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Abstract

Objective To investigate the response in R2* relaxation rate
of human intracranial tumours during hyperoxic and
hypercapnic respiratory challenges.

Methods In seven patients with different intracranial
tumours, cerebral R2* changes during carbogen and CO,/
air inhalation were monitored at 3 T using a dynamic
multigradient-echo sequence of high temporal and spatial
resolution. The R2* time series of each voxel was tested for
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significant change. Regions of interest were analysed with
respect to response amplitude and velocity.

Results The tumours showed heterogeneous R2* responses
with large interindividual variability. In the ‘contrast-
enhancing’ area of five patients and in the ‘non-tumoral’
tissue most voxels showed a decrease in R2* for carbogen.
For the ‘contrast-enhancing’ area of two patients hardly any
responses were found. In areas of ‘necrosis’ and perifocal
‘oedema’ typically voxels with R2* increase and no
response were found for both gases. For tissue responding
to COy/air, the R2* changes were of the same order of
magnitude as those for carbogen. The response kinetic was
generally attenuated in tumoral tissue.

Conclusion The spatially resolved determination of R2*
changes reveals the individual heterogeneous response
characteristic of intracranial human tumours during hyperoxic
and hypercapnic respiratory challenges.

Keywords MRI - Intracranial tumour- R2* relaxation rate
quantification - Oxygenation - Vasoreactivity

Introduction

Magnetic resonance imaging (MRI) accurately displays
anatomical structures of intracranial tumours. Diffusion
tensor and perfusion MRI provide information on cell
density, tumour infiltration [1, 2], blood volume/flow and
vascular permeability [3, 4]. Novel positron emission
tomography (PET) techniques aim to determine the degree
of hypoxia and cellular proliferation [5-7]. The image
based assessment of tumour tissue oxygenation and
angiogenesis, which could directly impact treatment planning
and monitoring, is still matter of research [8—12].
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Blood oxygenation level-dependent (BOLD) MRI in
combination with hyperoxic and hypercapnic respiratory
challenges [13] offers a non-invasive approach to assess
tumour oxygenation and vasoreactivity without exposure
to ionising radiation. BOLD MRI uses deoxyhaemoglobin
(dHb) as an endogenous contrast agent. DHb’s paramagnetic
nature shortens the apparent spin-spin relaxation time T2%*,
which can be assessed by using gradient-echo sequences.
Unfortunately, baseline T2* is also affected by static tissue
components such as iron content and large-scale susceptibility
gradients at tissue interfaces. However, changes in the
relaxation rate R2* (=1/T2*) correlate directly with changes
in the dHb content [10, 14]. The venous dHb content of a
voxel can be modulated by respiratory challenges, which
change blood oxygenation saturation and cerebral blood
flow/volume. Inhalation of carbogen (5% CO, in O,) or
COy/air (5% CO, in air) can decrease R2* of healthy
cerebral tissue [15] without changing the cerebral metabolic
rate of oxygen [16]. Such measurements lead to information
on oxygenation changes [10-12, 17, 18] and vasoreactivity
[19-26]. In tumours, these parameters give an insight into
vessel functionality (erythrocyte perfusion) and maturity
[27, 28]. The potential of this method is underlined by
numerous animal [17, 18, 27-35] and first human tumour
studies [36—42].

Commonly, the response to respiratory challenges is
determined by measuring signal changes in T2*-weighted
gradient-echo images acquired at a single echo time [36-38,
41, 42]. However, this approach doesn’t provide quantitative
data and fails to eliminate influences of the apparent
longitudinal relaxation rate R1*. Changes in the content of
dissolved oxygen and in inflow effects induced by respiratory
challenges may affect R1 and thus the resulting images [16].
Furthermore, data acquired at a single echo time will only
provide accurate measurements for a small range of R2*
values. Tumours are heterogeneous with a broad range of
R2* wvalues. The determination of R2* obtained from
multigradient-echo data overcomes these limitations. Until
now, studies on R2* quantification during respiratory
challenges in human brain have been scarce [15, 22, 39].

For intracranial tumours, no voxel-wise analysis of R2*
changes has been reported as yet.

The aims of our work were the spatially resolved
determination of R2* changes during respiratory challenges
in human intracranial tumours, and to perform a tissue-
specific response analysis. Carbogen and CO,/air were used
in order to obtain separate information on oxygenation and
vasoreactivity.

