
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=ionc20

Acta Oncologica

ISSN: 0284-186X (Print) 1651-226X (Online) Journal homepage: informahealthcare.com/journals/ionc20

Correlation between tumor oxygenation and 18F-
fluoromisonidazole PET data simulated based on
microvessel images

David Mönnich, Esther G. C. Troost, Johannes H. A. M. Kaanders, Wim J. G.
Oyen, Markus Alber, Daniel Zips & Daniela Thorwarth

To cite this article: David Mönnich, Esther G. C. Troost, Johannes H. A. M. Kaanders, Wim J.
G. Oyen, Markus Alber, Daniel Zips & Daniela Thorwarth (2013) Correlation between tumor
oxygenation and 18F-fluoromisonidazole PET data simulated based on microvessel images,
Acta Oncologica, 52:7, 1308-1313, DOI: 10.3109/0284186X.2013.812796

To link to this article:  https://doi.org/10.3109/0284186X.2013.812796

View supplementary material 

Published online: 29 Aug 2013.

Submit your article to this journal 

Article views: 1088

View related articles 

https://informahealthcare.com/action/journalInformation?journalCode=ionc20
https://informahealthcare.com/journals/ionc20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.3109/0284186X.2013.812796
https://doi.org/10.3109/0284186X.2013.812796
https://informahealthcare.com/doi/suppl/10.3109/0284186X.2013.812796
https://informahealthcare.com/doi/suppl/10.3109/0284186X.2013.812796
https://informahealthcare.com/action/authorSubmission?journalCode=ionc20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=ionc20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.3109/0284186X.2013.812796?src=pdf
https://informahealthcare.com/doi/mlt/10.3109/0284186X.2013.812796?src=pdf


  Correspondence: D. M ö nnich, Section for Biomedical Physics, Department of Radiation Oncology, Hoppe-Seyler-Strasse 3, 72076 T ü bingen, Germany. 
Tel:  � 49 70712986064. Fax:  � 49 7071295920. E-mail: david.moennich@med.uni-tuebingen.de (D. M ö nnich)  

 (Received   3   May   2013  ; accepted   5   June   2013  ) 

                        ORIGINAL ARTICLE    

 Correlation between tumor oxygenation and  18 F-fl uoromisonidazole 
PET data simulated based on microvessel images      

    DAVID     M Ö NNICH  1  ,       ESTHER G. C.     TROOST  2  ,       JOHANNES H. A. M.     KAANDERS  3  , 
      WIM J. G.     OYEN  4  ,       MARKUS     ALBER  5  ,       DANIEL     ZIPS  6     &         DANIELA     THORWARTH  1    

  1 Section for Biomedical Physics, Department of Radiation Oncology, University Hospital T ü bingen, T ü bingen, 
Germany,  2 Department of Radiation Oncology (MAASTRO), GROW School for Oncology and Developmental 
Biology, Maastricht University Medical Center, Maastricht, The Netherlands,  3 Institute of Oncology, Radiation 
Oncology, Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands,  4 Institute of Oncology, 
Nuclear Medicine, Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands,  5 Department of 
Radiation Oncology, Aarhus University, Aarhus, Denmark and  6  Department of Radiation Oncology, University 
Hospital T ü bingen, T ü bingen, Germany                             

