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Abstract: Autoradiography using phosphor imaging screens is often used to characterize tissue distribution of posi-
tron emission tomography (PET) radiotracers. PET tracers emit positrons with limited penetration range, and valid 
quantitative autoradiography can therefore only be achieved in thin tissue slices. However, in some settings, quan-
titative tracer profiling in thick tissues is required. Our aim was to develop a reliable method for this purpose. In this 
paper, we present a method based on total intensity projections (TIPs) of PET and computed tomography (CT) imag-
es. We show theoretically and experimentally that tissue total activity and tissue volume maps can be derived from 
the TIPs of PET and CT images, respectively. We also show that these maps are free of signal displacement artifacts 
in the direction of projection. To demonstrate the utility of the approach, we obtain and compare TIP-based maps 
and autoradiography of ex-vivo atherosclerotic minipig aortas following in-vivo injection of 18F-fluorodeoxyglucose. 
We show that autoradiography of the thick aortas yields distorted results due to positron range effects, whereas 
TIP-mapping is free from such bias. The TIP-based maps may, thus, provide a low-resolution alternative to autoradi-
ography, when tracer accumulation profiling in thick tissues is required.
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Introduction

Accurate quantification of the accumulation 
profile of positron emission tomography (PET) 
radiotracers in tissues is pivotal for clarification 
of their specificity towards different tissue 
types and their utility in imaging of disease  
processes. Autoradiography is an important 
tool, commonly used for quantification of tiss- 
ue distribution of novel and existing radiotrac-
ers. Often conducted using storage phosphor 
screens, autoradiography is generally consid-
ered the gold standard in nuclear medicine, 
providing high resolution visualization of tissue 
tracer distribution. However, for most tracer 
radioisotopes, the signal recorded by autoradi-
ography reflects only tracer content in a thin 
layer at the surface of the tissues. This is 
because the particles emitted by many radio-
isotopes have only limited penetration power, 
i.e. only particles released from a thin layer at 
the tissue surface may reach the phosphor 
screens. This effect is most pronounced in the 

case of 3H, a commonly used tracer isotope. 3H 
decays by emission of electrons with a kinetic 
energy in the range 0-18.6 (mean 5.7) keV and 
only electrons emitted from a few μm thin layer 
at the surface of tissues are able to escape  
and reach the phosphor screens [1]. In the case 
of PET radioisotopes, e.g. the widely used 18F, 
the primary emission is predominantly a posi-
tron that undergoes annihilation producing two 
high-energy photons at 511 keV. Due to their 
high energy, these photons are expected to 
pass through the thin (115 μm [1]) detection 
layer of the phosphor screens, without interac-
tion. Prior to annihilation, the positrons emitted 
from 18F have kinetic energies in the range of 
0-635 (mean 252) keV, and those reaching the 
screens with a proper energy level, will interact 
leaving an imprint. Importantly, the penetration 
power of the 18F positrons is limited, with half  
of the positrons expected to annihilate within 
approximately 200 μm in the tissue itself [2]. 
Thus, also in the case of 18F and other positron 
emitters with similar emission energies, the 
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autoradiography signal will mainly reflect tracer 
distribution at the tissue surface with deeper 
tissues having increasingly less contribution. 

Positron range constraints are a minor concern 
when autoradiography is conducted with thin 
histological slices of less than 100 μm. How- 
ever, in certain experimental settings, infor- 
mation is required on tracer accumulation in 
large tissue specimens, and thin histological 
sectioning may be impractical or infeasible. In 
such cases, thick tissue segments up to sever-
al millimeters, or even whole organ specimens, 
have been used to acquire autoradiographic 
images of positron emitting tracers [3-8]. This 
approach, however, may not quantitively depict 
radiotracer distribution due to overlapping tis-
sues and positron range effects. Furthermore, 
autoradiography provides a profile of total tis-
sue activity projected on the screens, not tis-
sue activity concentration. If the tissues are not 
sliced at uniform thickness [3-6, 8], the autora-
diography signal may also reflect variability in 
tissue thickness which may additionally distort 
the signal profile.