Methods
Study population

Seven patients (aged 31-74 years) with various intracranial
tumours and no signs of elevated intracranial pressure were
included in the study (see Table 1). Tumour types were
confirmed histologically in all cases except for one patient
with metastasis of lung cancer. The institutional review
board approved this study. Written informed consent was
obtained from all patients.

MRI protocol

Magnetic resonance (MR) imaging was performed with a 3 T
whole-body system (Achieva, Philips Healthcare, Best, The
Netherlands; Quasar Dual gradient system: 80 mT/m maximum
amplitude, 0.16 ms minimal rise time, 200 T/m/s maximum
slew rate) using a transmit/receive quadrature head coil.

For R2* quantification during the respiratory challenge,
a dynamic multigradient-echo (MGE) echo-planar-imaging
(EPI) sequence (see Table 2) with high temporal and spatial
resolution (198 dynamic frames, 2.13 s/frame, voxel sizeof
1.8x1.8x5 mm®) was used to measure one single trans-
verse slice located through the largest tumour extent. This
multi-shot variant reduced susceptibility artefacts and
allowed for a smaller minimum TE value and a higher
spatial resolution without decreasing the signal-to-noise
ratio. High-order volume shimming was used to achieve
high B, homogeneity.

Table 1 Overview of all patients

examined in this study Patient Gender Age Tumour type
Pl m 31 Meningioma, WHO grade 1
P2 m 74 Meningioma, WHO grade II with infiltration to the brain
P3 w 53 Glioblastoma multiforme, WHO grade IV
P4 m 69 Glioblastoma multiforme, WHO grade IV
P5 w 56 Metastasis of bronchial carcinoma
P6 w 56 Metastasis of bronchial carcinoma
P7 w 60 Non-Hodgkin’s lymphoma
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Table 2 Sequence parameters list

T2* MGE (multi-shot) T2 TSE

DTI SE-EPI (single-shot)

CASL (single-shot) T1 CE

FOV 230x201 axial 230x184 axial 230x230 axial 230x230 axial 230x183 axial
TE/TR 4.0-83.2/97 ms (12 echoes 80/3673 ms 56/2700 ms 31/4500 ms 13/550 ms
in steps of 7.2 ms)

Flip angle 25° 90° 90° 90° 90°

Number of slices 1 23 11 11 24

Turbo/EPI factor —/5 16/ /127 —/63 —/—

Fat suppression ~ SPIR - SPIR SPIR -

Pixel bandwidth 1290 Hz in EPI frequ. dir. 175 Hz 2818 Hz in EPI frequ. dir. 4388 Hz in EPI frequ. dir. 174 Hz

Voxel size 1.8x1.8x5 mm 0.6x0.7x5mm 1.8x1.8x5 mm 3.6x3.6x5 mm 0.9x1.1x5 mm

# Averages 1 1 2 for b0, 6 for bmax 1 1

# Dynamics 198+10 dummies - - 30 -

Specials - - b0/bmax=0/1600 s/mm?> 6 labelling duration/ post- -
non-collinear directions /A= labelling delay: 2200/1000 ms
11.0/27.5 ms

Acquisition time 7:02+0:21 min 2:05 min 1:48 min 5:24 min 3:03 min

The following abbreviations were used: MGE multigradient-echo, 7SE turbo spin echo, SE spin echo, CASL continuous arterial spin labelling,
SPIR spectral presaturation by inversion recovery, EPI echo-planar-imaging, CE contrast-enhanced, 5/A—duration/distance of diffusion gradients,
# number. The EPI factor denotes the number of k-space profiles collected per excitation

The examination protocol (for details see Table 2) also
contained a T2-weighted turbo spin echo sequence, a
diffusion tensor imaging (DTI) sequence, and a continuous
arterial spin-labelling (CASL) perfusion sequence.
Gadolinium-DTPA (0.10 mmol per kg body weight,
Magnevist, Schering, Berlin, Germany) contrast-enhanced
T1-weighted spin echo images were acquired (for patients
P1, P3, P4, P7) if not available from a previous examina-
tion. Maps of the apparent diffusion coefficient (ADC) and
the fractional anisotropy (FA) as well as perfusion-weighted
images (mean of the dynamic label minus control images)
were generated at the MRI console (manufacturer supplied
application software, release 3.1.1.0).

