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Abstract
Recently, a T2-Relaxation-Under-Spin-Tagging (TRUST) MRI technique was developed to
quantitatively estimate blood oxygen saturation fraction (Y) via the measurement of pure blood
T2. This technique has shown promise for normalization of fMRI signals, for the assessment of
oxygen metabolism, and in studies of cognitive aging and multiple sclerosis. However, a human
validation study has not been conducted. In addition, the calibration curve used to convert blood
T2 to Y has not accounted for the effects of hematocrit (Hct). In the present study, we first
conducted experiments on blood samples under physiologic conditions, and the Carr-Purcell-
Meiboom-Gill (CPMG) T2 was determined for a range of Y and Hct values. The data were fitted
to a two-compartment exchange model to allow the characterization of a three-dimensional plot
that can serve to calibrate the in vivo data. Next, in a validation study in humans, we showed that
arterial Y estimated using TRUST MRI was 0.837±0.036 (N=7) during the inhalation of 14% O2,
which was in excellent agreement with the gold-standard Y values of 0.840±0.036 based on Pulse-
Oximetry. These data suggest that the availability of this calibration plot should enhance the
applicability of TRUST MRI for non-invasive assessment of cerebral blood oxygenation.
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Introduction
The brain's blood oxygenation (Y) and its arteriovenous difference (Ya−Yv) provide
important information about the balance between oxygen demand and supply, and can be
used to estimate other physiological parameters including oxygen extraction fraction (OEF)
and cerebral metabolic rate of oxygen (CMRO2) (1–4). The oxygenation differences
between resting and activated states also play a key role in the quantitative interpretation of
the BOLD fMRI signal (5–8). Recently, a T2-Relaxation-Under-Spin-Tagging (TRUST)
MRI technique was developed to quantitatively estimate Y via the measurement of pure
blood T2 (9). Compared to other methods (10–16), this approach uses the spin labeling
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principle to isolate blood signal from surrounding tissue (17,18), thereby avoiding manual
selection of regions-of-interest (ROIs) or the requirement that imaging voxel size be smaller
than the vessel lumen. Using spatially non-selective T2 preparation pulses, this approach
also minimizes the influence of flow velocity on T2 estimation. This technique has shown
promise for normalization of fMRI signals (19,20) and for the measurement of CMRO2 (3),
and has also been used in studies of cognitive aging (21) and multiple sclerosis (22).
Methodological studies have also confirmed the sensitivity of this technique to physiologic
procedures. TRUST-derived Yv values increased with hypercapnia and hyperoxia (23,24),
but decreased with caffeine uptake (9). However, a human in situ validation study of
absolute oxygenation values has not yet been conducted for TRUST MRI.

To properly validate this technique, potential confounding factors in the Y estimation should
be accounted for. One data processing step of the TRUST method involves the conversion of
the experimentally determined T2 to blood oxygenation using a calibration plot, which
specifies the relationship between these two parameters. To date, most studies using TRUST
or other similar methods have assumed that blood T2 is primarily dependent on oxygenation
(9,11,13,25), but in fact anther variable, hematocrit (Hct), also has a significant influence on
T2 (26–29). Thus, the conversion from T2 to oxygenation should be conducted in the
context of Hct, which could differ slightly across individuals.

In the present study, we first used experiments in blood samples to determine a three-
dimensional (3D) calibration plot of blood T2 as a function of both Y and Hct. Next, we
used a human hypoxia challenge to control blood oxygenation and compared TRUST-
derived arterial Y values to those measured with the gold-standard Pulse Oximeter (PulsOx).
In using this procedure, we took advantage of the fact that, unlike venous oxygenation, the
brain's arterial oxygenation is identical to that in periphery and can be conveniently
measured with non-invasive techniques such as PulsOx.