Conducting ex-vivo PET scans may provide an 
alternative method for tracer profiling in thick 
(e.g. 1-5 mm) tissues. In contrast to autoradiog-
raphy, PET provides a profile of the activity con-
centrations in the tissues. However, if tissue 
dimensions are less than 2-3 times scan reso-
lution, incomplete signal recovery may be 
obtained obscuring the actual tracer profile [9]. 
The relatively low resolution of PET at approxi-
mately 6-8 mm [10] leads to signal displace-
ment effects, also referred to as partial volume 
effects, distorting the activity concentrations in 
a volume-dependent manner [9]. 

As an alternative method for acquiring tracer 
profiles in thick tissues, we developed the total 
intensity projection (TIP) of PET and computed 
tomography (CT) images. In this paper, we pres-
ent theoretical derivations showing that the  
TIP of PET (TIPPET) and CT (TIPCT) imaging vol-
umes can be converted into tissue total acti- 
vity and tissue thickness/volume maps, respec-
tively. We also show theoretically that these 
maps are free of signal displacement arte- 
facts in the direction of projection. We validate 
these theoretical predictions using PET/CT 
scans of phantoms with known thickness and 
tracer activity concentration. To demonstrate 
the utility of this approach, we examine the dis-

tribution of 18F-fludeoxyglucose (FDG) in thick 
atherosclerotic aortas and show that the TIP 
approach provides more accurate data com-
pared with autoradiography. The approach may, 
thus, be used as a low-resolution alternative to 
autoradiography in cases where quantitative 
tracer profiling in thick tissues is required.

Methods

Preparation of PET/CT phantoms 

A solution of 3% agarose (Sigma-Aldrich, 
Denmark) in demineralized water was mixed 
with FDG resulting in an activity concentration 
of 113 kBq/ml. The mixture was left to harden 
for app. 1½ hours in a cylindrical container with 
an inner diameter of 65 mm. Subsequently 0.5, 
1, 2, 4, 7 and 10 mm thick discs were sliced 
out, placed between two 10 mm thick methyl-
methacrylate polymer plates (Plexiglas, Evonik, 
Germany) and PET/CT scanned. The methacry-
late plates were used to provide an annihila- 
tion medium for the emitted positrons. Four 
discs of each thickness were scanned, i.e. 24 
discs in total. One agarose block of 40 mm 
thickness was included in all scans and used 
as the reference to measure the true activity 
concentration, i.e. activity concentration that  
is not affected by partial volume effects. The 
activity concentration in the reference block 
was determined as the mean value of a volume 
in the middle of the block at least 1.5 cm away 
from the edges. Due to radioactive decay, the 
activity concentrations measured in the refer-
ence block were 25-45 kBq/ml at times of the 
scans. 

Animals used for ex-vivo PET/CT scans and 
autoradiography 

Ex-vivo en-face autoradiography and PET/CT 
scans were conducted of 4 aortas from athero-
sclerotic Yucatan minipigs. The animals were 
part of a concurrent study, and details on the 
experimental procedures were reported previ-
ously [11, 12]. Briefly, 3 D374Y-PCSK9 and 1 
wildtype minipigs were fed a high fat high cho-
lesterol diet for almost 1 year. The animals 
were injected with 415 (± 11, standard devia-
tion, SD) MBq FDG and were euthanized after  
a circulation time of 118 (± 13, SD) minutes. 
The aortas were quickly extracted and opened 
along the minor curvature. Blood was wiped off 
and the perivascular tissues carefully removed, 
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and the aortas were en-face ex-vivo PET/CT 
scanned at 181 (± 28, SD) minutes following 
the in-vivo FDG injection. Subsequently, the 
aortas were placed en-face and the luminal 
surface was pressed tightly onto autoradiogra-
phy phosphor imaging screens (BAS-IP, TR20- 
25E, GE Healthcare, UK) that were wrapped in 
shrink-wrap (app. 10 μm in thickness) for pro-
tection from moisture. The screens were stored 
at room temperature for an exposure period of 
2 hours and subsequently scanned with a Fuji 
Analyzer BAS-5000 (Fuji, Japan). No saturation 
of the signal on the phosphor screens occurred 
(The software of the Fuji Analyzer BAS-5000 
automatically marked regions with saturation). 
All animal procedures were approved by the 
Danish Animal Experiments Inspectorate.

