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Molecular oxygen has been previously shown to shorten longi-
tudinal relaxation time (T1) in the spleen and renal cortex, but
not in the liver or fat. In this study, the magnitude and temporal
evolution of this effect were investigated. Medical air, oxygen,
and carbogen (95% oxygen/5% CO2) were administered se-
quentially in 16 healthy volunteers. T1 maps were acquired us-
ing spoiled gradient echo sequences (TR � 3.5 ms, TE � 0.9 ms,
� � 2°/8°/17°) with six acquisitions on air, 12 on oxygen, 12 on
carbogen, and six to 12 back on air. Mean T1 values and change
in relaxation rate were compared between each phase of gas
inhalation in the liver, spleen, skeletal muscle, renal cortex, and
fat by one-way analysis of variance. Oxygen-induced T1-short-
ening occurred in the liver in fasted subjects (P < 0.001) but not
in non-fasted subjects (P � 0.244). T1-shortening in spleen and
renal cortex (both P < 0.001) were greater than previously
reported. Carbogen induced conflicting responses in different
organs, suggesting a complex relationship with organ vascula-
ture. Shortening of tissue T1 by oxygen is more pronounced and
more complex than previously recognized. The effect may be
useful as a biomarker of arterial flow and oxygen delivery to
vascular beds. Magn Reson Med 58:490–496, 2007. © 2007
Wiley-Liss, Inc.
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Molecular oxygen (O2) has two unpaired electrons and is
paramagnetic, with a magnetic moment of 2.8 Bohr mag-
netons. For this reason, O2 shortens tissue longitudinal
relaxation time (T1 time) and increases signal intensity on
T1-weighted sequences (1). Thus, while under standard
conditions dissolved plasma oxygen plays a negligible role
in oxygen transport in human physiology (2), the T1-short-
ening effect provides a mechanism for monitoring oxygen
delivery to tissues, by detecting signal modulation in
plasma and tissue fluids that contain dissolved oxygen.

The effect is distinct from the blood oxygen level depen-
dent mechanism of contrast, which measures the relative
change in deoxygenated hemoglobin (paramagnetic) to
oxyhemoglobin (diamagnetic) on T*2-weighted imaging.

Normal subjects breathing room air (approximately 21%
O2) have a systemic arterial plasma oxygen partial pressure
(pO2) of 98 mm Hg and systemic venous plasma pO2 of
39 mm Hg. Approximately 1.5% of oxygen carried by the
arterial blood is freely dissolved in the plasma. Inhalation
of 100% oxygen has a minor effect on the systemic venous
pO2, which rises slightly to 48 mm Hg in healthy subjects.
However the pO2 of arterial blood plasma closely matches
that of alveolar pO2, which increases from 98 mm Hg to
approximately 600 mm Hg when breathing 100% oxygen
(3). Since dissolved oxygen concentration is directly pro-
portional to the pO2 in plasma, the concentration of dis-
solved oxygen increases from 0.3 ml per 100 ml to 1.8 ml
per 100 ml on 100% oxygen. Despite this six-fold increase
in oxygen carriage, dissolved plasma oxygen still accounts
for a relatively small fraction of total oxygen transported in
the arterial blood at supranormal pO2 levels. This reflects
the relatively large volume of oxygen carried bound to
hemoglobin molecules, which are already around 98%
saturated while breathing room air (4).

Several investigators have evaluated oxygen-induced
shortening of T1 relaxation time on magnetic resonance
imaging (MRI) as a form of contrast enhancement in stud-
ies of pulmonary physiology (5–7) and pathology (8). One
study has demonstrated a linear relationship between both
plasma and whole blood pO2 and reduction in T1 relax-
ation times at 1.5 T (9). The effect of T1-shortening has also
been reported in cardiac muscle, spleen, and renal cortex,
while the effect has not been demonstrated in other organs
including the liver and subcutaneous fat (10,11). Further-
more, the mechanism of contrast has been explored in an
animal tumor model under hyperbaric conditions and has
shown promise as a noninvasive quantitative method of
detecting change in pO2 in both normal tissues and tumors
(12).

