI, but MRI attenuation
correction is still work-in-progress with potentially promising
results.
The above arguments indicate the prime importance of

accurately determining the radiation dose that the animals will
absorb during single and longitudinal imaging. Defining the
sequential micro-CT cumulative doses to which the animal is
exposed is essential to determine the number of scans an
animal can be subjected to during the study, in order to avoid
direct interference of the experimental design with the
outcome (14).
The objective of this study was to evaluate the radiation

doses of a longitudinal micro-CT scan protocol in mice, with
the intention of optimizing the scan parameters in order to
reduce the radiation dose. We will evaluate the organ dose,
the signal-to-noise ratio (SNR), spatial resolution, visual assess-
ment of image quality and scanning time as read-out for the
method.
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2. MATERIALS AND METHODS

2.1. Animal preparation

Five healthy male C57bl/6 mice weighing 21–25 g (Harlan, The
Netherlands) were reused from a separate study for the
thermoluminescent dosimetry (TLD) measurements. The animals
were euthanized according ethical regulations. Three animals
were scanned according to experimental conditions. Two animals
were scanned in different conditions to assess image quality.
Contrast agent was used for improvement of visualization

and delineation. The mice received, before being sacrified, an
intravenous injection of Fenestra LC (50mg I/ml, ART, Quebec,
Canada) at a dose of 0.2ml/20 g body weight and were scanned
24h after contrast injection. All animal experimentation was
approved by the Ethical Committee of the Vrije Universiteit Brussel.

2.2. Micro-CT imaging

Standard imaging was completed by micro-CT (SkyScan 1178
micro-CT system; SkyScan, Kontich, Belgium) using two digital
X-ray cameras which scanned over 1808 at a resolution of 83m
and a rotation step of 1.088. The system comprises two
metallo-ceramic tubes with a fixed 0.5mm Al filter and two
1280� 1024 pixel digital X-ray cameras. Images were acquired at
50 kV and 615A. The standard total acquisition time was 121 s.
The mice were scanned in supine position.

2.3. Radiation dose measurement

Radiation exposure was measured using lithium fluoride TLDs
(TLD-100 LiF: Mg, Ti; Harshaw-Birron, Wemelkirchen, Germany).
Thirteen TLDs were placed in the mice at organ locations of
dosimetric interest: two subcutaneously at the thyroid, two in the
lungs, three at the liver, two in the stomach, one near the spleen,
two in the colon and one in the bladder. After each micro-CT image
acquisition, the TLDs were removed from the mouse and collected
for readout. Thirteen new TLDs were placed into the same
locations, and micro-CT was repeated using the same imaging
parameters. The TLDs were individually calibrated in air at 50kVp
beam energy on a diagnostic X-ray unit equipped with a high-
frequency generator (Siemens LX 50, Erlangen, Germany). Exposure
measurements were conducted with a 15 cm3 ionization chamber
(Keithley, Cleveland, OH, USA). The TLDs were processed with a
Harshaw-Birron 5500 TLD reader in an atmosphere of inert nitrogen
and annealed in a PTW-TLDO oven (PTW, Freiburg, Germany). For
the conversion of air kerma to soft tissue dose, X-ray mass energy
absorption coefficients (en/) were used from the United States
National Institute of Standards and Technology (15). For the 50 kVp,
0.5 Al mm filtered spectrum used in micro-CT with a mean energy
of 26.8 keV, the conversion factors were found to be 1.05 for soft
tissue and 1.06 for lung tissue. A total of five micro-CT imaging
acquisitions were obtained. We calculated the median of all the
organ dose values. In addition, the computed tomography dose
index (CTDI100) was measured with a 100mm ionization chamber
(Victoreen model 500-100), centrally positioned in a 2.7 cm
diameter water container.

