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An MRI method is described for demonstrating improved
oxygenation of human tumors and normal tissues during
carbogen inhalation (95% O2, 5% CO2). T*2-weighted gra-
dient-echo imaging was performed before, during, and
after carbogen breathing in 47 tumor patients and 13
male volunteers. Analysis of artifacts and signal inten-
sity was performed. Thirty-six successful tumor exami-
nations were obtained. Twenty showed significant
whole-tumor signal increases (mean 21.0%, range 6.5–
82.4%), and one decreased (226.5 6 8.0%). Patterns of
signal change were heterogeneous in responding tumors.
Five of 13 normal prostate glands (four volunteers and
nine patients with nonprostatic tumors) showed signifi-
cant enhancement (mean 11.4%, range 8.4–14.0%). An
increase in brain signal was seen in 11 of 13 assessable
patients (mean 8.0 6 3.7%, range 5.0–11.7%). T*2-
weighted tumor MRI during carbogen breathing is possi-
ble in humans. High failure rates occurred due to respi-
ratory distress. Significant enhancement was seen in
56%, suggesting improved tissue oxygenation and blood
flow, which could identify these patients as more likely
to benefit from carbogen radiosensitization. J. Magn. Reson.
Imaging 2001;14:156–163. © 2001 Wiley-Liss, Inc.

Index terms: magnetic resonance imaging; carbogen; tumors;
hypoxia

THE STUDY OF CEREBRAL BLOOD OXYGENATION by
functional MRI (1) has led to noninvasive studies of
blood supply and oxygenation in extracranial human
tissues. These have now been extended to the study of
tumors (2,3). The oxygenation status of cancer cells was
shown by Gray et al (4) in 1953 to affect the outcome of
radiotherapy, with more oxygenated cells being more
radiosensitive. Since then, considerable research has
been carried out on techniques that aim to increase
radiosensitivity (5) with the aim of improving the effi-
cacy of radiation treatment. Increasing the oxygen
available to the cells can be accomplished by inhaling
100% oxygen (6), hyperbaric oxygen (7,8) and other
high-oxygen gas mixtures such as carbogen (conven-
tionally 95% O2 and 5% CO2) (6,9–13). Radiosensitizing
agents such as nicotinamide (5,10) have also been in-
vestigated for their ability to improve the results of
radiotherapy. A meta-analysis of radiosensitizer trials
has shown significant improvements in both local con-
trol and survival in some, but not all tumors (14). The
identification of patients who might benefit from the
radiosensitizers is a difficult task, as the hypoxic frac-
tion inside tumors needs to be assessed. T*2-weighted
MR techniques show promise in being able to identify
such regions within tumors noninvasively.

The image parameters in gradient-echo (GE) MR se-
quences may be manipulated to be sensitive to the
deoxyhemoglobin (Hb) levels within red blood cells. Nor-
mally, blood contains a mixture of Hb and oxyhemoglo-
bin (HbO). Hb is paramagnetic and HbO is diamagnetic,
so deoxygenated blood appears darker on T*2-weighted
images compared with oxygenated blood. Any increase
in hemoglobin oxygen saturation would therefore be
expected to cause an increase in the signal. The con-
trast is said to be blood oxygenation level dependent
(BOLD) (1,15). Breathing high concentrations of oxygen
should increase blood oxygen saturation and the mea-
sured signal from tissues on T*2-weighted images; how-
ever, the inhalation of 100% oxygen can cause a degree
of vasoconstriction within tumor vessels. The addition
of the vasodilator gas carbon dioxide to the oxygen
(forming carbogen) is intended to counter this vasocon-
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striction. An additional effect of adding carbon dioxide
to oxygen is to shift the HbO dissociation curve to the
right (6). Compared with air, both the increased per-
centage of oxygen in the carbogen and the shift in the
HbO curve will make more oxygen available in the cap-
illaries and tend to increase the T*2-weighted image sig-
nal intensity. The increase in the acquired signal could
also result from increased perfusion of magnetically
unsaturated blood into the tumor (16,17). Large in-
creases in signal have been observed with carbogen
breathing in T*2-weighted GE MR images of transplanted
tumors in animals. Such effects have been attributed to
both perfusion and oxygenation changes (17–20). Im-
aging human tumors before and during the administra-
tion of a radiosensitizer and vasodilator such as carbo-
gen may permit identification of regions with oxygen-
ation and flow changes, which may in turn indicate
regions of reversible hypoxia. Signal increases during
carbogen breathing can also be expected in well vascu-
larized normal tissues or at sites of physiological angio-
genesis such as the premenopausal endometrium, the
ovary, and benign prostatic hyperplasia. MRI measure-
ments of changes induced by a carbon dioxide/air mix-
ture in normal human brain have already been de-
scribed by Rostrup et al (21).