PET/CT scans of phantoms and minipig aortas

A 64-slice PET/CT scanner (Discovery 690; GE 
Healthcare) was used to conduct scans of 
phantoms and ex-vivo scans of pig aortas using 
1 and 2 PET bed positions, respectively, each 
with a duration of 10 minutes. PET images were 
reconstructed using a 3D OSEM algorithm with 
time-of-flight correction and resolution recov-
ery. Images were reconstructed at a resolution 
of 1.82×1.82×3.27 mm (VuePoint FX SharpIR, 
3 iterations, 24 subsets, 4 mm 2D Gaussian 
post-filter in transaxial plane and a 3-point con-
volution post-filter [1 6 1] in the axial direction). 
An initial CT scan was used for localization and 
attenuation correction (120 kV, 240 mA, 1.25-
mm slice thickness).

Analyses of TIP-derived volume and activity 
maps

Total intensity projections of CT and PET imag-
ing volumes were generated by calculating  
the sum of voxel values for all voxel columns 
perpendicular to the direction of projection. 
Subsequently, the TIPCT was converted into  
tissue thickness and tissue volume maps 
through multiplication of each pixel in the TIP 
plane by CT voxel thickness and voxel volume, 
respectively. The TIPPET was converted into a  
tissue total activity map through multiplication 
of the TIP values by the PET voxel volume. To 
account for reconstruction matrix size, the total 
activity map can be presented as activity per 
area through division by area of each pixel in 
the projected plane. Calculations of the TIP-
derived maps are detailed in the Appendix.

Of the 24 agarose phantom discs, 75 small 
pieces were cut out and micrograph images 
were obtained to measure their true thickness. 
The thickness/volume maps were validated by 
comparing the TIPCT-derived thickness with the 
true thickness measured on the micrographs. 

For validation of the total activity maps derived 
from TIPPET, the maps were converted to activity 
concentration maps through pixel-wise division 
by the volume maps. The activity concentration 
maps of the 0.5-10 mm thick phantoms were 
then compared with the true activity concen- 
tration that was measured directly on the PET 
images in the 40-mm reference block. Recovery 
fractions were calculated through division of 
the TIP-derived activity concentrations by the 
true activity concentration. 

Determination of signal generation mecha-
nism for positron emitters on storage phos-
phor screens

Two solutions of FDG were prepared with  
activity concentrations of 500 kBq/ml and 50 
kBq/ml, respectively. From each solution, 5 μl 
was applied on 5 pieces of paper and were left 
to dry for few minutes. Activities from the 10 
radioactive sources were recorded on phos-
phor imaging screens. For each of the two acti- 
vity levels, one activity source was opposed 
directly on the phosphor screens, while the 
other sources were separated by a radiation 
barrier consisting of an increasing number of 
layers of plastic (low density polyethylene). 
Each layer of the plastic material was 70 μm in 
thickness. Imaging screens were stored at 
room temperature for an exposure period of 3 
hours. To analyze the acquired data, digital 
autoradiographic images were converted to 
photo-stimulated luminescence (PSL) units. 
The average background activity per area was 
determined by measuring the average signal  
on a region of the phosphor screen far away 
from opposed activity sources. The total activi-
ty from each source was measured by drawing 
a region of interest (ROI) that covered a large 
area containing the stored FDG signal but also 
surrounding area containing only background. 
The total background signal (calculated as the 
measured average background multiplied by 
ROI area) was then subtracted to yield the net 
total activity from each activity source. The pro-
file of signal attenuation as a function of plastic 
barrier thickness was fitted to a double expo-
nential equation, as reported previously [13]. 
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Data availability

The datasets generated during and analyzed 
during the current study are available from the 
corresponding author on reasonable request.