Methods
Calibration study

Experiments on blood samples were performed on a 3 Tesla MRI system (Achieva, Philips
Medical Systems, The Netherlands) using a quadrature head coil for radiofrequency (RF)
transmission and reception. Sample preparation was similar to that used in our previous
studies (27,30). Briefly, bovine blood, which has physiologic and MR properties comparable
to human blood (31), was circulated in a tube to avoid precipitation. The temperature was
controlled to be 37°C using a water bath and was monitored with a fiber optic sensor
(Oxford Optronix, Oxford, UK). Oxygenation was controlled with a gas chamber and
determined with a blood analyzer (Radiometer America Inc., Westlake, OH). Five Hct levels
(controlled through mixing of plasma and blood cells) within the physiologic range (0.35–
0.55) were studied. At each Hct level, four physiologically relevant oxygenation levels (0.4–
1) were investigated.

Once the sample condition reached a stable state, the TRUST sequence was performed. For
the case of blood samples, there is no partial voluming between blood and tissue or the need
for control/label subtraction, thus only control images were acquired. Under each sample
condition, four TRUST scans were performed with inter-echo spacing (τCPMG) of 5, 10, 15
and 20 ms, respectively. For each TRUST scan, images with four different levels of T2-
weighting were acquired and these were achieved by placing 0, 4, 8 or 16 non-slice-selective
preparation pulses before the excitation pulse. Specifically, TRUST scan with τCPMG of 5ms
used T2-preparation duration of 0, 20, 40, and 80 ms. TRUST with τCPMG of 10ms used T2-
preparation duration of 0, 40, 80, and 160 ms. TRUST with τCPMG of 15ms used T2-
preparation duration of 0, 60, 120, and 240 ms. TRUST with τCPMG of 20ms used T2-

Lu et al. Page 2

Magn Reson Med. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



preparation duration of 0, 80, 160, and 320 ms. Identical number of T2-preparation pulses
was used for scans with different τCPMG so that the influence of RF pulse imperfection is
comparable. Even though the human experiment in the present study only used a τCPMG of
10 ms, the establishment of blood T2 as a function of Y and Hct at other inter-echo spacings
may be useful for future studies, thus these results are also included in this report. Other
imaging parameters were: field-of-view (FOV) 64×64 mm2, matrix 32×32, slice thickness 5
mm, single-shot gradient-echo EPI, TR/TE/flip angle=8000ms/8ms/90°, half scan factor =
0.89, composite (90°x180°y90°x) block pulses for T2-preparation, MLEV16 RF phase
cycling for multiple pulses, scan duration 2 minutes (9).

Mono-exponential fitting of the MR signal as a function of the T2-preparation duration,
termed effective TE, yielded the blood T2 value. To establish an analytical relationship
between T2, Y and Hct, we used a two-compartment exchange model described by Wright
et al. (10) and Golay et al. (13). By combining Equations [3–6] in Golay et al. (13) (see
Appendix for derivations), we obtained the following relationship:

[1]

in which the coefficients A, B and C are in turn dependent on Hct by:

[2]

[3]

[4]

. The experimental data at different Hct and Y values were fitted to the model using a
Matlab (Mathworks, Natick, MA) function, nlinfit, yielding six coefficients, a1, a2, a3, b1,
b2, and c1. Note that, after characterization of the relationship between T2, Y and Hct, the
knowledge of two parameters should allow the estimation of the third, which was used in the
validation study.

Validation study
The human experiments were performed on a 3T using body coil for RF transmission and an
eight-channel sensitivity encoding (SENSE) head coil for receiving. Foam padding was used
to stabilize the head and minimize motion. The protocol was approved by University of
Texas Southwestern Medical Center's Institutional Review Board and informed written
consent was obtained from each participant. Seven healthy subjects (3 men and 4 women,
28.9 ± 4.0 years of age) participated in this study.