In this work we describe our experience of T*2-
weighted GE imaging in a variety of human tumors and
normal tissues (prostate gland and brain). The effects of
carbogen on the measured signal are described. The
aim is to illustrate the technique utilized, examine the
causes of failed examinations, and show the magnitude
of the MR signal intensity changes observed with car-
bogen breathing.

METHODS

Patient Selection

A prospective clinical study of 47 patients and 13 male
volunteers was performed. The study examinations
were performed between March 1995 and June 1997.
Our institution’s committee on clinical research and
medical ethics approved the study. Informed written
consent was obtained. All studies were performed at the
Paul Strickland Scanner Centre at Mount Vernon Hos-
pital, London, U.K.

The median age of the patients was 63 years (range:
41–81 years) and of the male volunteers 34 years
(range: 27–72 years). Patients were selected from those
attending clinics at the hospital who were clinically well
enough to undergo the MR examinations, and had not
received any prior treatment. All histological groups
were considered, but lesions had to be over 2 cm in size
for inclusion. Tumors in the thorax and abdomen were
excluded in most cases because respiratory, cardiac,
and vessel pulsation motion in those regions resulted in
severe MRI artifacts. The distribution of cases accord-
ing to histological type and anatomical site is given in
Table 1a and b. There were 14 patients with squamous
cell carcinomas from primary tumors of the aerodiges-
tive tract and nine adenocarcinomas arising from the
rectum (five patients), prostate (three patients) and
breast. Six patients had lymphomas, 10 patients had

transitional carcinomas, and other histologies were
present in eight patients.

MRI Protocols

Measurements were made using an Elscint Gyrex 2T-
DLX MRI scanner (Haifa, India), running at 1.9T. Pa-
tients were positioned supine in the body coil with an
anesthetic face mask comfortably but securely
strapped in place. The patients’ blood oxygen satura-
tion and pulse rates were continually monitored by a
pulse oximeter attached to a finger, and the respiration
rate was recorded every minute by a radiographer,
nurse, or anesthetist present in the magnet room.

Scout images of the tumor were acquired using a
standard steady-state free precession (SSFP) sequence
(TE 5 11 ms, TR 5 200 ms, flip angle 5 90°, slice
width 5 10 mm, acquisition matrix 5 200 (frequency
encoding) by 256 (phase encoding), and zero-filled pos-
treconstruction to 2562 for display). The subjects were
then brought out of the magnet and the mask was
attached to a customized anesthetic circuit (22) and air
cylinders. The gas flow rate was adjusted to be comfort-
able to the patient, and they were returned to the mag-
net. Details of the gas administration are given below. A
second scout image was acquired to check slice posi-
tion, and up to 30 sequential single-slice images were
acquired at a single slice location using the same SSFP
sequence with parameters TE 5 60 ms, TR 5 200 ms,
flip angle 5 40°, and other parameters identical to the
scout (2,3). A delay was introduced between acquisi-
tions, calculated to keep the time resolution to one
image per minute.

Gas Inhalation Protocols

The success of the examinations depended on several
factors, both psychological and physical. The most im-
portant was the breathing circuit design. We found that
this should be capable of providing a flow rate of at least
20 liter/min21; most patients only needed 10–15 liter/
min21, but a large lung capacity and hyperventilation
in some patients caused the 3-liter bag to be insuffi-
cient at lower flow rates. The gas flow was continually
modified by trained personnel throughout the examina-
tion to ensure it was sufficient. The mask should have
valved inflow/outflow holes to prevent rebreathing, and
to make breathing in and out equally comfortable.