Breathing protocol

Carbogen (95%0,/5%C0,) and CO,/air (5%C0,/25%0,/
70%N,), both delivered by Linde, Unterschleissheim,
Germany, were used to induce hypercapnic hyperoxia and
hypercapnia, respectively, following a protocol of 1/4/2 min
of air/gas/air inhalation. The breathing system consisted of
a tightly fitting breathing mask, a two-way valve, and two
flexible tubes for the inspiratory and expiratory air stream.
The inhalation gases were supplied via a demand valve
(Oxidem 3000, Dréger, Liibeck, Germany), allowing high
breathing gas volumes per inhalation.

Throughout the experiments, the inspired oxygen
fraction (F;O,), the inspired and end-tidal CO, partial
pressures (P;CO, and P.CO,, respectively), and the
breathing rate were continuously measured at the mask
(Magnitude™ 3150/3155, Invivo, Orlando, FL, USA,

@ Springer

measurement accuracy of +4 mmHg for CO, and +5%
for O,, calibration of the capnometer was checked before
each examination). Pulse rate and blood pressure were also
recorded.

Multigradient-echo data processing

The processing of the MGE data was done offline using
custom-built research software (Philips Research Europe,
Hamburg, Germany) based on IDL 6.3 (Research Systems,
Inc., Boulder, CO, USA). Motion correction, AR2* quanti-
fication and response analysis were performed as previously
described [15]. In short, the R2* values were obtained from
monoexponential decay functions. The R2* change at each
dynamic step i, AR2*; was calculated in relation to a
reference value. Voxels with significantly changed R2*
values were identified by performing a Student’s #-test (p<
0.05, unequal variance) and comparing the AR2*; values
acquired during the respiratory challenge with those acquired
during breathing room air (baseline data). Translational
periods of 60 s after changing the inhalation gas were
excluded from analysis. Voxels with significant response
were displayed on a colour-coded overlay map.

Modelling the R2* response

For quantitative analysis of the response within a region of
interest (ROI), the AR2¥; time series from all voxels with a
significant R2* change were averaged, separately for
negative and positive responses. These two response
functions AR2*; were further corrected for linear drifts of
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the baseline data and approximated by a monoexponential
model function [43]:

0 <t
1 — e (=)/m Hh<t<t
_ e*(frfl)/fl) e n)/n o<y

Response(t) = { A (
A (1

(1)

By using a non-linear least-squares fit (Levenberg-
Marquardt), the maximum change A, the time constants
T, and T, of the changes, and the start and end points t; and
t, of the induced response were determined. The fit quality
was indicated by the coefficient of determination R? (i.e. 1—
[residual sum of squares]/[data variance]).

ROI-based R2* response analysis

The R2* response was further analysed in different ROIs
within the tumour and also in surrounding ‘non-tumoral’
tissue:

(T) ‘contrast-enhancing’ tumour area,

(N) ‘necrotic’ tumour area characterised by central
hypointensity within the ‘contrast-enhancing’ tumour
and clear hyperintensity on the ADC map (small focal
regions were not considered),

(E) area considered as perifocal ‘oedema’ with T2
hyperintensity, no contrast enhancement, and a slight
hyperintensity on the ADC map, and

(X) ‘non-tumoral’ tissue comprising cerebral tissue
with normal appearance on T2-weighted images far
away from the tumour, not including ventricles, deep
cerebral veins and sinuses.

For each ROI, the following analysis was performed:

a) the numbers of voxels with decreased, increased and
unchanged R2* values were determined from the #-test,

b) the response functions were analysed for maximum
change A, T, and T,, and fit quality R