Results

Tissue volume and total activity maps based 
on total intensity projection of CT and PET im-
aging data

We aimed to develop a method for quantitative 
assessment of radiotracer distribution in thick 
tissues by total intensity projections of ex-vivo 
PET/CT scans. We defined TIP as the sum of 
voxel values in columns perpendicular to the 
plane of projection. The TIPCT can be multiplied 
by voxel thickness to create a tissue thickness 
map or by voxel volume to create a tissue vol-
ume map. The TIPPET can be multiplied by voxel 
volume to create tissue total activity map. In 
addition, the total activity map may be divided 

blurring, as explained in Figure 1. Furthermore, 
multiplying the TIP of the signal by voxel dimen-
sions to yield tissue thickness/volume or total 
activity, corrects for the second effect relating 
to the spatial sampling, as illustrated in Figure 
2. Thus, theoretically, all TIP-derived maps are 
free of signal displacement artifacts along the 
direction of projection.

To validate these theoretical predictions, a 
series of phantom scans were conducted. First, 
thickness maps derived from TIPCT images were 
compared with actual thickness of agarose 
phantoms. Direct proportionality was observed 
between TIPCT-derived thickness and true thick-
ness of the agarose phantoms, demonstrating 
that TIPCT-derived thickness maps, and equiva-
lently volume maps, were relieved from signal 
displacement artifacts, perfectly reproducing 
the target thickness (Figure 3A). Second, TIPPET-
derived activity maps were converted to activity 
concentration maps through division by TIPCT-
derived volume maps. The activity concentra-

Figure 1. Simulation of the effect of convolution on the total intensity pro-
jection (TIP). (A, B) Cross-section of a sharply bordered structure (A) and its 
signal profile (B) with nominal signal magnitude set to 1. (C) The TIP of the 
signal calculated for projection along the x-direction (horizontal). (D) Hypo-
thetical Gaussian point spread function with area under the curve equal to 
1. (E) Simulation of the blurred signal of (A) as it would appear on a CT or PET 
scan. The blurring is the result of convolution of (A) by (D). (F) Profile of the 
blurred signal (green curve). (G) The TIP of the signal seen in (F). Convolution 
spreads the signal but does not alter the total signal magnitude, i.e. the area 
under the curve (AUC). The TIP is equal to the AUC and, thus, recovers the full 
original signal magnitude (G). a.u.: arbitrary units.

by the volume map to gener-
ate an activity concentration 
map. The theoretical deriva-
tions describing how the TIPs 
are converted to maps are 
presented in the Appendix.

TIP-based maps yield full sig-
nal recovery in the direction 
of projection

Imaging systems suffer often 
from signal displacement ar- 
tifacts that are the result of 
two distinct aspects of the 
acquisition and reconstructi- 
on operations, namely 1) blur-
ring or convolution by the point 
spread function (PSF) of the 
imaging system and 2) a limit-
ed spatial sampling frequency 
i.e. relatively large reconstruc-
tion voxels. Both effects lead 
to displacement of signal cau- 
sing incomplete signal recov-
ery [9], although the overall 
magnitude of the total signal 
is preserved. The TIP opera-
tion accumulates the signal 
along the direction of projec-
tion, reproducing the original 
full signal, thus effectively 
counteracting the effect of 
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tion maps provided virtually full signal recovery 
with recovery fractions close to 100% (Figure 
3B). By contrast, when the activity concentra-
tions were measured directly on the PET imag-
es, partial volume artifacts [9] severely affect-
ed the recovery fractions that were as low as 
6% for the 0.5 mm thick phantoms and reach-
ing only 64% for the 10 mm phantoms (data  
not shown). Thus, although PET, and to lesser 
extent CT, are low-resolution imaging tech-
niques that suffer from signal displacement 
effects, these artifacts were corrected and ren-
dered negligible in the direction of projection by 
the TIP-based analyses.