A careful and complete explanation of what to expect
was made to each patient and volunteer, so the hyper-
ventilation did not panic them. Before the MRI exami-
nation, an evaluation for mask tolerance and carbogen
tolerance was undertaken, by practicing with the cir-
cuit. Those unable to cope with either were not asked to
proceed further. Intolerance did increase slightly when
the masks were more tightly fitted. It was found that
having another person inside the magnet room during
the MRI procedures helped considerably, especially if
they maintained physical contact with the patient.

As the effects of breathing carbogen are at a maxi-
mum after 5–10 minutes (23); the initial imaging pro-
tocol acquired images during 5 minutes of air breath-
ing, 5 minutes of carbogen, and 5 minutes of air, with a
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Table 1a
Summary of Technically Successful Examinations in 36 Patients

Tumor type Ages (yrs) Imaging site
Mean signal
change (%)

Mean grey matter
signal change (%)

Squamous carcinoma 59 Rectum NSR –
Squamous carcinoma 53 Neck nodes, primary NSR 8.6 6 8.6

P 5 0.047
Squamous carcinoma 62 Larynx NSR 7.9 6 0.4

P , 0.001
Squamous carcinoma 66 Neck nodes 18.0 6 16.5 7.9 6 4.3

P 5 0.007 P , 0.001
Squamous carcinoma 41 Neck nodes 29.9 6 16.1 5.4 6 3.8

P 5 0.003 P 5 0.004
Squamous carcinoma 68 Neck nodes 12.4 6 7.6 7.0 6 4.4

P 5 0.001 P , 0.001
Squamous carcinoma1 75 Neck nodes 82.4 6 16.1 9.8 6 2.3

P , 0.001 P 5 0.012
Squamous carcinoma 65 Neck nodes 21.8 6 9.4 7.1 6 3.4

P , 0.001 P , 0.001
Squamous carcinoma 49 Cheek 9.1 6 5.6 9.5 6 7.4

P 5 0.001 P 5 0.01
Lymphoma (NHL) 63 Sacrum NSR –
Lymphoma (NHL) 62 Neck nodes NSR 5.0 6 0.1

P 5 0.003
Lymphoma (NHL) 76 Neck nodes 16.0 6 12.6 8.3 6 0.2

P 5 0.01 P , 0.001
Lymphoma (NHL) 72 Neck nodes 16.4 6 8.0 NSR

P , 0.001
Transitional carcinoma 76 Bladder NSR –
Transitional carcinoma 66 Bladder NSR –
Transitional carcinoma 61 Bladder NSR –
Transitional carcinoma 41 Bladder 10.3 6 3.4

P , 0.001 –
Transitional carcinoma 51 Bladder 9.3 6 2.8

P , 0.001 –
Transitional carcinoma 71 Bladder 9.3 6 4.8

P 5 0.001 –
Transitional carcinoma 72 Bladder 10.0 6 4.5

P , 0.001 –
Transitional carcinoma 62 Bladder 36.3 6 6.2

P , 0.001 –
Adenocarcinoma 76 Rectum NSR –
Adenocarcinoma 77 Rectum NSR –
Adenocarcinoma 58 Rectum NSR –
Adenocarcinoma 63 Rectum NSR –
Adenocarcinoma 61 Rectum 23.4 6 9.9 –

P , 0.001
Adenocarcinoma 70 Prostate NSR –
Adenocarcinoma 66 Prostate 18.5 6 8.6

P , 0.001 –
Adenocarcinoma 63 Prostate 11.0 6 3.1

P , 0.001 –
Adenocarcinoma* 47 Breast 62.0 6 23.4

P 5 0.004 –
Cystic carcinoma* 57 Maxilliary 226.5 6 8.0 11.7 6 9.1

Antrum P , 0.001 P 5 0.011
Carcinoma ovary metastasis 56 Pelvis NSR –
Leiomyosarcoma 70 Prostate 9.8 6 7.0 –