  Abstract 
  Background.  Assessing hypoxia with oxygen probes provides a sparse sampling of tumor volumes only, bearing a risk of miss-
ing hypoxic regions. Full coverage is achieved with positron emission tomography (PET) using the tracer  18 F-fl uoromisoni-
dazole (FMISO). In this study, the correlation between different FMISO PET imaging parameters and the median voxel 
PO 2  (medianPO 2 ) was analyzed. A measure of the median PO 2  characterizes the microenvironment in consistency with 
probe measurements.  Material and methods.  Tissue oxygenations and FMISO diffusion-retention dynamics were simulated. 
Transport of FMISO and O 2  molecules into and out of tissue was modeled by vessel maps derived from histology of 
head-and-neck squamous cell cancer xenograft tumor lines. Parameter sets were evaluated for 300 distinct 2    �    2 mm 2  
vessel confi gurations, including medianPO 2  and two FMISO PET parameters: F H  denotes the sub-regional signal four 
hours post injection (pi) and F H/P  denotes the ratio between F H  and the time-averaged signal 0 – 15 min pi. Correlations 
between O 2  and FMISO parameters were evaluated. A receiver operating characteristics (ROC) analysis was performed, 
regarding the accuracy of F H  and F H/P  in identifying voxels with medianPO 2    �     2.5 mmHg.  Results.  In hypoxic sub-regions, 
the correlation between F H  and medianPO 2  is low (R 2    �     0.37), while the correlation between F H/P  and median PO 2  is high 
(R 2    �     0.99). The ROC analysis showed that hypoxic regions can be identifi ed using F H/P  with a higher diagnostic accuracy 
(YI    �    sensitivity �    specifi city-1    �    1.0), than using F H  alone (YI    �    0.83). Both FMISO parameters are moderately effective 
in identifying hypoxia on the microscopic length scale (YI    �    0.63 and 0.60).  Conclusions.  A combination of two FMISO 
PET scans acquired 0 – 15 min and four hours pi may yield an accurate measure of the medianPO 2  in a voxel (F H/P ). This 
measure is comparable to averaged oxygen probe measurements and has the advantage of covering the entire tumor vol-
ume. Therefore, it may improve the prediction of radiotherapy outcome and facilitate individualized dose prescriptions.   

 Radiotherapy (RT) is less effective in hypoxic tumors. 
Clinical studies have shown that therapy response 
correlates with tumor oxygen concentrations (PO 2 ) 
measured with Eppendorf electrodes [1,2]. Oxygen 
probes yield an accurate measure of the local PO 2  
and the measurements are confi ned to a very small 
tissue volume [3]. However, they are invasive and 
limited to a few linear tracks across a tumor, i.e. it is 
impossible to assess the oxygenation in the entire 
tumor volume and as a consequence there is a risk 

of missing severely hypoxic regions. These aspects 
may limit the applicability of probe measurements to 
derive a reliable overall prognosis of RT outcome and 
to guide the adaption of RT dose prescriptions to the 
local degrees of hypoxia-associated radioresistance 
(hypoxia dose painting [4,5]). 

 A three-dimensional assessment of tumor hypoxia 
is possible with positron emission tomography (PET) 
imaging using hypoxia tracers such as  18 F-fl uoromi-
sonidazole (FMISO). Clinical studies have shown that 
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hypoxia PET imaging may be applicable to predict the 
overall RT response in different tumor entities includ-
ing head-and-neck cancer [6 – 8]. However, direct 
voxel-based comparisons between hypoxia PET data 
and PO 2  measurements using optical oxygen probes 
in preclinical tumor models were contradictory [9,10]. 
The authors hypothesized that a possible explanation 
is that oxygen probes assess the PO 2  in vital and 
necrotic tissue alike, while FMISO accumulates in 
vital cells only. Therefore, in severely hypoxic voxels 
with a large amount of necrosis, the ambiguous situ-
ation may occur that a low average PO 2  coincides with 
a very low tracer accumulation. Similar observations 
were made in clinical tumors by a study comparing 
FMISO PET and measurements with an Eppendorf 
electrode in different tumor entities [11]. 

 This indicates that an assessment of the voxel-
based PO 2  by means of FMISO PET imaging with 
an accuracy comparable to that of probe measure-
ments is intricate. It may require more comprehen-
sive imaging protocols and dedicated tools for data 
analysis than an overall prognosis of RT outcome 
based on a single PET scan acquired several hours 
after tracer injection (pi). 

 The purpose of this study was to identify an FMISO 
PET imaging parameter that is an accurate measure of 
the median voxel PO 2  as assessed by direct probe mea-
surements. This parameter must overcome the limita-
tions of imaging the FMISO accumulation at a single 
time point and may be useful to effectively guide hypoxia 
dose painting. In addition, its acquisition should be as 
simple as possible. Here, two parameters were consid-
ered that require either a single late PET scan (4 h pi) 
or the combination of a late scan and one imme diately 
after tracer injection (0 – 15 minutes pi). The correlation 
between these parameters and the median of the under-
lying PO 2  distribution was analyzed. The analysis was 
based on computational simulations of: 1) the tissue 
oxygenation; and subsequently, 2) the FMISO diffu-
sion-accumulation dynamics for many different histol-
ogy-derived microvessel arrangements [12].  