The primary objective of this study was to investigate
the T1-shortening effect of dissolved molecular oxygen in
upper abdominal organs of healthy volunteers using a
temporally-resolved 3D volume acquisition. We hypothe-
sized that T1-shortening could be measured in a robust
manner relatively free from motion corruption and that
specific measures of T1-shortening might be identified for
development as biomarkers of the microvasculature that
reflect arterial blood flow and tissue oxygen delivery.
Since literature reports suggest that 100% oxygen may
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cause vasoconstriction in peripheral organs (13) leading to
reduction in tissue blood flow (14), we compared the T1

reduction on 100% oxygen with that achieved with carbo-
gen (95% O2/5% carbon dioxide (CO2)), which is believed
to counteract oxygen-induced vasoconstriction (15).

MATERIALS AND METHODS

Subjects

Approval for the study was granted from the local Re-
search Ethics Committee (Ref: 05/Q1410/124). Smokers,
individuals with significant heart or lung disease, and
those with contraindication to MRI were excluded (8). A
total of 16 healthy normal volunteers (six female and 10
male) who had given written informed consent were in-
cluded in the study. The mean age was 30.4 years (range
23–44 years).

Circuit Design

Gases were administered via a non rebreathing circuit. In
the first seven volunteers a Hudson mask (Henleys Medi-
cal, Welwyn Garden City, Hertfordshire, UK) was used. In
the last nine volunteers a continuous positive airway pres-
sure (CPAP) mask with head straps (Vital Signs, Totowa,
NJ, USA) was used with a non-rebreathing T-piece circuit
without a CPAP valve, with the aim of increasing the
inspired oxygen fraction. The procedure and circuit were
explained to the volunteer prior to commencement and
care was made to ensure a tight seal. During the experi-
ment, all volunteers breathed medical air (21% O2) fol-
lowed by 100% oxygen and then carbogen in the same
order and according to the same time schedule. All gases
were delivered at 15 liters/min. Pulse rate was recorded.

Data Acquisition

All experiments took place on a Philips Intera system
(Philips Medical Systems, Best, Netherlands) at 1.5 Tesla,
at the University of Manchester Wellcome Trust Clinical
Research Facility. The whole body transmit/receive coil
was selected for transmission and reception. Initial scout
images were followed by a T2-weighted single-shot turbo
spin-echo image (TR � 606.5 ms, TE � 80 ms, � � 90°,
field of view (FOV) � 375 mm, matrix size � 256 � 256,
slice thickness � 4 mm). During this period volunteers
breathed medical air in order to acclimatize to the circuit.

Series of 3D T1-weighted fast field echo images were
acquired over a 9.9-cm volume slab through the upper
abdomen to allow estimation of tissue T1 relaxation times
(TR � 3.5 ms, TE � 0.9 ms, � � 2°/8°/17°, 3 averages,
bandwidth � 500 Hz, FOV � 384 mm, matrix size � 128 �
128, slice thickness � 3 mm). The FOV was selected to
include liver, spleen, kidney, paraspinal muscle, and sub-
cutaneous fat. Measurements were acquired during gentle
breathing without breathholding. No fat suppression was
applied. Total acquisition time for each T1 measurement
was 76.8 s. Six baseline measurements were collected
while breathing medical air, followed by 12 on 100%
oxygen, and then 12 on carbogen. In eight volunteers, six
to 12 further measurements were recorded inhaling med-

ical air after the carbogen phase. The schedule is summa-
rized in Fig. 1.

Image Analysis

Data were processed in three stages using a voxel-by-voxel
fitting process with in-house software. T1 maps at each
time point were generated using the variable flip angle
method (16,17). Representative volumes of interest (VOI)
were drawn for each organ by one observer (J.O’C). Mean
values (calculated from the six baseline T1 maps) and
change from baseline for all time points were calculated
and compared with those quoted in the literature
(10,11,18,19).