P 5 0.005
Melanoma metastasis 61 Buttock 8.1 6 6.5

P 5 0.013 –
Osteosarcoma 74 Sacrum 6.5 6 4.6

P 5 0.002 –
Neuroblastoma 48 Nasal cavity NSR NSR

Statistically significant responses are given with 6 2 standard errors. In the responding tumors the mean signal change is over a region of
interest of maximal response.
1Patient corresponds with data shown in Figures 1 and 2.
*Patients showed decreases in regional signal.
– 5 not applicable; NSR 5 no detectable or significant (P . 0.05) response.
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5-minute transition period without imaging between
them. This protocol evolved into continuous imaging for
30 minutes: 10 minutes air, 10 minutes carbogen, and
a further 10 minutes of air. The final protocol was 5
minutes air, 10 minutes carbogen, and 10 minutes air,
as it was found that the initial baseline air signal inten-
sity was usually stable and the subject’s tolerance of
the procedure was improved by spending less time in
the magnet with the mask in place.

Image Analysis

Fifteen images were used for analysis; the five which
were acquired during the initial period of air breathing,
the second five aquired during carbogen breathing, and
the second five acquired during the second period of air
breathing, thus avoiding the five-minute transition pe-
riods. Images were transferred to a Sun Sparc10 (Sun
Microsystems, Mountain View, CA) and converted to a
raster-based format. They were analyzed using Ana-
lyze™ software (Mayo Foundation, Rochester, MN). Re-
gions of interest (ROIs) were drawn from the T1-
weighted scout image, around the visible limits of the
tumor. Color overlays were used to help identify regions
that increased significantly in signal intensity with the
carbogen breathing. Statistical analysis was performed
using analysis of variance of the mean 6 SD of the
15-image ROI data sets, and professional statistical
advice was sought in these evaluations. Final results
are given as mean response 6 2 standard error, where
1 standard error 5 SD of the mean/= number of pixels
in the ROI.

RESULTS

General

Of the first 37 patients imaged, there was a rise in pulse
rate in seven, a decrease in 17, and no change in 13.
The respiration rate increased in 25, decreased in two,
and remained static in 10. There was no correlation
between the T*2-weighted MRI signal intensity response
of the tumors and the pulse or respiration rates. MRI
results from tumor patients are given in Table 1a, a

summary of failed examinations is given in Table 1b,
and the results of the volunteer prostate studies are
given in Table 2.

Tumor Patients

Eleven tumor measurements were technically invalid
due to voluntary movement, mask displacement, intol-
erance of carbogen leading to panic and hyperventila-
tion, or susceptibility artifacts (from air in the rectum in
pelvis-tumor patients) (Table 1b). The mean GE MRI
signal over the entire tumor ROI increased significantly
(P , 0.05) during the carbogen breathing in 20 of the
36 successful tumor measurements (Table 1a). The
range of significant enhancement was 6.5 6 4.6% to
82.4 6 16.1%, with a mean of 21.0%. Fifteen measure-
ments showed no significant change with carbogen,
and one decreased significantly (226.5 6 8.0%).

Enhancement was very heterogeneous: localized
ROI within a tumor showed markedly different en-
hancement, and in two tumors there were areas of
reduced signal surrounding central regions of en-
hancement during carbogen breathing. In two pa-
tients, in whom separate metastatic nodes were im-
aged simultaneously, one node enhanced whereas
the other did not.

Figure 1 shows scout, subtraction, and air/carbogen
BOLD images for a patient with a squamous carcinoma
of the tongue and nodal metastases in the neck. This
patient is indicated in Table 1a by * and the tumor
positions by the arrows. The air and carbogen images
are mean images, calculated by summing the five equi-
librium images acquired with each gas, and dividing by
5. The first 5 minutes after a gas change was regarded
as a transition period; the enhancement was calculated
from the second 5-minute period in each case.

Figure 2 shows all the data from the larger node of
patient *. There is a peak enhancement of 125.2% for
the carbogen above the mean of the air values, although
the mean enhancement over the entire node was 82.4%
above the air value. The transition points are shown in
the figure as triangles.

