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                        ORIGINAL ARTICLE    

 Ultra-high fi eld  1 H magnetic resonance imaging approaches 
for acute hypoxia      
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  Abstract 
  Background.  Currently, radiation treatments are being optimised based on in vivo imaging of radioresistant, hypoxic 
tumour areas. This study aimed at detecting nicotinamide ’ s reduction of acute hypoxia in a mouse tumour model by two 
clinically relevant magnetic resonance imaging (MRI) methods at ultra-high magnetic fi eld strength.  Material and methods.  
The C3H mammary carcinoma was grown to 200 mm 3  in the right rear foot of CDF 1  mice. The mice were anaesthetised 
with ketamine and xylazine prior to imaging. A treatment group received nicotinamide intraperitoneally (i.p.) at the dose 
1000 mg/kg, and a control group received saline. MRI was performed at 16.4 T with a spatial resolution of 
0.156    �    0.156    �    0.5 mm 3 . The imaging protocol included BOLD imaging and two DCE-MRI scans. Initial area under 
the curve (IAUC) and the parameters from the extended Toft ’ s model were estimated from the DCE-MRI data. Tumour 
median values of 1) T 2  

 *   mean, 2) T 2  
 *   standard deviation, 3) DCE-MRI parameters, and 4) DCE-MRI parameter differ-

ences between scans were compared between the treatment groups using Student ’ s t-test (signifi cance level p    �    0.05). 
 Results.  Parametric maps showed intra- and inter-tumour heterogeneity. Blood volume was signifi cantly larger in the 
nicotinamide-treated group, and also the blood volume difference between the two DCE-MRI scans was signifi cantly 
larger in the treatment group.  Conclusion.  Higher blood volume and blood volume variation was observed by DCE-MRI 
in the treatment group. Other DCE-MRI parameters showed no signifi cant differences, and the higher blood volume was 
not detected by BOLD MRI. The higher blood volume variation seen with DCE-MRI may be infl uenced by the drug 
effect reducing over time, and furthermore the anaesthesia may play an important role.   

  Low oxygen levels (hypoxia) exist in solid tumours 
and are associated with resistance to radiotherapy and 
poorer outcome after radiotherapy [1,2]. A range of 
different assays have been utilised to identify hypoxia 
in different tumour types [3]. Involvement of non-
invasive imaging approaches in optimisation of radio-
therapy planning is an on-going and active research 
fi eld [4 – 7]. Hypoxic markers exist for positron emis-
sion tomography (PET), which is characterised by 
high sensitivity but low spatial resolution compared 
with computed tomography (CT) and magnetic 
resonance imaging (MRI). MRI is clinically more 

available than PET and does not involve ionising 
radiation. Therefore, there is a desire for MRI-based 
hypoxia sensitive methods, which may be used for 
treatment planning and adaptive radiotherapy. The 
parameters obtained by the perfusion method 
dynamic contrast-enhanced MRI (DCE-MRI) is 
currently being investigated in clinical research as 
indirect information on pO 2  or hypoxia [5]. 

 Hypoxia has been divided into two subtypes. 
In addition to the traditional concept of diffusion-
limited chronic hypoxia, acute hypoxia resulting from 
transient perfusion stoppages has been shown in 
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murine tumours [8,9] and observed in different 
human tumours [10,11]. Different experimental MR 
methods can assess tumour pO 2 ; these include  19 F 
oximetry [12,13], Overhauser MRI (OMRI) [14], 
and electron paramagnetic resonance imaging (EPRI) 
[15]. Acute hypoxia has been identifi ed by EPRI 
[16,17]. 

 Also clinically relevant MRI methods have been 
suggested for assessing acute hypoxia. Repeated DCE-
MRI has been shown to identify regional tumour per-
fusion changes [18]. Another MRI method, blood 
oxygenation level dependent (BOLD) MRI, is sensi-
tive to tumour perfusion via changes in deoxyhaemo-
globin [19], and fl uctuations in the BOLD signal has 
been suggested as a marker of acute hypoxia [20]. 

 Nicotinamide has been shown to reduce the tran-
sient perfusion stoppages responsible for acute 
hypoxia and thereby provide radiosensitisation in a 
mouse tumour model, the C3H mammary carcinoma 
[21,22]. While acute hypoxia has been identifi ed by 
DCE-MRI and BOLD MRI at clinical and experi-
mental magnetic fi eld strengths, we hypothesised that 
MRI at ultra-high magnetic fi eld strength would pro-
vide not only improved spatial resolution and thereby 
information on partial volume effects at clinical fi eld 
strengths, but also a higher sensitivity for the BOLD 
effect. The aim of this study was to assess acute 
hypoxia and the effect of nicotinamide by DCE-MRI 
and BOLD MRI in the C3H mammary carcinoma 
at ultra-high magnetic fi eld strength.   