2.4. Adaptation of CT acquisition protocol

The following scan parameters were considered. At a resolution
of 83 m the rotation steps were increased from 1.088 to 2.16, 4.32
and 8.648 in order to decrease the scan time. The scan time was
hn Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2010, 5 201–207



Table 1. Organ radiation dose in a micro-CT scan of 121 s at
83m, 50 kV and 615A. Data points represent the average
values of 3measurements inmGy/mA s, with the variance and
the average values of 3 measurements in mGy

Organ Radiation dose Variance Radiation dose
(mGy/mAs) (mGy)

Skin/thyroid 6.810 0.5 507
Lung 5.536 0.2 412
Liver 6.136 0.1 457
Stomach 5.381 0.6 400
Spleen 3.958 0.8 295
Colon 5.465 0.6 407
Bladder 4.652 0.6 346

RADIATION DOSE IN MICRO-CT IMAGING
respectively 121, 60, 37 and 23 s. The resolution was decreased to
166m. In this setting the rotation steps were also increased from
0.548 to 1.08, 2.16, 4.32 and 8.648. The scan time was respectively
58, 33, 21, 12 and 10 s.
Square regions of interest (ROIs) measuring 1mm2 were drawn

manually in the liver, spleen and left ventricle. The average pixel
value and standard deviation were measured for each ROI for
each mouse. The standard deviation of the pixel value in an ROI
represents the noise in the image, which was evaluated for the
different scanning protocols.
The quality of the different images was evaluated visually

and categorized in high, intermediate and low quality by two
observers. To validate the proposed classification, image quality
was assessed by comparison of signal-to-noise (SNR) ratios and
contrast-to-noise (CNR) ratios. The CNR was based on the average
pixel value of the fat.

2.5. Calculation of radiation dose in the adapted protocol

Based on the fact that the radiation dose is linear to the scan time
if the other scan parameters (kV, mA) are constant, we calculated
the radiation dose of the images scanned with the adapted
acquisition protocol in function of the scan time.
3. RESULTS

3.1. Radiation dose

The organ doses are listed in Table 1. The results of our
experiment show consistently high radiation organ doses.
Internal TLD analysis demonstrated a median mouse organ
dose of 5.5� 0.6mGy per mA s or 40.6� 4.4 cGy per single scan.
Representative images are shown in Figs 1 and 2. The largest
organ dose (6.81mGy/mA s) absorption was observed in the
subcutaneous tissue and thyroid, whereas the lowest dose
(3.96mGy/mA s) was observed in the spleen.

3.2. Adaptation of CT acquisition protocol

Using standard laboratory conditions, the scans made in the
latter experiment implied the delivery of a cumulative radiation
Figure 1. Coronal and sagittal micro-CT images of a mouse with thermolu
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dose that was relatively high with an unbiased outcome.
Reduction of the radiation dose was investigated by increasing
the rotation steps, and thus decreasing scan time. Concordantly, a
decrease in image quality was observed due to the decreased
SNR, CNR and spatial resolution.
Visual analysis of the images with different scan times showed

that, at a resolution of 83m, the image taken with a scan time of
63 s still had high quality. The estimated mean organ dose of this
scan was 2.9mGy per mA s. The quality of the 32 s image was
evaluated as intermediate. With a scan time of 32 s, the noise
values were doubled in comparison to the noise of the scan time
of 121 s. The deterioration in image quality as determined by
visual assessment corresponded well to the curves of noise levels
as a function of time. We observed an exponential increase of
noise when the scan time was reduced.
At a resolution of 166m the 54 s scan was considered to have

high quality at a dose of 2.5mGy per mA s. The 27s scan had
intermediate quality. Images with a lower scan time clearly had a
lower quality. These results are reflected in the noise graphs
demonstrating the inverse correlation between noise level
and scan time. Representative tables are shown in Tables 2–7,
representative graphs are shown in Figs 3 and 4 and rep-
resentative images are shown in Figs 5 and 6.
minescent detectors (TLDs) in place.
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Figure 2. Axial micro-CT images of a mouse with thermoluminescent detectors (TLDs) in place.