Table 1b
Summary of Technical Failures in 11 Patients and 4 Volunteers

Tumour type Age (yrs) Imaging site Cause of failure

Lymphoma (NHL) 81 Parotid Movement
Lymphoma (NHL) 81 Maxilliary antrum Movement
Transitional carcinoma 48 Bladder Circuit intolerance
Transitional carcinoma 73 Bladder Carbogen intolerance
Squamous carcinoma 76 Parotid Movement
Squamous carcinoma 61 Tonsils Movement
Squamous carcinoma 63 Larynx Movement
Squamous carcinoma 75 Larynx Movement
Squamous carcinoma 67 Piriform fossa Movement
Angiosarcoma 41 Bronchus Carbogen intolerance
Non-small cell carcinoma unknown primary 58 Neck nodes Movement
None at exam site 29 Normal prostate Susceptibility artefacts
None at exam site 34 Normal prostate Susceptibility artefacts
None 27 Normal prostate Susceptibility artefacts and claustrophobia
None 34 Normal prostate Susceptibility artefacts and claustrophobia
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Brain

The response of the brain to carbogen was assessable in
13 patients with head and neck tumors. Eleven pa-
tients had significant brain enhancement (mean en-
hancement 8.0 6 1.1%) and two had none (Table 1a).

Normal Prostate Glands

During the study of bladder carcinoma in men, it was
observed that the prostate gland also enhanced, despite
not being involved with the tumor. A volunteer study
was carried out to see if the magnitude of the normal
change in the prostate gland was comparable with tu-
mor change.

Measurements on the normal prostates of 10 young
(median age 33 years, range 27–39 years) and three older
men (two aged 64 years and one 72 years) were carried out
with carbogen breathing. Four of the volunteers were
completely normal, and nine were patients with tumors in
tissues other than the prostate (one transitional carci-
noma of the bladder and eight testicular teratomas). The

nine successful results are given in Table 2 and four
technical failures are given in Table 1b. Figure 3 shows
scout, subtraction, and air/carbogen BOLD images for
the normal volunteer indicated by * in Table 2. Techni-
cally, the measurements were difficult due to the pres-
ence of air in the rectum causing susceptibility artifacts.
These obscured any carbogen-induced signal change in
four measurements. In addition, two of the volunteers
were mildly claustrophobic and moved.

There was no significant MR signal intensity change
in four measurements, and a significant change in five
(mean 11.4%, range 8.4–14.0%). There was no appar-
ent correlation with age.

DISCUSSION

The carbogen mixture generally had a significant ef-
fect on the respiration rate, but did not increase the
pulse rate in most patients. The magnitude of any
carbogen response detectable on the MR images did

Figure 1. Coronal images of squamous carcinoma metastases from patient * in Table 1a. a: T1-weighted scout image. b: T*2-weighted
mean air image. c: T*2-weighted mean carbogen image. d: Subtraction image (c – b). The arrows on image a indicate the metastatic
deposits: the larger arrow indicates the main metastasis, and the smaller arrow the previously unknown metastasis.
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not correlate with either the pulse rate or respiration
rate changes.

Carbogen is known to be a potent vasodilator (24)
which leads to two effects that can alter the signal
intensities observed on T*2-weighted MR images.
These are an increase in the flow of magnetically
unsaturated spins into an imaging slice (increased
perfusion) or an increase in the O2 saturation of blood
with a relative increase in the oxy:deoxyhemoglobin
ratio (6,22). Computerized Eppendorf oxygen probe
measurements and laser-based Doppler blood flow-
metry enable these two contrast mechanisms to be
disentangled. Human (11–13,25) and animal (26) Ep-
pendorf measurements during carbogen breathing
show significant changes in tissue oxygenation. Laser
Doppler flowmetry, however, shows little change in
macroscopic flow patterns (27,28). These results sug-
gest that the most important effect shown in the T*2-
weighted MR images of tumors is likely to be the signal
change due to blood oxygen saturation changes. In our
MR sequence, the relatively long TR makes the sequence
both oxygen- and flow-sensitive, in order to detect
changes in both oxygenation and blood flow to the tumors
induced by the carbogen. An SSFP image at long TR is
similar to a conventional spoiled GE, while having slightly
better flow sensitivity and SNR.