 Material and methods  

 Drug preparation 

 Nicotinamide (Sigma, St. Louis, MO, USA) was pre-
pared fresh before each experiment by dissolving in 
sterile saline (0.9% NaCl). It was intraperitoneally 
(i.p.) injected into mice at the dose of 1000 mg/kg 
at a constant injection volume of 0.02 ml/g body 
weight. Combined ketamine and xylazine was used 
for anaesthesia. The stock solutions were dissolved in 
sterile saline (0.9% NaCl) to a mixture of 10 mg/ml 
ketamine    �    1 mg/ml xylazine, which was administered 
i.p. at a constant injection volume of 0.01 ml/g body 
weight for introduction of anaesthesia. A top-up dose 
of 0.005 ml/g was given for maintenance of anaesthe-
sia every 60 min after the introduction of anaesthesia 
or earlier if needed based on respiration monitoring.   

 Animal and tumour model 

 A C3H mammary carcinoma implanted in the right 
rear foot of 10 – 14-week-old female CDF 1  mice was 
used in all experiments. The derivation and mainte-
nance of this tumour have been described previously 
[23]. Experiments were performed when tumours 

had reached approximately 200 mm 3  in size, which 
typically occurred three weeks after inoculation. 
Tumour volume was calculated from the formula 
D1    �    D2 �    D3 �  π /6, where the D values represent 
the three orthogonal diameters. All procedures 
involving experimental animals were approved by the 
National Animal Experiments Inspectorate.   

 In vivo MRI 

 A 16.4 T Bruker Avance II spectrometer (Bruker 
 BioSpin GmbH, Rheinstetten, Germany) equipped 
with a gradient system was used for DCE-MRI. Female 
CDF 1  mice (12 – 20 weeks old) were anesthetised and 
injected i.p. with either nicotinamide (treatment group, 
n    �    3) or saline (control group, n    �    4). An intravenous 
(i.v.) line was applied in a tail vein for administration 
of the contrast agent Gd-DTPA (Magnevist, Schering, 
Berlin, Germany), and an i.p. line was inserted for 
administration of top-up anaesthesia. A respiration 
monitoring pad was placed at the abdomen of the mice 
and connected to a monitoring system. 

 The MRI protocol included BOLD MRI fol-
lowed by repeated DCE-MRI. The total BOLD 
imaging time was 20 min, and each DCE-MRI scan 
had duration of 30 min. DCE-MRI scan #1 was ini-
tiated shortly following BOLD imaging, and a sec-
ond DCE-MRI scan was performed about 1 h after 
the start of the fi rst DCE-MRI scan. The timings 
of the scan initiations relative to the treatment 
(mean �    SE) were for BOLD MRI: 48    �    6 min, for 
DCE-MRI scan #1: 78    �    7 min, and for DCE-MRI 
scan #2: 146    �    6 min. 

 For the BOLD imaging, 9 or 10 contiguous slices 
were chosen with a central slice through the tumour 
centre. A multiple gradient echo sequence was used 
with 12 T E  values for obtaining 10 (for one tumour 
4) repeated T 2  

 *   maps with the spatial resolution 
0.5    �    0.16    �    0.16 mm 3 . When acquiring the DCE-
MRI images, a single slice through the centre of the 
tumour, corresponding with the central slice from the 
BOLD MRI, was chosen, and the images were 
acquired with the same spatial resolution as the 
BOLD images. A variable repetition time (VTR) 
sequence with six T R  values was used for T 1  mapping 
during 20 min followed by dynamic image acquisition 
using a fast spoiled gradient echo sequence during 10 
min with a time resolution of approximately 6 s for 
the dynamic images. During the initial 4 s of the sixth 
image acquisition, Gd-DTPA was administered i.v. at 
a dose of 0.1 mmol/kg and concentration of 0.02 M. 

 The image post-processing and statistics was 
done in Matlab 7.14 (The MathWorks, Inc., Natick, 
MA, USA). All images were smoothed using a 5    �    5 
matrix Gaussian fi lter with standard deviation 1. T 1  
maps were calculated from the VTR images. We 
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assumed a linear relationship between Gd-DTPA 
concentration and  Δ R 1  (R 1   �     1/T 1 ), with a relaxivity 
of 3.04 (mM • s) �1  (own data determined for blood 
plasma at the system, data not shown). Voxel concen-
tration-time curves were used to calculate maps of 
vascular parameters. The semi-quantitative parame-
ter initial area under the curve (IAUC) was calcu-
lated by integration of the Gd-DTPA concentration 
over the fi rst 90 s post-administration. Voxels with 
very low IAUC values cannot be used for model 
analysis, and therefore voxels with IAUC less than 
0.5 mM • s were assumed not vascularised and 
excluded from the DCE-MRI analysis. 