The change in oxygen concentration at each time point
(denoted �[O2](t)) can be expressed in relation to the lon-
gitudinal relaxivity constant for oxygen (r1), the T1 value at
each time point (t) and the baseline T1(baseline), according to
the equation

��O2��t� �

� 1
T1�t�

� � � 1
T1�baseline�

�
r1

. [1]

Hence, the change in longitudinal relaxation rate (1/T1(t)
– 1/T1(baseline))—hereafter denoted �R1, where R1 is the
longitudinal relaxation rate—was calculated in each organ
VOI for every volunteer at all time points. Therefore, �R1

was proportional to the change in tissue oxygen concen-
tration at each time point. Group mean �R1 were plotted
for each VOI to evaluate the wash-in of oxygen and carbo-
gen and the washout of carbogen. Measurements of �R1 for
each subject VOI were grouped into the six baseline air
measurements, the last 10 oxygen, and the last 10 carbogen
measurements to evaluate the difference in tissue T1 be-
tween the three phases of gas inhalation. The first two
oxygen and carbogen time points were excluded from this
analysis since the first 2–3 minutes were considered to
represent a transition phase of gas wash-in (14). Signifi-
cance was tested by a one-way analysis of variance with a
post hoc Bonferroni correction. For the purpose of analysis

FIG. 1. Summary of 3D fast field echo T1-weighted protocol.
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for the liver VOI, volunteers were split according to fasting
status, into those who had fasted for 4 h or more (fasted
group) and those who had eaten or drunk nonclear fluids
over the same time (non-fasted group). The baseline T1

values for these subgroups were compared using a two-
sided independent samples t-test.

RESULTS

Pulse rates were significantly reduced on breathing oxygen
compared with medical air (64/min vs. 69.5/min; P �
0.001, paired t-test) but not with carbogen inhalation. VOI
were drawn in five organs in each volunteer where possi-
ble: spleen, liver, renal cortex, paraspinal muscle, and
subcutaneous fat. Data were excluded from two volun-
teers—one due to circuit failure and one where motion
between acquisitions made VOI comparison unreliable. A
total of 13 volunteers experienced dyspnea breathing car-
bogen, which resulted in curtailing the examination in one
volunteer. No other adverse events were reported.

Mean T1 values on air were consistent with those re-
ported in the literature. Representative T1 maps for two
volunteers are shown in Fig. 2. The changes in R1 from the
two circuits were not significantly different in any of the
organ VOI—all subsequent results are presented together
for all 16 volunteers. No significant difference was present
between the baseline liver T1 for the fasted (594 	 35 ms,
N � 7) and non-fasted (570 	 60 ms, N � 5) groups (P �
0.314). Mean T1 and �R1 for each phase of gas inhalation
are shown in Table 1. Mean group wash-in �R1 are pre-
sented in Fig. 3.

Both oxygen and carbogen induced highly significant
increases in R1 in the spleen, liver (in fasted subjects),
renal cortex, and paraspinal muscle (all P 
 0.001). There
was no significant �R1 following gas inhalation measured
in the liver in volunteers who had eaten within the last 4 h.
No difference in �R1 between medical air-oxygen and
medical air-carbogen was observable in muscle (P � 1.0) or
renal cortex (P � 0.471). Increase in R1 in the spleen was
significantly greater with oxygen inhalation than with car-
bogen (P 
 0.001), whereas increase in R1 in the liver in

fasted subjects was significantly greater during the carbo-
gen phase of breathing (P 
 0.001). Significant R1 increase
was also seen in the signal in subcutaneous fat for oxygen
(P � 0.011) and carbogen (P � 0.002). However, magni-
tudes of standard error on the group measurement, which
may include both true measurement error and organ T1

heterogeneity, were considerably greater in fat than in
other tissues (Fig. 3f).

The effect of returning to breathe medical air after the
air-oxygen-carbogen protocol (washout phase) was exam-
ined in the spleen and liver (fasted group). Change in R1

with carbogen-medical air in the spleen was highly signif-
icant (P 
 0.001). The mean R1 measured while breathing
medical air at the beginning and end of the experiment
showed no statistical difference (P � 0.407), suggesting
that the effect of hyperoxic gases is real but short lived in
the spleen (Fig. 4a). In contrast, R1 in the liver (fasted
group) remained unchanged during the second set of ac-
quisitions on medical air from that of carbogen (P � 1.0)
and was highly significantly different from the original
baseline medical air measurements (P 
 0.001) (Fig. 4b).