We observed increases in signal intensity in 20 of 36
patients on T*2-weighted MR images in responsive tis-
sues over the baseline air-breathing intensities. It is
also possible that carbogen-induced perfusion changes
(27,28) within tumors might account for some increase
in signal in addition to the altered hemoglobin oxygen-

ation. Sixteen tumors did not show a significant signal
change in response to carbogen. In cases of extreme
vasoconstriction or vessel occlusion, in the absence of
vessels, or the presence of a high proportion of imma-
ture vessels, vasodilation may not occur. In these cir-
cumstances, no signal change would be observed. Well
perfused, highly oxic tumors also would show no sig-
nificant signal change.

Perfusion and oxygenation levels within human tumors
are known to be heterogeneous (11–13,25). Our results
are consistent with this observation. Most tumors that
showed some response to the carbogen did not respond
equally throughout the slice examined. The mean signal
changes given in the tables do not show the heteroge-
neous response, which can be seen clearly in Figure 1.

On carbogen breathing, two tumors (breast adenocar-
cinoma and the antrum cystic carcinoma (both marked
with 1 in Table 1a) showed significant areas of reduced
T*2-weighted signal adjacent to areas of increased signal,
which suggests that a “vascular steal” phenomenon may
have occurred (29), although the overall change in the
breast tumor was a signal intensity increase, and in the
antrum tumor a signal intensity decrease.

The very well perfused gray matter within normal
brain is known to dilate in the presence of carbon diox-
ide (21). This would tend to increase the blood volume
and flow, and therefore the MR signal intensity in T*2-
weighted images. In this study we observed significant
signal increases in 10 of 12 normal brains, regardless of
the tumor response. The 8.0% mean increase seen with
our 5% CO2:95% O2 mixture is comparable with the
6.81% observed by Rostrup et al (21) with a 5% CO2:air
mixture at a similar field strength, with the additional
enhancement attributable to our use of oxygen instead
of air. Of the two patients who did not show a significant
increase in brain signal, one showed no tumor increase.
Improper mask fitting may have been a contributing
factor in this case (30).

Our prostate study shows that susceptibility artifacts
caused by air and feces in the rectum are a significant
limiting factor. These artifacts can be minimized by
asking patients to evacuate before the MRI examina-
tion. The ability of normal prostate tissue to enhance
should not come as a surprise. It is well known that
normal prostate tissues produce high levels of endoge-

Table 2
Successful Prostate Measurements

Age in years
Mean signal
change (%)

P

641 8.4 6 3.7 P 5 0.024
641 11.7 6 0.4 P , 0.001
361 13.4 6 6.7 P , 0.001
391,* 14.0 6 12.0 P 5 0.02
311 9.5 6 7.3 P 5 0.009
721 NSR
331 NSR
35§ NSR
33§ NSR

1Volunteers with tumours outside the prostate.
*Volunteer shown in Figure 3.
§ 5 Volunteers with no tumor.

Figure 2. The signal changes (including transition values)
corresponding to an ROI over the main tumor in patient * in
Table 1a. Tumor position is shown by the large arrow in Figure
1a. The patient moved during the first five scans before set-
tling; those data are omitted from this graph for clarity. Error
bars denote 6 2 standard errors about the mean signal inten-
sity within the ROI.
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nous vascular endothelial growth factor (VEGF), a po-
tent stimulus of angiogenesis. The role of prostatic
VEGF has not been completely defined, but is thought
to be essential for the activation of spermatozoa (31,32).
The presence of enhancement within prostate tissues
also suggests that this technique may not be suitable
for the study of patients with prostatic cancer, partic-
ularly at the spatial resolution of the current study.
Recently, using a body array coil with a Siemens 1.5T
Symphony MR scanner (Erlangen, Germany) we were
successful in obtaining images of the prostate at higher
resolutions, which showed good correlation between
the site of known tumors and T*2-weighted signal. There
was no significant difference between the magnitude of
prostate enhancement of normal volunteers and those
who had an underlying malignancy.

CONCLUSIONS

It may be concluded that T*2-weighted MRI provides a
noninvasive method of assessing the response of indi-
vidual tumors to carbogen, and may help identify those

patients who are likely to benefit from radiosensitiza-
tion with carbogen. The methods described are techni-
cally challenging for patients because of respiratory dis-
tress caused by inhalation of the carbogen mixture.
Gases with lower ratios of CO2:O2 may be more suitable
for clinical use.
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