Fig. 1 R2* response of human tumours. From left to right the T2- P

weighted images T2 TSE, the contrast agent-enhanced T1-weighted
images T1 CE (with the exception of patient P5, where the subtraction of
the T1 CE and T1 images is given), the ADC maps, the R2* maps of the
first dynamic (during air breathing), and the overlay maps of significant
R2* changes (AR2*) during carbogen and CO./air inhalation are
displayed for all examined patients (see Table 1). “T’, ‘N’, ‘E’ and
‘X’ denote the defined ROIs in the ‘contrast-enhancing’ tumour area,
‘necrosis’, ‘oedema’, and ‘non-tumoral’ tissue, respectively. Voxels with
significant R2* decrease (AR2*<0) and increase (AR2*>0) are
displayed colour-coding (white to red and light blue to dark blue,
respectively). The colours scale linearly with the mean difference
between the baseline and response data used in the #test (p=0.05). The
underlying images are peak height images (sum of all echoes) of the
first dynamic. Two different responses are seen in meningioma. A well-
perfused meningioma (WHO 1°, P1) shows a decrease in R2* for both
gases whereas a hypoperfused meningioma (WHO 1I°, P2) displays no
change or minimal increase in R2* likely related to a low density of
functional vessels and a lack of normal vasoreactivity. A decrease in
R2* for both gases indicating good vascularisation and ‘normal’
vasoreactivity is seen in the ring-shaped well perfused enhancing
tumour area in a glioblastoma (P4) and a metastasis (P5). Mixed
responses to CO,/air are found in the ‘contrast-enhancing’ tumour area
of another glioblastoma (P3). The necrotic centre of the lesions and the
perifocal ‘oedema’ reveal typically voxels with increased or unchanged
R2* values for both gases

c) the predominant kind of R2* response as obtained in a)
was compared with the perfusion status, which was
graded by two experienced readers in consensus as
‘hyper-’, ‘iso-’, or ‘hypoperfused’ compared with a
corresponding area in the contralateral hemisphere.

Results
Physiological parameters

The breathing of the CO,-enriched gases was well tolerated
by all patients. The physiological parameters are summarised
in Table 3. F;O, and P;CO, values confirmed the tightness of
the breathing system. P.CO,, being a rough measure for
arterial P,CO, [44], was significantly changed (p<0.001,
pairwise Student’s #-test) by 13+3 mmHg for carbogen and
by 16+3 mmHg for COy/air.

Table 3 Physiological
parameters

All values given as mean and
standard deviation over all seven
patients were measured during the
steady state condition. F;O,,
P;CO, and P.,CO, changed
significantly (p<0.001, pairwise
Student’s #-test) during gas
inhalation. Changes in P,CO,
differed significantly under both
conditions (p<0.001, pairwise
Student’s #-test)

n=17 Air Carbogen Air COy/air
Pulse rate [min™!] 59+6 59+7 59+6 59+6
Blood pressure systolic [mmHg] 136+14 15115 136+22 151+19
Blood pressure diastolic [mmHg] 74+£10 83+14 76+14 80+12
Respiration rate [min™'] 15+£5 16+£5 16+4 16+5
F,0, [%] 19«1 93+1 20+1 24+1
P,CO, [mmHg] 1+1 37+1 0+1 38+2
P CO, [mmHg] 3745 49+3 34+4 50+3
P COx(gas)- P, CO,(air) [mmHg] 13+£3 16+3
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R2* response maps

All T,*-weighted images were of good quality with respect to
motion and susceptibility artefacts. Figure 1 displays the
results of R2* response mapping as obtained from the voxel-
wise t-test of the dynamic R2* series. In ‘non-tumoral’ tissue,
the strongest R2* decrease occurred in and around cerebral
sulci, where voxels contain veins and/or grey matter with a
high blood volume. R2* changes within the superior sagittal
sinus were found to be between —19 s and —31 s for
carbogen and between —13 s™ and —27 s for CO/air. The
lowest R2* changes were found in white matter, where
negative and positive changes of up to £0.5 s™ were detected.
Small positive changes were also detected in the ventricles
and partly in the sulci. Response patterns differed between
tumour entities and specific areas within each tumour.

ROI-based R2* response analysis

Table 4 summarises the fractions of negatively, positively and
non-responding voxels for the investigated ROIs. ‘Non-
tumoral’ tissue showed predominantly negative R2* changes
for carbogen in all cases and in 5/7 cases also for CO,/air. The

amount of voxels with increased R2* was less than 32% in
all cases. In the ‘contrast-enhancing’ tumour area negative
R2* changes were observed in 5/7 and 4/7 patients for
carbogen and CO,/air, respectively. One hypoperfused
meningioma (P2) and one lymphoma (P7) hardly responded
to either of the two challenges. A larger metastasis (P6) was
only sensitive to carbogen. Areas of ‘necrosis’ and perifocal
‘oedema’ (with the exception of P1) showed voxels with
increased or unchanged R2* values for both respiratory
challenges regardless of tumour histology. Generally, the
response in tumour tissue was more heterogeneous than in
‘non-tumoral’ tissue and the spatial distribution of R2*
changes within the tumour varied between subjects.