DISCUSSION

The main objective of this study was to evaluate the T1-
shortening effect of dissolved molecular oxygen in plasma
and tissue fluid in the abdominal organs of healthy volun-
teers. The secondary objective was to compare the T1-
shortening effect of oxygen with that obtained with carbo-
gen. To our knowledge the effect of carbogen on tissue T1

has not been previously investigated.

Oxygen-Induced T1-Shortening in Abdominal Organs

Tadamura et al. (10) studied oxygen-induced T1 changes
using inversion recovery sequences. Images were acquired
breathing room air and then at 220 s after breathing 100%
oxygen, through a non-rebreathing circuit at a rate of 10 li-
ters/min. Reductions in measured T1 in the spleen (4.2%),
myocardium (3%), and arterial blood (11.3%) were de-
scribed. No changes were seen in the liver, dorsal skeletal

FIG. 2. T2-weighted spin-echo ax-
ial image with calculated T1 maps
on (a) air and (b) 100% oxygen
through the upper abdomen in two
subjects. A representative slice
from a 3D acquisition is shown in
each case. In the first subject (I)
who had fasted, the T1 in the
spleen and liver are clearly short-
ened following inhalation of oxy-
gen. T1-shortening can also be ob-
served in the spleen and renal cor-
tex of the second subject (II) who
had eaten recently; note that the
liver does not appear to change its
T1 in this individual. Small T1

changes in the paraspinal muscle
and subcutaneous fat occurred in
both volunteers but are not easily
identified in these maps.
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muscle of the back, subcutaneous fat, or bone marrow. A
second group reported significant change in arterial blood
T1 (17.9%), but saw no significant change in skeletal mus-
cle (gastrocnemius and soleus) (20). Jones et al. (11) used
T1-weighted multishot turbo spin-echo sequences to eval-
uate response to 100% oxygen inhalation at 15 liters/min,
demonstrating reduction in the T1 of both renal cortex
(6%) and spleen (8.8%), but not in the renal medulla or
liver. All of the above studies were performed at 1.5 Tesla.

We studied the T1-shortening effect of 100% oxygen in
the spleen, renal cortex, liver, paraspinal muscle, and sub-
cutaneous fat. Reductions in spleen T1 were reproducible
across the group of volunteers and greater than previously
described in the literature (10,11). Changes in the renal
cortex following oxygen inhalation were of similar magni-
tude to those reported elsewhere (11). However, difficulty
in accurate VOI definition, due to organ motion, limited
the number of volunteers with a reliable dataset. Calcula-
tion of the change in T1 relaxation time can be misleading
since the magnitude of change is heavily dependent on the

baseline T1 value for each organ. Therefore, we converted
reduction in T1 to �R1 since this quantity both normalizes
the data and provides a measure of change that is, in
theory, proportional to the change in tissue oxygenation,
as expressed in Eq. [1].

Previous studies have not shown oxygen-induced T1-
shortening in the liver (10,11). In this study, we demon-
strated a highly significant increase in R1 in the liver when
volunteers fasted for over 4 h. This effect was absent in
those volunteers who had recently eaten. No difference in
the baseline T1 values were demonstrated between these
two groups. Approximately 20 to 30% of liver blood sup-
ply is from the hepatic artery and the remainder from the
hepatic portal vein (HPV) although the relative supply of
the two vessels is reciprocal and changes according to
fasting status (21). Previous studies have attributed the
lack of observed change in liver T1 relaxation time to its
predominantly portal blood supply, since HPV blood has
already passed through the splanchnic capillary bed be-
fore entering the liver, whereas the pO2 of hepatic arterial

FIG. 3. Mean �R1 for each organ volume of interest (error bars are SD across individuals) for (a) spleen, (b) liver (not fasted), (c) liver (fasted),
(d) paraspinal muscle, (e) renal cortex, and (f) subcutaneous fat. Equivalent scales have been used to emphasize differences in magnitudes
of change and the confidence in measured values for each organ. The start of oxygen (O2) and carbogen (CB) inhalation are marked by
arrows.