Before the subject entered the bore of the magnet, a nose clip and a mouth piece were
attached so that he/she could breathe through the mouth only. The mouth piece was attached
to a two-way non-rebreathing valve (Hans Rudolph, 2600 series, Shawnee, KS) through
which the researcher can control the type of inspired air (32). During the experiment, the
subject first breathed room-air for eight minutes while survey, SENSE reference scan, and a
(normoxia) TRUST scan were performed. Then the breathing air was switched to 500L bag
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containing 14% O2 and 86% N2 (equivalent to an altitude of 3,600 meters). From test data
acquired outside MRI, we determined that it takes approximately 10 minutes after the gas
switching for the physiologic parameters (e.g. O2 and CO2 levels) to reach a new steady
state. Thus, a waiting period of 10 min was used to allow the arterial oxygenation to
stabilize before a second (hypoxia) TRUST was performed. The following physiologic
parameters were monitored and recorded throughout the MRI session: arterial oxygen
saturation fraction (Ya, in fraction) and heart rate (in beats per minute, bpm) were measured
with a PulsOx device attached to a finger (MEDRAD, Pittsburgh, PA), End-tidal (Et) CO2
(in mmHg) and breathing rate (in breaths per minute, bpm) were measured with a
capnograph device (Capnogard, Model 1265, Novametrix Medical Systems, CT). After the
MRI scans were completed and the subject exited the scanner room, a blood sampling with a
potassium ethylenediaminetetraacetic acid (EDTA) coated 10ml lavender tube was
conducted on the basilic vein of the arm and Hct was measured with a centrifuge (Hemata
STAT II, Separation Technology, Inc., Altamonte Springs, FL).

TRUST MRI measured T2 of the blood in cerebral arteries. A balanced pseudo-continuous
labeling scheme (33,34) was used with a labeling duration of 800ms and a short delay of
200ms. Based on arterial transit times measured previously for labeling and imaging
locations comparable to this study (~1 sec) (35,36), the use of these imaging parameters is
expected to highlight arterial blood in large arteries before they entered intracortical arteries
or arterioles. Major arteries are preferred over smaller arteries, which are known to have a
lower Hct (37), because our blood sampling and Hct measurement were conducted in the
large vessels. The blood labeling position was chosen to be 84 mm below the anterior-
commissure (AC) posterior-commissure (PC) line, based on a previous study (38). The
imaging slice consisted of a single axial slice positioned at 10 mm above the AC-PC line.
The other components of the TRUST sequence were similar to those used previously (9).
The imaging parameters were: FOV 240×240 mm2, matrix 64×64, voxel size 3.75×3.75×10
mm3, TR=2522 ms, four T2-weightings with the following effective TEs (associated with
T2-preparation): 0ms, 40ms, 80ms and 160ms, with a τCPMG=10 ms, 16 averages, scan
duration 5 minutes and 24 seconds.

The TRUST MRI data were processed using in-house Matlab scripts and standard image
processing software. The images with the same effective TE were realigned using a 2D
realignment script in SPM2 (University College London, UK). The images at different
effective TEs and between scans were co-registered using FSL's function FLIRT (FMRIB
Software Library, Oxford University, UK). The estimation of blood T2 from the TRUST
data used procedures similar to those used previously (9,36). Briefly, after pair-wise
subtraction between control and labeled images, a ROI was manually drawn to include the
whole slice. The difference signals in the entire slice were averaged. Note that, although the
signals in the control and labeled images have considerable partial voluming between vessel
and tissue, the difference signals are expected to originate predominantly from vessels due
to cancellation of static tissue signals. The averaged signals were fitted to a mono-
exponential function to obtain T2. The 95% confidence interval of the estimation was also
obtained.

The T2 values obtained from the TRUST data were compared to predicted T2 using PulsOx-
measured Ya and Centrifuge-measured Hct via the 3D calibration plot. Correlation analysis
was performed between the predicted and experimental T2. As an alternative analysis, the
TRUST-derived T2 and the Hct value was used to estimate the arterial oxygenation level
during hypoxia and the results were compared to the PulsOx Ya values.
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Results
Calibration study

The data from the blood samples yielded highly reliable fitting. The 95% confidence
intervals of the estimated 1/T2 were 0.31 s−1, 0.32 s−1, 0.48 s−1, and 0.82 s−1 for τCPMG of
5 ms, 10 ms, 15 ms, and 20 ms, respectively. Slightly higher confidence interval was
observed at τCPMG of 20 ms because the longer effective TE resulted in lower SNR in these
data. Figure 1a shows a surface plot illustrating the relationship between blood T2, Y and
Hct for the four τCPMG values. The symbols indicated the experimental data points and the
mesh showed the model-fitted surface. The coefficients from the fitting are listed in Table 1.
Figure 1b shows 2D sub-plots at fixed Hct and Y for varying τCPMG, demonstrating that
longer τCPMG resulted in a smaller T2 but the overall feature of the curves is similar.