Results for the ROI response functions are given in
Table 5, a typical plot of the temporal behaviour for
different ROIs is given in Fig. 2. Comparing the two gases,
it was found, that the observed changes were of the same
order of magnitude but with partially different characteristics.
For ‘non-tumoral’ tissue negative changes between —1.1
and —2.2 5™ were found for both gases, with the exception
of patient P2 (hypoperfused meningioma), in whom a
large R2* decrease of -3.3 s™' during carbogen was found.
For ‘contrast-enhancing’ tumour areas, patients with a

Table 4 Region-of-interest analysis concerning the number of voxels with decreased, increased and unchanged R2* values as a result of the #-test

Patient  Vital tumour (T) Necrosis (N) Oedema (E) Non-tumoral tissue (X)
#vox n p ns #vox n p ns #vox n p ns #vox n p ns
(%] [%]  [%] (%] [%]  [%] (%] [%]  [%] [%]  [%] (%]

a)
P1 432 85 6 9 74 45 24 31 3191 59 16 25
P2 437 26 30 43 1951 58 13 29
P3 86 94 1 5 76 17 34 49 228 25 18 56 2878 67 8 24
P4 351 60 19 21 178 14 67 19 71 20 51 30 1535 63 12 24
P5 52 71 19 10 3624 52 27 21
P6 43 63 2 35 8 0 50 50 292 4 55 41 2226 54 20 26
P7 51 43 4 53 468 18 46 36 2561 48 22 30
MW 63 12 25 10 51 39 22 39 39 57 17 26
STD 23 11 19 9 17 18 15 16 11 7 6 3

b)
P1 432 58 12 30 74 16 42 42 3191 48 19 33
P2 437 11 22 67 1951 38 12 50
P3 86 49 19 33 76 28 45 28 228 22 38 40 2878 47 21 32
P4 351 50 16 33 178 13 35 52 71 27 42 31 1535 49 17 34
P5 52 48 40 12 3624 47 32 21
P6 43 23 16 60 8 0 100 0 292 7 38 55 2226 51 19 30
P7 51 8 20 73 468 24 23 53 2561 34 25 41
MW 35 21 44 14 60 26 19 37 44 45 21 34
STD 21 9 23 14 35 26 8 8 10 6 6 9

For the defined ROIs (Fig. 1) in each patient (Table 1), the total number of voxels (#vox) and the fractions of negatively (n), positively (p) and
non-significantly (ns) changed voxels are summarised for a) carbogen and b) CO,/air. The mean values (‘MW’) and their standard deviations

(‘STD’) are also given
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more variable time constants T; and T, (of up to 184 and
97 s, respectively) compared with ‘non-tumoral’ tissue.
The negative response functions of ‘non-tumoral’ tissue
and of ‘contrast-enhancing’ tumour areas were very well
presented by the monoexponential model (high fit quality).
In ‘necrosis’ and ‘oedemas’ as well as in positively changed
areas of ‘contrast-enhancing’ tumour and ‘non-tumoral’
tissue the fit quality was low. In some of these ROIs it was
difficult to reach any fit with R*>0 (Fig. 2b). In order to
check whether a bad fit quality was caused by averaging of
the voxel-wise time series of different behaviour, a voxel-
wise response modelling was also performed (see Fig. 3).
On the map displaying the fit quality wide areas exhibit low
fit quality. Setting the threshold for R? to 0.05, a similar
number of responsive voxels can be found as for the #-test
with p=0.05. In general, changes displayed on the A-maps
are larger than those on the corresponding AR2* maps,
because in the AR2* maps the average change during the
last three minutes of respiratory challenge is given, whereas

a) p<0.999

Fig. 3 Results of voxel-wise response modelling (patient 4). Maps of
maximum change A and fit quality R® for different thresholds of R?
values (b) are displayed in comparison with the AR2* maps for
different thresholds of the significance level p (a). For each map the
number of responsive voxels is given as a percentage of the total
number of voxels within this brain area. Examples of response
functions for voxels placed in the superior sagittal sinus (1), ‘contrast-
enhancing’ tumour region (2), grey matter (3), white matter (4),
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in the A-map the maximum expected changes assuming a
monoexponential model function are given. White spots on
the A-maps indicate outliers. The principal pattern of the
changes looks very similar on both maps.