Table 1
Mean 	 Standard Error T1 Values of Air (6 time points), Oxygen (time points 3-12), and Carbogen (time points 3-12) Inhalation for Each
Organ Volume of Interest (VOI) With N Subjects*

Organ N

Mean T1 values (ms) Mean �R1 (s–1)

Air T1
Oxygen T1

(reduction)
Carbogen T1

(reduction)
Oxygen
(P value)

Carbogen
(P value)

Spleen 14 926 	 26 795 	 24 (14.1%) 836 	 25 (10.0%) 0.188 (P 
 0.001) 0.127 (P 
 0.001)
Liver (not fasted) 5 570 	 27 566 	 27 (0.8%) 561 	 21 (1.6%) 0.016 (P � 0.244) 0.019 (P � 0.124)
Liver (fasted) 7 599 	 13 580 	 11 (3.1%) 562 	 15 (6.2%) 0.053 (P 
 0.001) 0.113 (P 
 0.001)
Paraspinal muscle 11 736 	 16 709 	 16 (3.7%) 709 	 19 (3.7%) 0.055 (P 
 0.001) 0.057 (P 
 0.001)
Renal cortex 5 945 	 15 883 	 9 (6.6%) 873 	 22 (7.6%) 0.076 (P 
 0.001) 0.092 (P 
 0.001)
Subcutaneous fat 12 236 	 8 232 	 8 (1.8%) 231 	 8 (2.1%) 0.077 (P � 0.011) 0.091 (P � 0.002)

*Mean percentage reduction of T1 from air-to-oxygen and air-to-carbogen is given in parentheses. Mean �R1 is calculated for each organ
on oxygen and carbogen and P values shown are for significant difference from air-oxygen and air-carbogen.
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blood may be increased while breathing 100% oxygen
(10). We interpret our results as representing a difference
in the relative arterial fraction of hepatic blood flow be-
tween the fasted and non-fasted groups; significant T1-
shortening can be observed with a larger arterial fraction of
hepatic blood flow (e.g., when fasted).

We also measured significant increase in R1 in skeletal
muscle and in subcutaneous fat. Changes in rotator cuff
muscle T1 have been previously demonstrated by our
group using an inversion-recovery technique (22) in con-
trast with other studies, but no previous study has de-
scribed oxygen-induced T1-shortening in fat. The changes
observed in the fat were considerably noisier than in other
organs, which may reflect the lower baseline T1 relaxation
time of fat compared with the other organs. They were,
however, highly significant (Fig. 3f). The discrepancies
between our results and other studies may reflect one or
more of variation in circuit design (maximum achievable
fraction of inspired oxygen), measurement timing, data
analysis, and physiological factors.

Physiological Mechanisms Underlying Gas-Induced
T1-Shortening

The physiological changes underlying the changes in T1

observed at supraphysiological levels of blood plasma ox-
ygenation are complex. Elevation in the amount of dis-
solved oxygen present in capillaries and tissue fluid (via
diffusion) are major contributing factors to the shortening
of T1 observed within each voxel (11). Current understand-
ing of oxygen delivery to tissues suggests that inhalation of
100% oxygen elevates arterial plasma pO2 at the level of
the proximal arterioles, where a significant reduction in
plasma pO2 begins to occur (23). Both the rate and magni-
tude of oxygen extraction is believed to be organ-specific
and has a complex relationship to blood flow and meta-
bolic demand (24). These observations suggest that the �R1

observed in this experiment may not only reflect the para-
magnetic effect of dissolved molecular oxygen, but may be
dependent on tissue metabolism, arterial (and arteriolar)
flow, and blood volume within each organ, since a suffi-
ciently elevated amount of dissolved molecular oxygen
must be delivered to cause measurable T1-shortening.

Decreased blood volume, mediated by oxygen-induced va-
soconstriction, may lessen the ratio of blood to tissue within
a given voxel. Since arterial blood has a longitudinal relax-
ation time of around 1.25 s (20,25), the observed T1 within a

voxel will reduce to a variable extent, depending on the
proportion of blood and tissue within each voxel and the
relative change in blood volume. However, it is unlikely that
decreased flow with 100% oxygen would produce changes of
sufficient magnitude to account for all of the observed signal
change. Previous work from Tadamura et al. (10) suggested
that the T1-shortening observed is predominantly from the
presence of excess oxygen acting as a relaxation agent, rather
than by altering organ perfusion. Furthermore, blood flow
and volume have been reported to increase in some organs
following hyperoxemia (26).