ty map showed consistently higher total activity 
in atherosclerotic lesions compared with sur-
rounding normal tissues (Figure 4C), consistent 
with the expected increase in FDG accumula-
tion at lesioned sites [17]. A slice through the 
artery from the original PET image is also shown 
in Figure 4D to illustrate differences between 
the original PET slices and the TIP-derived vol-
ume map.

Autoradiography signal generation mechanism 

To clarify the inconsistent and variable results 
obtained with autoradiography, we aimed to 

Figure 2. Simulation of the effect of voxel volume on TIP-derived volume-
maps. (A-C) Cross-sections of a sharply bordered target structure. The grid 
represents the reconstruction matrix. Vt: target structure volume within each 
voxel. At: total activity of target structure in each voxel. (D-F) Illustrations of 
the sampled images of (A-C). A mismatch between tissue and voxel dimen-
sions (E, F) leads to altered representation of target activity concentration on 
the reconstructed images. Vv: voxel volume. Cv: activity concentration in tar-
get-containing voxels. (G-I) TIP-derived activity map values calculated based 
on (D-F). The direction of projection is horizontal (x-direction). Calculation of 
the activity maps takes both voxel signal concentration (Cv) and voxel volume 
into account enabling full recovery of tissue total activity At (A-C). While the 
activity concentration values measured directly in the voxels suffer from in-
complete signal recovery, the mapping approach yields full recovery of total 
activity (D-F). The activity maps are, thus, unaffected by signal displacement 
artifacts caused by large voxel volumes.

Autoradiography and TIP 
analyses of atherosclerotic 
arteries

To demonstrate the utility of 
TIP-based tracer mapping, we 
conducted ex-vivo PET scans 
and autoradiography of ath-
erosclerotic minipig aortas, 
following in-vivo injection of 
FDG. FDG is reported to accu-
mulate predominantly in met-
abolically active macrophages 
in atherosclerotic plaques [14, 
15], although other arterial 
cell types, including vascular 
smooth muscle cells, have 
also been implicated in FDG 
accumulation [16]. The pre-
vailing view is that FDG accu-
mulates preferentially in pla- 
ques compared with normal 
arterial wall in both humans 
and animals [17]. 

We found that en face auto- 
radiography of atherosclerotic 
aortas yielded highly variable 
and inconsistent results. So- 
me atherosclerotic lesions ex- 
hibited, as expected, high sig-
nal compared with surround-
ing normal vessel wall, while 
other lesions displayed equal 
or, even lower signal compar- 
ed with non-lesioned sites. An 
example of the unexpected 
lower signal in plaques com-
pared with normal wall is pro-
vided in Figure 4B. By contra- 
st, the TIP-derived total activi-
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Figure 3. Validation of TIPCT-derived thickness and TIPPET-derived total activity measurements. (A) Agarose phantoms 
with variable thickness (0.5 mm-10 mm) were PET/CT scanned. Direct proportionality is seen between TIPCT-derived 
optical thickness and actual thickness of agarose phantoms, measured on micrograph images, demonstrating 
that TIPCT-derived thickness mapping is unaffected by signal displacement artifacts. (B) TIPPET-derived total activity 
maps were divided by TIPCT-derived volume maps to yield activity concentration maps. The phantoms contained a 
known amount of FDG. Virtually complete signal recovery for phantoms of different thicknesses is seen. A full signal 
recovery implies no or negligible effect of signal displacement artifacts on TIPPET-derived total activity and activity 
concentration maps. Data are mean ± standard error of the mean.