 Material and methods  

 Tissue microsections and tumor microvessel maps 

 In order to model the fl ux of O 2  and FMISO mol-
ecules into and out of tissue in a biologically realistic 
manner, vessel maps were derived from tumor tissue 
histology. As described earlier [13], frozen tissue sec-
tions from human head-and-neck squamous cell 
cancer (SCCHN) xenograft tumor lines were immu-
nohistochemically (IHC) stained for endothelial 
structures with 9F1 (rat monoclonal to mouse 
endothelium, Department of Pathology, Radboud 
University Nijmegen Medical Centre, Nijmegen, 

The Netherlands). Subsequently, the sections were 
scanned using a digital image analysis system, result-
ing in gray-scale images of the fl uorescent signal. In 
this study, fi ve images from different tumors with a 
total area of 133 mm 2  were converted into vessel 
maps. The images were selected from a large data-
base so that the vessel patterns varied strongly among 
as well as within the maps, ranging from very dense 
to sparse and inhomogeneous distributions. A total 
of 300 sub-regions with dimensions of 2    �    2 mm 2  
were placed in the maps at random locations. In 
these sub-regions, the studied O 2  and FMISO param-
eters were calculated from the simulated data.   

 Modeling and simulation of O 2  and FMISO 

 A tool to perform computer simulations of the FMISO 
diffusion-retention dynamics in multiple steps was used 
in this study. Its basic working principle is schematically 
shown in Supplementary Figure 1 available online at 
http://informahealthcare.com/doi/abs/10.3109/028418
6X.2013.812796. The applied diffusion-reaction equa-
tions, simulation method and parameter values were 
described in detail earlier [12]. Briefl y, equilibrium oxy-
gen partial pressure (PO 2 ) distributions are calculated 
for a given vessel map. The applied model accounts for 
the supply of oxygen across capillary membranes, its 
distribution in tissue and its consumption by tumor 
cells. A Michaelis-Menten relationship describes that 
cells decrease their oxygen consumption in line with a 
decreasing amount of available oxygen [14]. Subse-
quently, the PO 2  distributions are used to calculate 
local FMISO binding rates. Binding rates are modeled 
to increase with decreasing PO 2 , up to a sharp drop at 
very low PO 2 . This drop accounts for cell death under 
extreme oxygen and glucose deprivation. In this way it 
is considered that FMISO is reduced in vital cells only. 
These assumptions agree qualitatively with Pimonida-
zole IHC in SCCHN xenografts [15]. Finally, by apply-
ing the PO 2 -dependent local binding rates, FMISO 
supply, diffusion and retention are simulated in the 
same vessel map as the PO 2 . By integrating the simu-
lated FMISO concentrations in a specifi c sub-region, 
pseudo-PET voxel signals can be derived at different 
timepoints pi. Dividing these signals by the blood tracer 
concentration yields tumor-to-blood (T:B) ratios.   

 Simulated macroscopic O 2  and FMISO parameters 

 In each sub-region the median oxygen partial pres-
sure (medianPO 2 ) was calculated. Two simulated 
FMISO parameters were calculated in each sub-re-
gion: 1) the mean FMISO concentration four hours 
pi, F H    �     c(t    �    4 h pi); and 2) the ratio between F H  
and the average concentration 0 – 15 minute pi, 
F H/P    �     c(t    �    4 h pi)/c(t) 0 – 15min . The second parameter 
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can be interpreted as a measure of hypoxia-related 
tracer retention that is normalized by a simple mea-
sure of perfusion [16]. In this way, severely hypoxic 
regions containing much necrosis, in which small 
amounts of FMISO are retained, may nonetheless be 
correctly identifi ed as having a low medianPO 2 , as 
they are typically poorly perfused as well.   

 Correlations between oxygenation and FMISO PET 

 Scatter plots of medianPO 2  against F H  as well as F H/P  
were created. Furthermore, a correlation analysis 
was performed between medianPO 2  and the FMISO 
parameters. Coeffi cients of determination R ²  were 
calculated in a linear sense (Pearson coeffi cient) and 
from non-linear fi ts. 