An approximate calculation of maximum �R1 from de-
creased blood volume can be made using a simplistic
model of free water exchange between compartments. For
an organ (such as muscle or fat) with less than 5% blood
volume (27) a reduction by 20% would lead to a �R1 of
around 0.006 s–1. More vascular tissues with a higher per-
centage blood volume may demonstrate a larger �R1, but
these are still considerably smaller effects than is observed
in all tissues in our study (Table 1).

In this study a 3D acquisition was used. Since all blood
flowing in has been sufficiently saturated in the outer parts
of the volume, then modest changes in blood flow are
unlikely to alter tissue T1 in regions of interest drawn in
the center of the volume. Therefore, pure (i.e., blood vol-
ume-independent) flow changes are unlikely to contribute
toward the change in �R1 described in our study. Never-
theless, the alteration in blood flow resulting from gas
inhalation could be measured using alternative techniques
to provide a complete characterization of gas-induced
physiological changes.

Difference of Carbogen Gas and 100% Oxygen

We compared the measured T1-shortening effects of carbo-
gen and 100% oxygen. Several literature reports describe
vasoconstriction in peripheral tissues within minutes fol-
lowing inhalation of 100% oxygen (13,14). Vasoconstric-
tion may result in reduction of local blood flow by approx-
imately 10–20% within minutes (28), although this effect
is not seen in all human tissues to the same magnitude.
Vasoconstriction leads to a transient elevation in blood
pressure before homeostatic mechanisms reduce heart rate
and therefore cardiac output, hence returning blood pres-
sure to resting levels.

Carbogen and other hyperoxic gases that contain a small
percentage of CO2 have been widely used in studies at-

FIG. 4. Mean change in (a) R1 in spleen (N � 7) and (b) liver (fasted group, N � 4). Arrows indicate the beginning of breathing oxygen (O2),
carbogen (CB) and the second phase of breathing medical air (Air). In the case of the spleen, T1 values return to that of the original baseline
acquisitions once oxygen and carbogen are replaced by medical air. This is not seen within the liver, where the �R1 persists for at least
15 min after administration of the hyperoxic gases.
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tempting augment plasma pO2 and tissue oxygen delivery,
particularly in the field of radiotherapy (29). The ability of
carbogen to counteract oxygen-induced vasoconstriction
has been most widely cited as a justification for this strat-
egy, although shift of the oxygen-hemoglobin disassocia-
tion curve to the right (the Bohr effect) and increasing
cardiac output have also been credited as possible mech-
anisms (30–32). Optimal carbon dioxide content of the gas
mixture remains controversial (33)—the original rationale
for using 5% was empirical rather than experimentally-
based (15)—carbogen is difficult to tolerate (32) and in
practice circuit limitations produce actual inspired gas
concentrations of around 3% CO2, 70% oxygen, and 27%
nitrogen (34). Furthermore, the effect of carbogen on both
normal and pathological tissues is complex and incom-
pletely understood. While carbogen is generally purported
to increase perfusion, there is evidence that carbogen de-
creases flow in healthy tissues (35) and in tumor vascula-
ture (36).

In our experiment, the T1-shortening observed in the
spleen while breathing 100% oxygen—measured by in-
crease in R1—was significantly reduced once volunteers
switched to breathing carbogen (Fig. 3a). Assuming that
the dissolved plasma oxygen was 95% of that obtained
during 100% oxygen inhalation, this differential must rep-
resent either reduced blood flow to the spleen (relative
vasoconstriction), reduced arterial blood volume, or al-
tered oxygen extraction. This is inconsistent with the hy-
pothesis that carbogen counteracts oxygen-induced vaso-
constriction through a direct endothelial response to CO2,
raising the possibility of an indirect CO2 effect, for exam-
ple altered sympathetic nervous system activity.