Validation study
Physiologic parameters during normoxia and hypoxia periods are summarized in Table 2. As
expected, a significant decrease in arterial oxygen saturation fraction, Ya, was observed
when comparing hypoxia to normoxia (P<0.001). Et CO2 decreased by 3% (P=0.008) and
heart rate increased by 13% (P=0.002). Breathing rate did not show a significant change
between the two physiologic states (P=0.55). Figure 2 shows a representative TRUST
dataset with control, labeled and difference images at four effective TEs. During normoxia,
the blood T2 values were 154.2±13.1 ms (N=7, mean ± standard deviation). Since Ya is
close to unity during normoxia and is relative constant across subjects (Table 2), the
variations in arterial T2 values are expected to be primarily attributed to Hct differences
among individuals. Figure 3 shows a scatter plot between blood T2 and Hct, confirming a
significant correlation between these parameters (P=0.03). This relationship may be
potentially exploited for non-invasive estimation of Hct.

During the hypoxia period, the blood T2 measured with TRUST MRI was found to be
127.2±15.3 ms. Using the PulsOx-determined Ya and Centrifuge-determined Hct, one can
predict the blood T2 from the 3D calibration plot, which was found to be 128.6±18.4 ms.
Figure 4 shows the scatter plot between the experimental and predicted T2 values for both
physiologic conditions (red symbols: normoxia data, blue symbols: hypoxia data). A
significant correlation was observed (P<0.001). In the alternative analysis, using TRUST T2
and Hct, we estimated the Ya to be 0.837±0.036. These values are highly consistent with the
gold-standard values measured with PulsOx (0.840±0.036). The differences between
TRUST-derived and PulsOx-measured Y were 0.003±0.026.

Discussion
The present study establishes a comprehensive calibration plot that can be used to convert
blood CPMG-T2 to oxygenation at 3 Tesla. Compared to previous studies, the present data
account for Hct differences across individuals and have used a pulse sequence that matched
the in vivo experiments (e.g. composite pulses, MLEV16 phase cycling), thus are expected
to provide a more accurate estimation of Y. Although the calibration experiments were
performed for the optimization of the TRUST technique, the plots can also be used for
several other T2-based oxygen quantification methods (10,11,13,25,39). Furthermore, we
validated the TRUST results in humans in a hypoxia setting. Hypoxia challenge by
inhalation of 14% O2 was found to reduce the arterial oxygenation to approximately 0.84
according to the TRUST measurement and this was in excellent agreement with the gold-
standard Pulse Oximetry values.