Tables 6 and 7 compares the degree of perfusion with the
detected response behaviour. All of the hyperperfused areas
responded with a predominant decrease in R2* during both
respiratory challenges. In isoperfused and hypoperfused
areas, no consistent R2* response was found.

Discussion

The MRI response of human intracranial tumours during
respiratory challenges has been previously investigated at
1.5 T using either signal changes [37, 45] or T2* changes
within regions of interest [39]. To our knowledge, this is the
first study to provide a spatially resolved R2* response
analysis. We used a dynamic multigradient-echo sequence

p=<0.000001

c)r Y

+1.8/13/21/0.288/+1.5/3.1

%M‘-MWU'[“ Hﬂz&v 6
+5.6/600/0.1/0.180/+0.8/10.0

+1.6/70/42/0.110/+1.3/12.5
-2, 127{0.174{-1.3171

-26.[7/30/13/0.973/-25{59

Time [min] 7
‘necrosis’ (5), ‘oedema’ (6), and liquor (7) are given in c) together
with the fit results (maximum change A [s]/ T, [s] / T [s] / R? /
AR2* [s"']/ baseline R2* [s']). The principal patterns of the changes
look very similar on both maps, AR2* and A. However, outliers
(white spots) impact the A-maps even for high R? thresholds. On the
other hand, the averaging over the response period as performed for
the AR2* maps might result in underestimation of the response
amplitude
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Table 6 Comparison between the type of R2* response and the
perfusion grade. For each defined ROI (Fig. 1), the perfusion grade is
compared with the predominant type of R2* response obtained from

Table 4. The abbreviations ‘hyper’, ‘iso’, and ‘hypo’ denote hyper-,
iso-, and hypoperfused areas, respectively. ‘n’, ‘p’, and ‘ns’ mean
predominant negative, positive and non-significant R2* change

Patient Tumour Necrosis

Oedema

CASL AR2*(Carbogen) AR2*(CO,/air) CASL AR2*(Carbogen) AR2*(CO,/air) CASL AR2*(Carbogen) AR2*(CO,/air)

P1 hyper n n

P2 hypo ns ns

P3 iso hypo ns
P4 hyper n iso p
PS5 iso

P6 iso n ns hypo  p/ns
P7 iso ns ns

hypo n P
P hypo ns ns
ns hypo p P
p hypo p ns

hypo p ns

with high temporal and spatial resolution at 3.0 T. This
approach has been validated in volunteers [15].

In this study we made four key observations:

(1) ‘Non-tumoral’ brain tissue of patients showed a
consistent decrease in R2* during both respiratory
challenges. If compared to healthy subjects [15], the
maximum changes of these responses were of the
same size, but with larger interindividual variations,
and the time constants, T; and T,, were up to two
times larger. These differences may be attributed to
changes in blood supply and oxygen consumption of
the tumour during the respiratory challenge. Other
factors may be the greater anatomical variation of the
non-tumoral area due to the varying slice locations in
patients as well as changes in vasoreactivity related to
age differences, underlying vascular diseases or
treatment with dexamethasone before surgery.

(2) The R2* response maps of human intracranial
tumours showed heterogeneous distributions with
large interindividual variability but some general
patterns. Meningiomas showed a strong R2* decrease in
the ‘contrast-enhancing’ area or no response to both
gases, which agrees with previous carbogen measure-
ments [39]. In glioblastomas, metastases and the
lymphoma, ‘contrast-enhancing’ areas revealed subareas

Table 7 For each grade of perfusion, the total numbers of ROIs with
predominantly negative, positive and non-significant R2* change are listed

CASL AR2*(Carbogen) AR2*(CO,/air)

n p ns n p ns
hyper 2 - - 2 - -
iso 3 1 1 2 - 3
hypo 1 4 4 - 4 4

with increased, decreased and unchanged R2* values
for COy/air and partly even for carbogen. A heteroge-
neous signal response in high-grade glioblastomas was
also found in [37]. We generally observed increased or
unchanged R2* values in necrotic areas and perifocal
oedemas. In CSF spaces increased R2* values during
both respiratory challenges were also found but the
mechanism still needs further elucidation [26].