Figure 4. Example of an atherosclerotic aorta from an FDG-injected minipig. 
(A) A segment of the abdominal aorta is opened and presented en face fol-
lowing staining with Sudan IV that stains fatty steaks red. Raised plaque 
areas are delineated for demonstration. Scale bar is 1 cm. (B) Autoradiog-
raphy of the specimen shown in (A). Note how the raised atherosclerotic le-

sions display, unexpectedly, lower 
signal intensities compared with 
neighboring artery wall regions. 
(C) TIPPET-derived total activity 
map of the same artery segment. 
The raised atherosclerotic lesions 
display, as expected, higher sig-
nal intensities compared with 
neighboring artery wall regions. 
In-plane resolution of the activity 
map (C) is lower than the resolu-
tion of autoradiography (B), but 
sufficient to discern the athero-
sclerotic plaques. Note that auto-
radiography is also a projection of 
total activity, making (B) and (C) 
directly comparable. (D) A regular 
PET slice (without projection) of 
the same artery. To enable direct 
visual comparison between (C) 
and (D) the dynamic range of the 
color-coding scale was set to the 
maximum pixel value in each im-
age, respectively. Note the quan-
titative differences in signal be-
tween (C) and (D), e.g. the area of 
highest signal intensity (arrows).

investigate the contribution  
of positrons and long-range 
gamma-rays to the autoradi-
ography signal. 

We exposed the phosphor 
screens to FDG sources that 
were covered by plastic shie- 
lding of variable thickness. 
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Relatively thin barriers of plastic were able to 
shield a substantial portion of the emitted radi-
ation (Figure 5). The barrier thickness leading 
to 50% signal attenuation, known as the half 
value layer (HVL) for the 500 kBq and 50 kBq 
sources was 183 μm and 194 μm, respectively. 
One mm of the plastic material attenuated  
app. 97% of the total signal for both sources. 
Annihilation of positrons results in generation 
of high energy photons (511 keV) that would 
readily penetrate 1 mm of plastic with negligi-
ble attenuation. The almost complete signal 
attenuation provided by 1 mm of plastic is, 
therefore, incompatible with photons playing a 
notable role in signal generation on phosphor 
imaging autoradiography screens. 

These results, thus, confirmed that autoradiog-
raphy signal obtained from the aortas was gen-
erated by positrons with limited penetration 

tissue specimens has also been used to delin-
eate FDG uptake in other types of tissues, 
including muscle tissues, adipose tissues and 
brain tissues [7, 8]. Such studies are performed 
to describe tracer localization with higher fidel-
ity than can be achieved in vivo, and are per-
formed under the implicit assumption that 
imaging screens are able to pick up signal from 
the entire, or at least a substantial fraction of 
the tissue specimen. However, this assumption 
is generally not met, except for very thin tis-
sues, because of the limited penetration depth 
of the positrons that generate signal on the 
phosphor imaging screen. 

Water constitutes a large proportion (60%-70%) 
of biological soft tissues. Monte Carlo simula-
tions have previously been conducted to char-
acterize the annihilation profile of positrons 
emitted from an 18F point source in water [2], 

Figure 5. Mechanism of signal generation by positron emitters on phos-
phor imaging screens. (A) An autoradiography screen exposed to 5 sources 
of FDG with equal concentration (500 kBq/ml). The left-most source was 
placed directly on the screen, while the other sources were covered by plas-
tic barriers of increasing thickness. The signal intensities are color-coded ac-
cording to the displayed logarithmic scale. (B) Signal intensity as a function 
of barrier thickness. Data are presented for two concentrations of FDG as 
indicated. The left and right dotted lines indicate barrier thickness at which 
50% and 90% of the signal is attenuated, respectively. Best-fit curves using 
double-exponential fitting are shown (r2 > 0.99 for both curves). PSL: photo-
stimulated luminescence.

power, so the signal reflected 
tracer distribution primarily at 
the surface of tissues with 
deeper layers having less im- 
portance. The total thickness 
of the aortic wall was between 
0.5 mm and 2.5 mm, while  
the penetration of positrons  
is orders of magnitude short- 
er [2]. Thus, it appeared that 
the location of the tracer-avid 
cells within the artery wall de- 
termined the proportion of  
the emitted positrons that 
reached the imaging screens 
making the autoradiography 
signal unrepresentative of the 
tracer uptake in the whole 
artery wall. By contrast, the 
TIP-derived activity maps did 
not suffer from the signal 
depth problem and provided 
expected and consistent res- 
ults (Figure 4).