Table 3. Noise (SD) in amicro-CT scan at a resolution of 166m
in various rotation steps and scan times. The scans were made
over 1808 at 50 kV and 615 A

Rotation step 0.54 1.08 2.16 4.32 8.64
Scan time (s) 120 60 21 15 12
Spleen 1169 1719 2050 3097 4702
Liver 1149 1431 1709 2605 3546
Heart 1100 1345 1536 2415 4964

Table 5. Signal-to-noise ratio in a micro-CT scan at a resol-
ution of 166m in various rotation steps and scan times. The
scans were made over 1808 at 50 kV and 615 A

Rotation step 1.08 2.16 4.32 8.64
Scan time (s) 120 60 37 23
Spleen 12.8 11.2 7.2 4.7
Liver 12.3 10.3 6.8 5.1
Heart 11.6 10.1 6.2 2.7

Table 2. Noise (SD) in a micro-CT scan at a resolution of 83m
in various rotation steps and scan times. The scans were made
over 1808 at 50 kV and 615 A

Rotation step 1.08 2.16 4.32 8.64
Scan time (s) 120 60 37 23
Spleen 2151 3000 4170 5965
Liver 2447 3045 4217 6032
Heart 1952 2598 3662 5965

Table 4. Signal-to-noise ratio in a micro-CT scan at a resol-
ution of 83m in various rotation steps and scan times. The
scans were made over 1808 at 50 kV and 615 A

Rotation step 1.08 2.16 4.32 8.64
Scan time (s) 120 60 37 23
Spleen 10.3 7.0 5.0 3.6
Liver 7.2 5.8 4.3 3.2
Heart 8.0 6.0 4.3 3.6

www.interscience.wiley.com/journal/cmmi Copyright # 2010 Jo
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4. DISCUSSION

We clearly demonstrated that a standard micro-CT scan resulted
in consistently high radiation doses (0.295–0.507Gy per scan) at
the site of different organs. The highest doses were measured
subcutaneously at the thyroid and the liver. Our study showed
that the level of ionizing radiation measured is sufficient to
influence the experimental outcome, and an adaptation of the
scan protocol is required. The radiation dose that can be used for
live animal imaging is given as the lethal dose or LD50/30. LD50/
30 is the whole-body radiation dose that would kill 50% of an
exposed population within 30 days of exposure. For a mouse, the
lethal dose ranges from 5.0 to 7.6 Gy, depending on the strain of
mouse and age at exposure (16–18). The effects of sublethal
radiation doses become more significant for studies involving a
series of images of the same animals over time. It has been shown
that the mean survival time of an exposed population is inversely
correlated to the cumulative body dose received. The rate of life
shortening for mice has been estimated at 7.2%/Gy for whole
body exposure. Although animals are able to recover after
sublethal radiation exposures, residual irradiation damage can
gradually mount up to a level at which death will occur (9).
Moreover, the study design strongly influences the effects of the
radiation dose (5).
Table 6. Contrast-to-noise ratio in a micro-CT scan at a
resolution of 83m in various rotation steps and scan times.
The scans were made over 1808 at 50 kV and 615A

Rotation step 1.08 2.16 4.32 8.64
Scan time (s) 120 60 37 23
Spleen 1.7 1.3 1.0 0.8
Liver 0.9 0.8 0.7 0.6
Heart 8.0 6.0 4.3 3.6

Table 7. Contrast-to-noise ratio in a micro-CT scan at a
resolution of 166m in various rotation steps and scan times.
The scans were made over 1808 at 50 kV and 615A

Rotation step 1.08 2.16 4.32 8.64
Scantime (s) 120 60 37 23
Spleen 2.6 2.5 1.8 1.3
Liver 2.0 1.7 1.4 1.2
Heart 1.5 1.4 1.0 0.4

hn Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2010, 5 201–207
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Figure 3. Noise in function of scan time at a resolution of 83m in spleen, liver and heart.

RADIATION DOSE IN MICRO-CT IMAGING
The radiation levels in micro-CT are usually not lethal; however,
they are sufficient to intrinsically alter the experimental out-
comes by inducing changes in the immune response and
other biological pathways (19). In humans, whole body dosages
starting at about 0.25 Gy lead to reduced lymphocyte counts (20).
In micro-CT, the dose will mainly depend upon the imaging time
and system resolution. In addition, the noise level, total number
of slices, kilovolt peak and milliampere-second also affect total
dose, albeit to a lesser extent.
To avoid the possible effects of ionizing radiation on the