 The standard DCE-MRI model including a vas-
cular term was fi tted to the curves for quantitative 
estimation of the transfer constant, K trans , the rate 
constant, k ep , the extravascular extracellular space, 
v e   �     K trans /k ep , and the plasma volume fraction, v p  
[24]. Tracer plasma concentration was based on 
measurements by Furman-Haran et   al. [25] and 
adapted in this experiment with the current dose 
assuming a blood volume of 65 ml/kg and a haema-
tocrit of 0.49 [26]. Fitting was performed using the 
trust-region-refl ective algorithm with lower bound 0 
and no upper bound for all parameters. The criterion 
for an acceptable fi t was a mean fi t point distance to 
the measured points larger than or equal to 0.5 M. 

 Regions of interest (ROIs) were drawn manually 
around the tumours on the MR-images. Voxels not 
satisfying the DCE-MRI model fi t criterion were 
excluded. Tumour median values of 1) T 2  

 *   mean, 2) 
T 2  

 *   standard deviation, 3) DCE-MRI parameters, and 
4) DCE-MRI parameter differences between scans 
were compared between the treatment groups using 
Student ’ s t-test (signifi cance level p    �    0.05) for identi-
fying acute hypoxia and the effect of nicotinamide.    

 Results 

 Figure 1 shows maps of T 2  
 *   mean and SD for the 

BOLD MRI time interval for a saline treated control 
tumour. The maps show heterogeneity at this rela-
tively high spatial resolution level. Table I sum-
marises statistics on the median tumour T 2  

 *   mean 
and SD. No statistically signifi cant differences 
between the treatment groups were found. Figure 2 
shows DCE-MRI parametric maps for the same 
control tumour, and these parameters also show het-
erogeneity at the spatial resolution level. Table II 
summarises statistics on the median tumour DCE-
MRI parameter values. v p  was signifi cantly higher in 
the nicotinamide-treated group for both the fi rst 
DCE-MRI scan (p    �    0.0005) and the second DCE-
MRI scan (p    �    0.002), and also the absolute differ-
ence in v p  between the two DCE-MRI scans was 
signifi cantly higher in the nicotinamide-treated 

group (p    �    0.04). All other parameters showed no 
statistically signifi cant differences between the treat-
ment groups.   

 Discussion 

 The present study aimed at evaluating acute hypoxia 
and changes induced by nicotinamide using clinically 
relevant MRI methods at ultra-high magnetic fi eld 
strength. Neither the mechanism responsible for the 
intermittend blood fl ow causing acute hypoxia nor 
the mechanism by which nicotinamide reduces acute 
hypoxia is known, but suggestions are summarised in 

  Figure 1.     BOLD MRI parametric maps of  T 2  
 *   mean and SD for 

a control tumour.  

  Table I. BOLD MRI parameter values.  

 T 2   *   mean [ms]  T 2   *   SD [ μ s] 

 Saline 7.50    �    1.48 248    �    33.8
 Nicotinamide 8.74    �    1.30 253    �    26.6

    Tumour median values of the T 2  
 *   mean and SD for the BOLD 

MRI time interval. Parameter values are shown as mean �    SE 
of individual tumour medians. The data showed no statistically 
signifi cant differences between the treatment groups.   
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a review by Horsman [27]. Suggested causative fac-
tors for intermittend blood fl ow are vessel plugging 
by blood cells or circulating tumour cells, high inter-
stitial fl uid pressure, and spontaneous vasomotor 
activity in upstream vessels. While there is no evi-
dence that nicotinamide prevents vessel plugging, 
nicotinamide has been shown to reduce interstitial 
fl uid pressure, and there is preliminary ex vivo evi-
dence for reduction of spontaneous arterial contrac-
tion by nicotinamide. Both of these effects were 
observed at relatively high doses comparable to the 
dose in the present study, and at such high doses, 

nicotinamide is also known to reduce mean arterial 
blood pressure, which may explain the reduction in 
interstitial fl uid pressure. Radiosensitisation is how-
ever present at lower doses not affecting the blood 
pressure, but it is not known whether these doses 
affect interstitial fl uid pressure. 

 The used pharmacokinetic DCE-MRI model 
was extended from the standard model to estimate 
the fractional blood plasma volume v p , which is 
 otherwise assumed to be zero. This was the only 
parameter showing statistically signifi cant differ-
ences between the treatment groups in this study. 