Techniques for quantitative estimation of blood oxygenation can be categorized into three
main groups: susceptibility effect in extravascular tissue (14,15), phase angle in
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intravascular blood signal (12,16), and T2 value of blood signal (9–11,13,25), with each
method having certain advantages and disadvantages. The advantages of blood T2-based
methods are that they do not require complex modeling and fitting of the data and that they
are not sensitive to macroscopic field inhomogeneity or vessel orientation. A limitation of
these methods is that the quantification requires a calibration plot that specifies the
relationship between blood T2 and oxygenation. The calibration plot ideally should match
the in vivo settings in terms of field strength, type of T2 (e.g. spin-echo T2 versus CPMG-
T2), inter-echo spacings (τCPMG), RF pulse shape (e.g. block, sinc, or adiabatic), type (e.g.
simple versus composite), phases, and Hct. Our previous TRUST MRI studies used a
calibration plot that was obtained from equivalent field strength and τCPMG (9), but the
details of the RF pulse were not matched. Therefore, by using identical TRUST sequences
for in vitro and in vivo experiments, the present study can further improve the accuracy of
this technique in oxygenation estimation. Moreover, the calibration data of this study
extended the previous 2D plot to a 3D plot by also considering the effect of Hct on blood
T2. All previous T2-based studies (9,11,13,25) have used a 2D calibration plot by assuming
a typical Hct level. While this may be acceptable for group averaged data in which the
biases due to Hct will cancel out across subjects, estimation of blood oxygenation on an
individual basis requires the accounting of Hct effect. As an example, we have tested to use
the 2D calibration plot (assuming Hct=0.4) in the validation data analysis, and the results
showed that the correlation between the predicted and experimental T2 was less apparent
(normoxia: R=0.47, P=0.29; hypoxia: R=0.82, P=0.025), compared to the 3D calibration
results (normoxia: R=0.85, P=0.016; hypoxia: R=0.90, P=0.006).

The validation study demonstrated an excellent agreement between the TRUST-derived and
PulsOx-measured Ya values. The group-averaged values showed virtually no differences
between these two measurement methods, although on the individual subject level the
differences had a standard deviation of 0.026. This range is consistent with the measurement
uncertainty of the arterial TRUST MRI used in this study, which was estimated to be 0.028
using a goodness-of-fit assessment (nlinfit.m in Matlab) in the T2 fitting. We note that, in
venous TRUST studies which are the primary applications of this technique, we have
previously estimated the fitting error to be 0.020 despite a shorter scan duration (9). This is
because the venous oxygenation has a typical range of 0.5–0.75 (40) and within this range
the slope between T2 and Y is greater (i.e. each unit of Y change causes a large T2 change,
see Figure 1 for examples), rendering a higher sensitivity and accuracy for oxygenation
estimation in the venous range.

This validation study took advantage of the ability of hypoxia in modulating arterial blood
oxygenation, thus allowed us to use PulsOx as a gold-standard reference rather than using
other modalities such as Positron Emission Tomography (PET) (2). PulsOx is routinely used
in monitoring patient oxygenation levels in clinical settings and is considered of relatively
high reliability (41). On the other hand, 15O-based PET measurements are still a research
tool and has lower sensitivity and accuracy even compared to MR measurements (42). We
note that, although this study has primarily focused on the measurement and comparison of
arterial oxygenation, the TRUST sequence has been successfully applied to the venous
vessels as well (3,9,20–23), which is the main advantage of this new technique compared to
current gold-standard methods such as PulsOx.

This study presented an empirical relationship between blood T2, Y, and Hct. In fitting the
experimental data, we used a Luz-Meiboom two-site exchange model reported in a number
of publications (10,13). There are alternative models based on water diffusion (28,29,43),
and the data in the present study do not provide an assessment of the validity of either model
or the theory underlying blood T2 relaxometry. The goal of this study is to establish a
calibration plot for the conversion of blood T2 value to Y. The biophysical meaning of the
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coefficients is limited. The experimental design for a blood relaxometry study would have
been slightly different in that a larger range of Hct and Y would need to be sampled rather
than the narrow but densely sampled physiologic range chosen in our study. Accordingly,
the calibration plot established in this study should only be used for data within the
physiological range.

The findings from the present study should be interpreted in view of a few limitations. The
hypoxia challenge used in this study was only able to reduce the arterial oxygenation to a
range of 0.79–0.89. While the MRI oxygenation estimation within this range was found to
agree well with the gold-standard measures, the relevant range for venous blood (i.e. 0.5–
0.75) was not tested. Although we expect the performance of the technique would be at least
as good, if not better (due to a steeper slope as mentioned earlier), for the venous
oxygenation, cautions should be used in extrapolation these data. In addition, the use of the
3D calibration plot requires the knowledge of the individual's Hct level, which may add
extra burden to the participant. Of course one can still just assume a Hct value, or,
alternatively use the arterial T2 value to estimate Hct, by including an additional scan of 5.5
minutes. Another potential approach is to use Hct values obtained in previous clinical tests,
assuming the variations between the two time points are acceptable.