 Hypoxic sub-regions were segmented from all sub-
regions by applying various thresholds to the simulated 
FMISO parameters. This emulates the method com-
monly used to identify hypoxia in FMISO PET images. 
In a receiver operating characteristic (ROC) analysis it 
was assessed how reliably sub-regions with a medi-
anPO 2  below 2.5 mmHg can be identifi ed when this 

method is applied to F H  and F H/P . In ROC curves, the 
true positive rate (tpr    �    sensitivity) was plotted against 
the false positive rate (fpr    �    1-specifi city). The applied 
FMISO thresholds decrease along the curves. The area 
under the curves (AUC) and the Youden index (YI    �    tpr-
fpr) were calculated as quality measures. Their values 
may range from 0.5 to 1 and 0 to 1 (no predictive value 
to strong predictive value), respectively. In a further 
step, the ROC analysis was also used to evaluate how 
well the FMISO parameters characterize the microPO 2  
values on the cellular level. In this case, each parameter 
represents a 60    �    60 matrix of underlying PO 2  values.    

 Results  

 Simulated oxygenations 

 Full simulations were performed for the fi ve vessel 
maps. An example for a simulated equilibrium PO 2  
distribution and the corresponding static FMISO 
micropattern four hours pi is shown in Figure 1a. The 
median microPO 2  value of all maps was 10.0 mmHg 
and ranged from 0.0 mmHg to 40.0 mmHg. The 
microPO 2  was calculated with a spatial resolution of 

  Figure 1.     (a) Steady state PO 2  distribution for a 5.3    �    3.9 mm 2  vessel map including two randomly placed 2    �    2 mm 2  sub-regions (A, B). 
(b) Corresponding distribution of FMISO 4 h pi. Sub-regional averaging yields F H . Note the increasing retention with decreasing PO 2  until 
it is diminished by necrosis. Vessels are white. (c) Averaged early FMISO signal. (d) Ratio between the distributions shown in (b) and (c) 
yields F H/P . The medianPO 2  is substantially lower in sub-region A (9.4    �    10 �3  mmHg) than in B (7.1    �    10 �1  mmHg). Inconsistently, F H  is 
lower in A (15.0 kBq/ml) than in B (16.4 kBq/ml). F H/P  is higher in A (1.05) than in B (1.00) and thus is consistent with medianPO 2 .  
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50  μ m/pixel, which is comparable to Eppendorf 
electrodes [3]. Histograms of the microPO 2  within 
four selected sub-regions show distinct oxygenation 
patterns (Supplementary Figure 2 available online 
at http://informahealthcare.com/doi/abs/10.3109/
0284186X.2013.812796). The simulated sub-regional 
medianPO 2  ranged from 8    �    10 �3  mmHg to 
33.8 mmHg with a median of 7.0 mmHg.   

 Correlations between oxygenation and FMISO PET 

 In Figure 2a a scatter plot of medianPO 2  against F H  
is shown. Each point represents a data pair from a 
specifi c sub-region. A high overall linear correlation 
coeffi cient R 2  of 0.95 was observed. This value reduces 
to 0.37 when the analysis is restricted to data pairs in 
the hypoxic range (i.e. medianPO 2    �     10 mmHg). 
However, a high accuracy is especially important in 
this range. In Figure 1 it is demonstrated for two 
selected sub-regions that the low FMISO retention 
in regions with a large amount of necrosis is an 
important reason for the low correlation between F H  
and medianPO 2  in hypoxic tissue. 

 A plot of the medianPO 2  against the perfusion-
normalized FMISO parameter F H/P  is shown in 
Figure 2b. By visual inspection a well-defi ned non-
linear relationship was found, especially in the hypoxic 
range. This was corroborated by fi tting the function 
f(x)    �    p 1 /(p 2    �     x) p3    �     p 4  to the data. The resulting fi t 
coeffi cients were [p 1 , p 2 , p 3 , p 4 ]    �    [568  mmHg, 0.575, 
10.0, �0.210 mmHg]. A coeffi cient of determination 
R 2  between medianPO 2  and F H/P  of 0.98 was found 
for the overall data and of 0.99 for the data in the 
hypoxic range. This suggests that F H/P  is a more accu-
rate measure of the medianPO 2  than F H .   