  Figure 2.     DCE-MRI parametric maps for the same control tumour as shown in Figure 1. Initial maps and difference maps for the two 
DCE-MRI scans are shown.  
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The main result was a signifi cantly higher v p  in the 
nicotinamide-treated group, which was intuitively 
expected because that nicotinamide has been shown 
to prevent the vessel collapses responsible for acute 
hypoxia. This is, however, not in agreement with our 
data from a previous study, where the effect of nico-
tinamide on DCE-MRI parameters appeared in the 
extravascular extracellular space v e  [28]. This change 
in v e  likely related to the known effect of nicotin-
amide on interstitial fl uid pressure. A number of fac-
tors differed between these studies, and this may 
explain the different results. The current study was 
carried out at ultra-high magnetic fi eld strength with 
the mice being anaesthetised in a vertical position, 
where the previous study was carried out in a 3T 
clinical magnet with the mice unanaesthetised in a 
prone position. Therefore, the circulation physiology 
may have differed; including systematic deviations 
from the population-based arterial input function 
used in the DCE-MRI model analysis. 

 Nicotinamide induced a signifi cantly larger blood 
volume v p  but no signifi cant changes in K trans , which 
relates to perfusion and permeability. A cautious 
interpretation of these results was that the larger per-
centage of open vessels caused by nicotinamide 
resulted in a perfusion redistribution rather than a 
perfusion increase. An unexpected result was the 
larger variation in DCE-MRI assessed functional 
blood volume in the nicotinamide-treated tumours. 
A possible explanation is that nicotinamide has a 
peak effect at about 1 h, and this effect is reduced at 
longer time intervals [21,29]. The time from drug or 
saline treatment to the end of the second DCE-MRI 
scan ranged from about 2 1/2   – 3 1/2   h, and therefore, 
the drug effect might have been systematically 
reduced at the time of the second DCE-MRI scan 
compared with the fi rst DCE-MRI scan. This is in 

agreement with the lower v p  value estimated from the 
second DCE-MRI scan compared with the value 
estimated from the fi rst DCE-MRI scan. 

 The BOLD imaging did not show different T 2  
 *   

mean or standard deviation over 20 min. The standard 
deviation approach for assessing acute hypoxia was 
rather simplistic. More exploratory statistics on T 2  

 *  -
weighted images and T 2  

 *   maps was applied by Baude-
let et   al. [20], and they found most perfusion cycling 
in the low-frequency-band with less than one cycle per 
3 min. Our BOLD imaging frame rate should be sen-
sitive to this frequency level, and we expected our 
experimental setting to be highly sensitive to acute 
hypoxia due to the susceptibility effect sensitivity and 
spatial resolution. Still, we found no difference in T 2  

 *   
standard deviation between the treatment groups 
despite the different fractional blood volumes. We 
would also have expected these different fractional 
blood volumes to cause a difference in the mean T 2  

 *   
because of different levels of deoxyhaemoglobin.   

 Conclusions 

 Using the clinically feasible perfusion methods 
BOLD MRI and DCE-MRI at ultra-high magnetic 
fi eld strength for assessing acute hypoxia, we were 
able to detect higher fractional blood volume induced 
by nicotinamide and higher blood volume variation 
in in this treatment group. Other DCE-MRI param-
eters showed no signifi cant differences, and the 
higher blood volume induced by nicotinamide was 
not detected by BOLD MRI. The higher blood vol-
ume variation seen with DCE-MRI may be infl u-
enced by the drug effect reducing over time, and 
furthermore the anaesthesia may play an important 
role when investigating circulation-related imaging 
parameters preclinically.           

  Table II. DCE-MRI parameter values.  

 A  IAUC [mM * s]  K trans  [ m s �1 ]  v e  [%]  v p  [ ‰ ] 

 Saline 3.90    �    0.804 545    �    132 3.59    �    0.409 1.19    �    0.653
 Nicotinamide 4.53    �    0.327 342    �    74.9 3.26    �    0.256 8.71    �    0.510 * 

 B  IAUC [mM * s]  K trans  [ m s �1 ]  v e  [%]  v p  [ ‰ ] 

 Saline 4.43    �    0.509 594    �    121 3.69    �    0.323 1.20    �    0.360
 Nicotinamide 4.77    �    0.452 514    �    160 3.08    �    0.380 5.23    �    0.634 * 

 C  | Δ IAUC| [mM * s]  | Δ K trans | [ m s �1 ]  | Δ Δ v e | [ ‰ ]  | Δ v p | [ ‰ ] 

 Saline 1.01    �    0.540 161    �    29.6 6.82    �    0.906 1.72    �    0.317
 Nicotinamide 0.680    �    0.0440 165    �    61.2 6.44    �    0.611 3.06    �    0.401 * 

    Parameter values are shown as mean �    SE of individual tumour medians. A. Initial DCE-MRI values. B. 
DCE-MRI values for the second DCE-MRI scan. C. Absolute difference values between the two DCE-
MRI scans. An asterisk ( * ) indicates for the nicotinamide group a statistically signifi cant difference from 
the saline group.   
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