In contrast to the results obtained in the spleen, T1-
shortening in the liver (fasted subjects) was greater with
carbogen inhalation than with 100% oxygen (Fig. 3c). This
could either represent the continuing effect of oxygen in-
halation (i.e., change in R1 was yet to plateau and was not
a direct CO2 effect), or suggest a CO2-mediated change in
hepatic blood flow or blood volume, either through direct
effects on the vasculature, or indirectly. No significant
difference in the magnitude of T1-shortening on 100%
oxygen or carbogen was detected in skeletal muscle, renal
cortex, or in fat (Fig. 3d–f). Finally, the washout effect of
carbogen appears to vary between the liver and spleen
(Fig. 4).

Thus, the effect of carbogen inhalation does not appear
to produce equivalent responses in all organs and may
reflect complex homeostatic mechanisms, as well as the
direct effect of carbon dioxide on the tissue endothelium.
For example, the liver differs from other tissues in having
a dual blood supply and in having fenestrated capillaries
rather than capillaries lined with a collar of smooth mus-
cle that changes its caliber in response to oxygen and CO2

levels (2). In addition, while CO2 may counteract oxygen-
induced vasoconstriction in some organs, elevated CO2

levels can decrease regional blood flow to the kidney (37),
having an opposing effect. Furthermore, elevated CO2 lev-
els may induce vasodilatation in skeletal muscle, by acting
upon nitric oxide receptors in capillary smooth muscle
(38). Therefore, several competing factors may influence
any flow and blood volume contributions to �R1 within
each organ.

Study Design and Limitations

Compromise between spatial resolution, temporal resolu-
tion, and signal-to-noise ratio must be made in an explor-
atory imaging study of this kind. The spatial resolution
used in this experiment precluded voxel-by-voxel compar-
ison; therefore, mean values of T1 and �R1 were calculated.
Each time point represented data collected over a period of
76.8 s in order to obtain a signal-to-noise ratio sufficient to
detect change in R1. Six acquisitions were repeated to
accurately establish a baseline T1 value for each organ VOI.
It was decided that the first two time points following
switching a gas would be considered to represent the time
to equilibrium, since this period (just over 150 s) is con-
sistent with experiments of oxygen physiology (14) and
the reported time for oxygen and carbogen plateau in other
experiments (39–41). The two circuits used did not pro-
duce significantly different results.

The question of whether the continued reduction of T1

in the liver (fasted subjects) was due to prolonged oxygen
wash-in or CO2 response could have been answered by
modifying the protocol to intersperse the oxygen and car-
bogen phases with a second period breathing medical air.
However, total acquisition time was one hour, complying
with ethical considerations of subject tolerability. Also,
oxygen and carbogen wash-in times for organs are un-
known. For these reasons the order of medical air-oxygen-
carbogen was selected for all subjects.

Our observations raise several interesting points regard-
ing future studies of oxygen induced T1-shortening with
MRI. Oxygen inhalation was well tolerated by all subjects.
The technique can measure an approximation of regional
oxygen concentration that is relatively simple to calculate
and enables continuous in vivo measurements to be made.
While previous studies have suggested small changes in T1

following oxygen inhalation, the magnitudes of �R1 during
different phases of gas inhalation were sufficient to be
detected, suggesting that �R1 may be a usable measure of
tissue oxygen delivery for use in future studies of both
normal physiology and pathology. Further studies are re-
quired to evaluate the relationship between change in
arterial plasma flow and blood volume—as evidenced by
the fasting-specific changes in the liver—and change in R1.
Furthermore, the MRI measure �R1 following oxygen in-
halation requires validation against histological measures
of tissue oxygenation.

CONCLUSION

We have demonstrated a change in tissue longitudinal
relaxation time with both oxygen and carbogen in a variety
of normal tissues. The technique is robust, well tolerated,
and allows organ-specific T1-shortening to be calculated in
individual organs. Larger alterations in T1 were seen than
described in previous studies and changes have been de-
scribed in organs previously considered not to exhibit
T1-shortening. It has also highlighted differences in tissue
physiology between different organs, the explanations of
which are complex and require further elucidation.
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