 ROC analysis 

 The ROC analysis of the diagnostic accuracies of the 
simulated FMISO parameters to identify hypoxia is 
shown in Figure 3. Clearly, sub-regions with a critical 
medianPO 2  below 2.5 mmHg are discriminated 
extremely well by F H/P  (AUC    �    1.0, optimum YI    �    
tpr-fpr    �    1.0), while F H  alone is less reliable (AUC    �    
0.97, YI    �    0.83). The optimum threshold values were 
F H/P    �     1.1 and F H    �     16.1 kBq/ml (T:B    �    1.8). 

 The ROC analysis with regard to the identifi ca-
tion of microscopic hypoxia (microPO 2 ) based on the 
macroscopic FMISO parameters gave a slightly 
different picture. It resulted in AUC (optimum YI) of 
0.88 (0.63) and 0.86 (0.60) for F H/P  and F H , respec-
tively. These values are considerably lower than for 
the identifi cation of sub-regions with a critical mac-
roscopic medianPO 2  based on either of the FMISO 
parameters. Here, the optimum threshold values were 
F H/P    �     1.0 and F H    �     15.5 kBq/ml (T:B    �    1.7).    

 Discussion 

 The results of this study outline how the fundamental 
limitations of FMISO PET imaging affect its value as 
a measure of the PO 2  in a voxel. The fi rst limitation is 
that a macroscopic imaging modality is used to image 
hypoxia, which is a microscopic phenomenon. There-
fore, the measured signal is an average over a very 
heterogeneous distribution of hypoxia levels on the 
microscopic length scale. Another important aspect is 
the ambiguous binding behavior of the FMISO mol-
ecule: it shows a low accumulation in severely hypoxic 
regions containing a large amount of necrosis. As a 
consequence, these regions cannot be distinguished 

  Figure 2.     Scatter plots of medianPO 2  against (a) F H  and (b) F H/P . Red lines are fi ts restricted to hypoxic sub-regions (medianPO 2    �     10 
mmHg). Coeffi cients of determination R ²  for the restricted fi ts indicate a low correlation between medianPO 2  and F H  and a high correlation 
between medianPO 2  and F H/P .  
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from well-oxygenated regions in FMISO PET images 
acquired during the tracer uptake phase. These limita-
tions have also been observed in preclinical tumor 
models using  18 F-Fluoroazomycin Arabinoside (FAZA) 
autoradiography and Pimonidazole IHC [17]. 

 Here, a method was proposed to compensate the 
defi cient tracer accumulation due to necrosis by incor-
porating supplementary information. For this purpose, 
the simulated PET signal during the FMISO wash-in 
phase (0 – 15 minute pi) was used, as it characterizes 
the vessel network in a voxel and therefore identifi es 
poorly perfused voxels independently of the FMISO 
accumulation (cf. Figure 1c). The results show, that the 
proposed combined parameter F H/P  is a much more 
accurate measure of the medianPO 2  than the uptake 
parameter F H  alone. This indicates that F H/P  character-
izes the tissue microenvironment in a similar manner 
as measurements with oxygen probes. However, 
FMISO PET imaging overcomes the limitation of oxy-
gen probes of sampling the PO 2  in small parts of a 
tumor only. These results corroborate a preclinical 
study correlating optical oxygen probe measurements 
with FMISO PET imaging, in which severely hypoxic 
voxels with low PO 2  readings presented low FMISO 
intensities two hours pi [9]. 

 The large range of oxygenation levels that are 
averaged in a PET voxel signal cannot be recovered. 
This is demonstrated by the relatively low diagnostic 

accuracy of F H  as well as F H/P  with respect to the 
identifi cation of microPO2 values below 2.5 mmHg. 
The accuracies simulated in this work are compara-
ble to results from a preclinical study analyzing 
FMISO PET signals and oxygen probe readings on 
a voxel-by-voxel basis [10]. A moderate accuracy was 
reported for the identifi cation of microPO 2  values 
below 2.5 mmHg using the two hour pi equivalent 
to F H  acquired with a sub-millimeter resolution. As 
fully dynamic FMISO PET was performed in this 
study, the method offers a potential to validate the 
theoretical results of the present work. 