Discussion

En face autoradiography of 
opened vessels using positron 
emitters has been widely app- 
lied to study the distribution  
of FDG and other radiotracers 
across atherosclerotic arter-
ies in mice, rabbits and pigs 
[3-6]. Autoradiography of thick 
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and a calculation that we conducted based on 
these results yielded an HVL of app. 200 μm. 
As we showed on Figure 5, only the positrons, 
and not photons, participated in generation of 
the autoradiography signal. This means that 
signal recorded on autoradiography phosphor 
screens represents predominantly tracer dis- 
tribution at the surface of the tissue, with  
deeper tissues having increasingly less contri-
bution, due to annihilation of positrons travel-
ing through the tissue itself. If the distribution 
of the tracer at the surface is not representa-
tive of tracer accumulation in deeper parts of 
the tissue, autoradiography may, thus, produce 
misleading signal. We show this to be the case 
for atherosclerotic minipig aortas, where nor-
mal whole-tissue autoradiography was not able 
to produce a consistent and reliable picture of 
tracer accumulation across the arterial wall 
and atherosclerotic plaques.

The TIP-based approach presented here is  
an alternative to autoradiography, where total 
activity maps can be constructed using TIP of 
the PET images. It does not have the resolution 
of autoradiography, but it is able to describe 
the full signal in the tissue of interest without 
signal displacement artifacts in the direction of 
the projection. When structures of interest are 
relatively large, e.g. atherosclerotic aortas, and 
the direction of projection is chosen carefully, 
e.g. perpendicular to the surface of opened 
vessels, this can provide clear description of 
differences in tracer uptake across tissue  
subcomponents, e.g. in atherosclerotic lesions 
compared to normal vessel wall. The approach 
is likely to be equally useful with other types of 
whole or sliced tissues.

The same principle, applied to CT images, ren-
ders accurate maps of tissue volume. Also this 
method is applicable to any type of tissue with 
approximately homogenous attenuation coeffi-
cients; a requirement fulfilled by most soft tis-
sues. Having TIPCT-derived volume maps and 
TIPPET-derived activity maps, activity concentra-
tion maps with full signal recovery can be cre-
ated. The original PET images (Figure 4) may be 
considered as activity concentration weighted 
images, because signal displacement artifacts 
cause the acquired signal to reflect, not only 
true activity concentration, but also size of the 
imaged structures [9]. By contrast, our project-
ed maps do not suffer from such artifacts in the 
direction of projection. These maps can, thus, 

collectively provide information on tracer accu-
mulation in thick tissues that is unattainable 
otherwise. The in-plane resolution, i.e. resolu-
tion of the resulting projection will be equal to 
the resolution of the original PET image.

In conclusion, we have shown that the limited 
positron range renders phosphor screen auto-
radiography unsuitable for quantitative investi-
gation of positron-emitting PET tracer distribu-
tion profiles in thick tissue sections. For such 
applications, we have presented TIP-based an- 
alyses that provide projected maps of volume, 
activity and concentration. We have shown that 
these maps are free of signal displacement 
artifacts in the direction of projection. The 
maps may be used as an alternative to autora-
diography in cases where tracer accumulation 
profile in thick tissue specimens in required. 
We illustrate the method using a full-size PET/
CT scanner, but the method can also be utilized 
in a micro-PET scanner, whereby higher spatial 
resolution may be obtained.
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Appendix

Total intensity projection

Total intensity projection (TIP) was defined as the cumulative intensity of all voxels in a column perpen-
dicular to plane of projection:

Eqn. 1: TIP vi1i
n

= =/
● v1..n intensity in voxels 1..n

PET scans

The TIP of a PET imaging volume (TIPPET, Bq/cm3) is the sum of activity concentrations in all voxels in a 
column perpendicular to plane of projection: 

Eqn. 2: TIP CPET i1i
n

= =/
● C1..n the activity concentration in voxels 1..n (Bq/cm3)

A tissue activity map (Bq) can be constructed through multiplication of TIPPET by voxel volume. On exvivo 
scans of biological tissues, only tissue voxels contribute to the signal within each column of voxels and 
thus column total activity equals tissue total activity.

CT scans

To calculate the TIP of a CT imaging volume (TIPCT), the CT voxel values must be first converted from CT 
numbers to attenuation coefficients in accordance to the Hounsfield unit scale linear transformation. 
Subsequently, the TIPCT can be calculated as the sum of attenuation coefficients in all voxels in a column 
perpendicular to plane of projection: 

Eqn. 3: TIP uCT i1i
n

= =/
● μ1..n attenuation coefficients in voxels 1..n (cm-1)

The TIPCT in each column of voxels, as defined in Eqn. 3, is theoretically proportional to the thickness of 
the imaged object in that column, when the object has uniform attenuation (see explanation in next sec-
tion). However, to correct for the possible use of different voxel dimensions in different scans, the TIPCT 
must be multiplied by voxel height to make the measurements consistent across scans. Similarly, the 
TIPCT in a column is proportional to volume of imaged object in that column, but needs to be multiplied 
by voxel volume to be consistent across scans. Multiplication of TIPCT by voxel dimensions to yield a 
measure of thickness/volume derives naturally from Beer-Lambert’s law, as explained in the next 
section.

The relationship between TIPCT and the Beer-Lambert’s law

The Beer-Lambert’s law describes the attenuation of gamma rays through an object of n layers:

Eqn. 4: I I eo
u di ii

n

= F
-/

● I0: the intensity of the incoming radiation; I: the intensity of outgoing attenuated ray; μ1..n: the attenua-
tion coefficient in layers 1..n; d1..n: the distance the radiation must travel through layers 1..n, i.e. layer 
thickness (cm). 

In a CT scan, all slices (layers) parallel to the plane of projection have equal thickness, d:

Eqn. 5: I I e I eo
d u

o
d TIP1 ii

n
CT= =F F

- - F=
/
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Note that TIPCT multiplied by slice thickness (voxel height), d, is simply the total optical thickness, τ 
(dimensionless):

Eqn. 6: d u d TIP1 ii

n
CT= =F Fx =

/
If the imaged object is homogenous with uniform attenuation, μ, then the optical thickness will be pro-
portional to the actual thickness, t, of the object: 

Eqn. 7: τ = d ∙ n ∙ μ = t ∙ μ

Similar considerations apply to object volume calculations, but the TIPCT must be multiplied by voxel 
volume rather than voxel height.

Non-uniform x-ray attenuation

If the imaged object consists of several components with different x-ray attenuations, each column of 
voxels in the imaging volume may be split into multiple sets, each containing a homogenous component 
of the imaged object. For each component, a partial optical thickness may be calculated in concordance 
with Eqn. 7. This partial optical thickness will be proportional with the actual thickness of that compo-
nent (Eqn. 7). The total optical thickness of the entire object becomes: 

Eqn. 8: t = tc1 ∙ μc1 + tc2 ∙ μc2 + ... tcn ∙ μcn

● tc1..cn: thickness of object components 1..n in a column along the direction of projection; μc1..cn: attenu-
ation coefficients of object components 1..n.

To obtain the attenuation coefficients for each component, multivariable regression analysis based on 
Eqn. 8 can be conducted, incorporating τ (recorded on CT images) against actual tissue component 
thickness (measured directly e.g. on micrographs).