Conclusion
The present study provides an improved calibration plot for non-invasive estimation of
blood oxygenation using TRUST MRI. The new plot employs imaging pulse sequences that
better match the in vivo sequences and also accounts for the effects of Hct levels on
relaxation rates. An in situ human validation study utilizing these calibration data further
revealed that the TRUST-derived arterial blood oxygenation values were in excellent
agreement with those measured with a PulsOx device. The availability of this new
calibration curve is expected to enhance the use of TRUST MRI for the measurement of
cerebral blood oxygenation and oxygen metabolism.
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Appendix
Model describing the relationship between blood T2, Y and Hct

According to Equations [3–6] in Golay et al. (13), 1/T2 of blood (also known as R2) can be
written as:

[A1]

where
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[A2]

and R2,plas and R2,ery are transverse relaxation rates of plasma and erythrocytes,
respectively. R2,ery can in turn be written as:

[A3]

Applying Equation [A3] in [A2], one can write:

[A4]

The term Δω in Equation [A1] can be expanded as: Furthermore, the term

 in Equation [A1] is not dependent on Y or Hct, thus can be treated
as a constant. We therefore define:

[A5]

Then, applying Equations [A4–6] in [A1], we have:

[A6]

Rearranging Equation [A7] in terms of (1−Y) and Hct, one can readily write:

[A7]

where A, B and C are in turn dependent on Hct by:

[A8]

[A9]

Lu et al. Page 8

Magn Reson Med. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[A10]

We can simplify the expressions by defining:

[A11]

[A12]

[A13]

[A14]

[A15]

[A16]

and Equations [A9–11] can be rewritten into:

[A17]

[A18]

[A19]

[A20]

These six coefficients, a1, a2, a3, b1, b2, and c1, are the outcomes of the model fitting.
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Figure 1.
Relationship between T2, Y, and Hct in blood samples. (a) T2 values of blood samples as a
function of oxygenation (Y) and hematocrit (Hct) at four different τCPMG. The symbols
indicated the experimental data points and the mesh showed the model-fitted surface. The
surface was displayed with partial transparency thus the symbols below the surface can also
be seen, although with a slightly darker color. The values of Y and Hct were written in
fractions. The analytical expressions of the surfaces are listed in Equations [1–4] and Table
1. (b) Two-dimensional plots between T2 and Y at a fixed Hct of 0.4 and between T2 and
Hct at a fixed Y of 0.6. Each plot shows curves at four different τCPMG values.
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Figure 2.
Representative images from TRUST MRI. The scan acquired control and labeled images in
an interleaved fashion. Each image type was acquired at four different T2-weightings as
indicated by the effective TE (eTE). The difference images were calculated from the
subtractions. The difference images are displayed in a different color scale because their
signal intensities are considerably lower than the control and labeled images.
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Figure 3.
Relationship between arterial blood T2 and hematocrit in humans during normoxia. The T2
was measured using TRUST MRI and the Hct was determined with a centrifuge. The arterial
blood was close to full oxygenation under this condition (Ya=0.973±0.006). The T2 was
therefore primarily dependent upon the Hct levels. The solid line represents the linear fitting
curve. This plot is based entirely on the in vivo data, and did not involve the calibration data.
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Figure 4.
Scatter plot between TRUST-determined blood T2 values and those predicted using the
calibration plot with individual Ya and Hct. Red symbols indicate normoxia data points.
Blue symbols indicated hypoxia data points. The solid line represents the linear fitting curve.
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Table 2

Physiologic parameters during normoxia and hypoxia.

Ya (in fraction) Et CO2 (mmHg) Heart rate (bpm) Breathing rate (bpm)

Normoxia 0.973±0.006 43.4±2.7 68.2±13.4 15.6±2.6

Hypoxia 0.840±0.036 42.1±2.2 77.1±14.7 15.8±3.8
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