 Quantitative aspects of the results must be inter-
preted with great care. In a clinical setting, the cor-
relations and diagnostic accuracies presumably are 
substantially lower than estimated here. There are a 
number of reasons for this. For instance, the achiev-
able resolution in clinical PET imaging is lower than 
the edge length of 2 mm of the simulated sub-re-
gions. Inter-patient variations of the tracer pharma-
cokinetics, such as tracer clearance and metabolite 
forming, also have an infl uence. Furthermore, image 
noise was not included in the analysis and simula-
tions were performed in 2D. Though, as these factors 
infl uence F H  and F H/P  alike, the general conclusion 
holds that the perfusion-normalized uptake param-
eter F H/P  is a more accurate measure of the medi-
anPO 2  than the uptake parameter F H  alone. 

 The early acquisition interval of 0 – 15 minutes 
has not been varied in this study. It is well possible 
that a shorter scan provides identical information. 
The length and position of the interval can be opti-
mized in a preclinical validation study combining 
spatially co-registered dynamical FMISO PET and 
oxygen probe measurements, which is technologi-
cally feasible [10]. A validation of the presented 
results is moreover needed, because not every bio-
logical effect can be accounted for by the simula-
tion model. For example, the proposed parameter 
F H/P  may be less accurate when tissue perfusion and 
hypoxia levels are uncoupled. This situation may 
arise in tissue regions that are dominated by hemo-
globin defi cient plasma fl ow. Such regions can be 
very hypoxic (high FMISO retention) and at the 
same time well perfused (high wash-in signal). 

 Incorporating the wash-in phase FMISO PET sig-
nal does not only allow to compensate the low tracer 
accumulation in severely hypoxic voxels, it may also 
yield a prediction of the development of the hypoxic 
microenvironment during RT, e.g. the reoxygenation 
potential of a tissue region [18]. This could explain 
why clinical results indicate that optimum timepoints 
for isolated uptake imaging might lie weeks into the 
course of therapy [6,19]. In contrast, a full kinetic 
analysis of dynamic FMISO PET data allows the esti-
mation of treatment outcome prior to the initiation of 

  Figure 3.     Receiver operating characteristic of F H/P  (gray curves) 
and F H  (black curves) for the identifi cation of hypoxia. Solid lines 
refer to the identifi cation of a medianPO 2    �     2.5 mmHg in 
macroscopic sub-regions. Dashed lines refer to the identifi cation 
of microPO 2    �     2.5 mmHg in the 60    �    60 PO 2  values underlying 
each FMISO parameter. Cut-off values applied to the FMISO 
parameters decrease along the curves from left to right. Optimum 
points are marked. The identifi cation of critical medianPO 2  is very 
sensitive and specifi c using F H/P  (optimum YI    �    1.0). Using F H  is 
less effective (YI    �    0.83). Both parameters are moderately accurate 
in identifying critical microPO 2  values (YI    �    0.63 and 0.60).  
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RT [16]. The parameter F H/P  proposed here was 
designed to capture the essential information of 
dynamic FMISO PET imaging, i.e. the independent 
information from the tracer wash-in as well as the 
uptake phase, yet avoiding the complex acquisition 
and analysis of fully dynamic data. However, potential 
issues arising from patient repositioning between the 
two PET scans and subsequent image co-registration 
remain. Should this compromise the usefulness of the 
proposed method, moving the patient off the table 
between scans may be avoided by obtaining a perfu-
sion measure from a  15 O-Water PET scan or a suitable 
MRI or DCE CT protocol in a combined scanner.   

 Conclusions 

 In this study, tissue oxygenations and FMISO dif-
fusion-retention dynamics were computationally 
simulated. The correlation between simulated par-
tial oxygen pressures and different FMISO PET 
parameters was analyzed. The results show that the 
medianPO 2  in a PET voxel can be assessed with 
high accuracy by combining independent information 
from early (0 – 15 minutes pi) and late (four hours pi) 
FMISO PET scans. Using a late scan only is less 
accurate. Both methods recover the oxygenation on 
the cellular level with moderate accuracy.              
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