outcome of the experiment, the cumulative dose should be
limited. The only two alternatives are either to scan at lower
resolution, or to work with poorer image quality (21). In the
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Figure 4. Noise in function of scan time at a resolution of 166m in spleen
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present study, we reported an adaptation of the scanning
protocol with a lower cumulative dose. By reducing the scan time,
we could reduce the total organ dose per scan down to 2.5mGy
per mA s. Although this was accompanied by a loss in image
resolution, the alterations we suggested allow for sufficiently
high-resolution imaging, without affecting the experimental
results by means of the method itself.
In addition, for any specific animal model that is being studied

with longitudinal micro-CT imaging, it is desirable to maintain
unirradiated control animals until radiation-induced effects can be
eliminated as a confounding variable for that particular model (22).
New reconstruction algorithms like iterative reconstruction

could improve image quality. The use of MRI could be an
 scantime (LC166µm)
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Figure 5. Micro-CT images at a resolution of 83m. The rotation step is increased to decrease the scanning time. At a scan time of 63 s the image quality is

still acceptable.
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alternative, especially in combination with SPECT and PET. MRI
offers relatively high soft tissue resolution of organs. Contras-
t-enhanced MRI allows delineation of pathologic processes like
inflammation or tumors and evaluation of organ perfusion and
myocardial infarction (23).
At present, there are so many measurement protocols with

different radiation doses available that it would be impossible
to test all combinations (24). Generally speaking, results from
different studies prove difficult to compare, as the particular
effects of the radiation dose may depend on the type, age and
strain of animal, and on scanning parameters, scanning regime
and type of scanner. However, careful consideration should be
given to defining the number of scans to be carried out and the
radiation dose (5).
Laforest et al. (25) irradiated mice with an aggressive

radiation-sensitive tumor. Fractionated doses ranged from 0.06
to 0.55 Gy daily or every 3 days. The results suggested that the use
of micro-CT can induce tumor inhibition. The results of our study
were consistent with those doses that resulted in tumor growth
inhibition, which means that our standard protocol radiation
dose was too high.
In serial micro-computed imaging studies, the same mouse

may be scanned a number of times on a single day. Mole et al.
Figure 6. Micro-CT images at a resolution of 166m. The rotation step is increa

is still acceptable.
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reported that, although mice are able to neutralize doses of
0.25–0.5 Gy per day when exposed daily, this recovery process is
damaged when they are exposed to radiation on a continuous
basis. For partial body irradiation, this recovery process seems to
be more efficient (9,26). For lower body irradiation, the recovery
rate is about 33% of the LD50/30 per day (9). However, the
recovery process of a single mouse is already damaged at a
scanning frequency of twice a day. Therefore, after a few scans a
day, this damage may have an effect on the results of the
longitudinal in vivo micro-CT study.
Our methods to explore the radiation doses in in vivo

micro-computed imaging were similar to the methods of Carlson
et al. (8). The doses of Carlson are considered to be below the
threshold to affect tumor growth. However, their doses were
lower and their scanning time shorter in comparison with our
experiment. Paulus et al. (27) measured the doses that were
sufficient to elicit elevated levels of gene expression. This increase
in gene expression is a concern for a combined PET-CT system
that will be used to image levels of gene expression in mice (6).
The doses of Paulus were lower than ours, which means that in
the basic conditions our radiation would affect gene expression.
The total absorbed radiation dose depends on the number of
scans, milliampere-seconds per scan, beam hardness, and desired
sed to decrease the scanning time. At a scan time of 27 s the image quality

hn Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2010, 5 201–207
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image quality (resolution, noise and contrast). In order to reduce
the dose, one should try to use the hardest beam possible, while
maintaining an acceptable contrast in the image. Imaging
protocols combining other modalities to which the CT is only
used as a reference have proven to safely reduce the resolution
and dose from the CT protocols by large factors (28).
We suggest that the use of appropriate control animals is

essential in serial micro-CT studies with the aim of evaluating the
potential effects of radiation on the study results.

5. CONCLUSION

The radiation dose of a standard micro-CT scan is too high and
could influence the experimental outcome. We believe that the
presented adaptation of the scan protocol allows for accurate
imaging without the risk of interfering with the experimental
outcome of the study.
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