(3) The response characteristic was independent of contrast
enhancement and perfusion. Hyperperfused tumour areas
preferentially responded with negative R2* changes to
both respiratory challenges. All types of responses were
found in ‘contrast-enhancing’ areas and in iso- and
hypoperfused areas. Animal studies have shown that
vascular maturation/vasoreactivity and permeability do
not spatially overlap [29]. In human brain tumours, other
than in healthy tissue, no correlation has been found
between BOLD signal intensity changes during oxygen
inhalation and the cerebral blood volume [38].

(4) The temporal behaviour of the tumour response
differed in some cases strongly from the normal
response in healthy tissue, which is challenging for
response modelling. Motivated by the good results in
healthy tissue [15], a fit of a monoexponential model
function was performed in this study. A good fit
quality was reached for negative responses in ‘non-
tumoral’ tissue and in most of the ‘contrast-enhancing’
tumour areas. However, in other tumour areas,
especially in areas of necrosis and oedema, the R2*
time series exhibited relevant temporal variations
resulting in low fit quality. In some of the investigated
tumour areas remarkable long time constants were
observed. However, in 90% of the ROI response
functions more than 92% of the maximum change was
reached at the end of the response/normalisation
period. This confirms an appropriate choice of the
breathing cycle durations. The detection sensitivity
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achieved in ‘non-tumoral’ tissue in this study compared
favourably with the assessment in healthy volunteers
[15]. Nearly the same amount of significantly changed
voxels were reached: 74(3)% vs 76(8)% for carbogen,
66(9)% vs 65(8)% for COy/air in patients and volun-
teers, respectively.

The interpretation of R2* changes in tumours is
complex. In normal cerebral tissue, oxygenation saturation
and cerebral blood flow increase during hyperoxia and
hypercapnia resulting in a decrease of R2*. This ‘normal’
response requires healthy blood vessels but may still be
observed in mature tumour vessels [28]. Abnormal tumour
vessels arising from angiogenesis with different architecture
and lack of smooth muscles will lead to different R2*
response behaviour. The lack of vasoreactivity of immature
vessels may lead to a lack of R2* response during CO,/air
inhalation [46]. The absence of any response to both gases
may occur in areas with low blood volume or haematocrit
[47], or in areas with high blood oxygenation saturation.
Increased R2* values may be found in areas with reduced
blood flow related to vascular steal, increased blood
volume, or reduced blood pH (Bohr effect) [18].

Accompanied measurements such as cerebral blood
volume/flow during COy/air inhalation or R1 relaxation
rate during carbogen inhalation [48] may complement the
assessment of R2*. In this work we favoured the
investigation of two different inhalation gases. Using
COy/air together with carbogen offers the possibility of
differentiating between R2* changes due to increased
oxygenation and those related to vasoreactivity. Such
information regarding tumour vessel function and maturity
is beyond standard MRI and may complement a multi-
modal approach of tumour characterisation, treatment
planning and monitoring: e.g. improved oxygenation during
carbogen inhalation may allow better selection of patients
who benefit from hyperoxia modulation therapies such as
ARCON therapy [49], the assessment of vessel maturation
may impact on monitoring novel anti-angiogenetic or anti-
vascular treatments and provides complementary informa-
tion to contrast-enhanced MRI parameters [27, 29] and the
derived volumetric measurements of tumour growth [50].

Our study is limited by the small and heterogeneous
patient group. We sought to demonstrate the feasibility and
robustness of the proposed method prior to addressing one
specific tumour entity. A clinical limitation may arise from
the acquisition of only one slice. However, dense sampling
of the response curve in one slice maximises the statistical
power of the experiment and enables the modelling of the
R2* response. Further studies are needed to better define
typical patterns in different tumour entities and to determine
the potential role of this method in therapy planning and
monitoring. An intra-operative correlation [51] and a direct

@ Springer

comparison with histopathology in specific tumour regions
would improve the understanding of the measured R2*
changes.

In the present study we demonstrated the feasibility of
mapping the R2* response of intracranial human tumours to
hyperoxic and hypercapnic respiratory challenges. This
measurement of oxygenation changes and vasoreactivity is
non-invasive, does not involve ionising radiation, and
provides information beyond standard anatomical and
functional MRI.
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