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Abstract: The precise determination and analysis of T1 is crucial for diagnosis, prognosis,
and monitoring therapeutic response in a variety of diseases such as Acute Myeloid Leukaemia
either by comparing the native T1 values in longitudinal studies or by quantifying the physio-
logical parameters in MRI. Therefore, in this study we optimize the accuracy of T1 using the
derived uncertainty evaluation expression with the fixed two-flip angles and assess the error of
T1 measurement in bone marrow of five Acute Myeloid Leukaemia (AML) patients. MR image
data was collected and MATLAB software was used in the image processing and data analysis.
For quantitative MRI data analysis, Regions of Interest (ROI) on multiple image slices were
drawn encompassing vertebral bodies of L3, L4 and L5. Both the T1 and the uncertainty of T1
were evaluated using the T1 maps obtained. Then the accurate bone marrow mean value of T1
out of five subjects was estimated as 760.3 (ms) at 3T. However, the reported T1 value of healthy
subjects is significantly higher (946.0 ms) than the present finding. This suggests that the T1 for
bone marrow can be considered as a potential prognostic biomarker for AML patients.

1. INTRODUCTION

The longitudinal relaxation time constant (T1), is one of the basic fundamental parameters
in understanding Magnetic Resonance Imaging (MRI) [1]. An accurate and precise determina-
tion and analysis of T1 is crucial for diagnosis, prognosis, and monitoring therapeutic response
in a variety of diseases either by comparing the native T1 values in longitudinal studies or
by quantifying the physiological parameters in MRI [1, 2]. In the dynamic contrast enhanced
(DCE)-MRI data quantification, native T1 value is a critical parameter, in order to convert the
MRI signal intensity to the contrast concentration-time curve. The signal intensity variation
pre- and post- contrast injection is dependent on the native longitudinal relaxation rate of R10
(R10 = 1/T1); any error in the R10 measurement propagates comparably into the pharma-
cokinetic parameters derived in DCE-MRI. Further, the T1 value is expected to significantly
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change with pathology. In order to make precise comparisons of T1 values found in healthy
and diseased tissue and perform longitudinal or inter-subject comparisons, T1 measurements
should be of high accuracy. Hence, it is important to optimize the accuracy of T1 measurement
by minimizing the effect of its uncertainty.

For fast 3D mapping of T1 relaxation time in vivo, the Spoiled Gradient Echo (SPGR) imag-
ing with two fixed flip angles is a widely used and this technique has a greater noise efficiency
when compared to other T1 measurement methods [3, 4]. Within the bone marrow, increased
microvascular density is observed in Acute Myeloid Leukaemia (AML) [3, 4]. Although it is
increasingly recognized that AML is a biologically heterogeneous disease, relatively few prog-
nostic markers have been identified and the results of these laboratory studies are typically not
available prior to the initiation of therapy in most patients [3].

Consequently, there is a critical need to identify rapidly evaluable biomarkers associated
with the most important therapeutic endpoint in AML, a complete remission (CR). Early identi-
fication of patients who are unlikely to respond to conventional chemotherapy would permit the
rapid development of personalized therapeutic approaches for this high risk population while
avoiding exposure to toxic and ineffective therapies. MRI can facilitate an estimation of bone
marrow cellularity for prognosis of AML and assessment of response to therapy [3, 4]. Quan-
titative determination and analysis of relaxation times enable development of novel imaging
protocols and may be useful in characterization and long term follow up of pathological condi-
tions. T1 measurements in musculoskeletal tissue have been utilized in several previous studies
as a prognostic indicator [3, 4, 5].

The abnormalities of femoral marrow in T1 weighted images in relation to development of
Leukaemia were investigated and positive findings were obtained [5, 6]. It was revealed that
the T1 relaxation time changes of the bone marrow in patients with AML reflected changes in
disease activity and it has been suggested that serial measurements of T1 values may provide
clinically useful information with the possibility for identification of residual disease in regions
inaccessible for biopsy [7]. A similar study has evaluated T1 relaxation time measurements
of vertebral bone marrow in paediatric Acute Lymphoblastic Leukaemia patients and a signifi-
cant correlation between T1 relaxation time and the malignant blast cells in the vertebral bone
marrow was found [7, 8].

Therefore, in this study, the potential for a prognostic biomarker using MRI will be explored
by evaluating precise value of T1 in bone marrow of AML patients. The precision of T1 is
optimized using the derived error expression with the fixed two-flip angles. Further, this study
aims to assess the uncertainty in T1 measurement in bone marrow of human subject with AML.
The results will be helpful to improve the understanding of how advanced imaging technologies
can be utilized to distinguish AML patients non-invasively.

2. THEORY

The SPGR imaging with variable flip angles will be used to evaluate the T1 relaxation times
in vivo within vertebral bodies of L2, L3, and L4. T1 will be calculated using the theoretical
expression for SPGR signal intensity (S) at steady state which is given in equation 1 [9].
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S(TR, TE, α) =
M0 · sin(α) · (1− E1) · E2

1− E1 · cos(α)
(1)

M0 is the product of the proton density and system gain (equivalent to the signal measured
when TR >> T1 and TE << T2∗ at a flip angle of 90o), α is the true flip angle, E1 =
e − TR/T1 and E2 = e − TR/T2∗. Based on the ratio of signal intensities (S) for two flip
angles, φ and ψ, the T1 will be obtained using equation 2 [8, 10].

T1 = TR/ ln
ρ · sin(φ) · cos(ψ)− cos(φ) · sin(ψ)

ρ · sin(φ)− cos(ψ)
(2)

Here ρ is defined as the ratio of signal intensities (S) for the two flip angles (φ and ψ) and
is given by equation 3.

ρ =
S(TR, TE, ψ)

S(TR, TE, φ)
(3)

Using the theory of propagation of errors and combining 1, 2 and 3, we can write the uncer-
tainty in T1 as

U(T1) =
2 · T14 · E2

ψ · E2
φ · (E2

ψ sin
2(φ) + E2

φ sin
2(ψ)

2 · SNR2 · TR2 · E2
1 · E2

2(E1 − 1) · sin2(φ) · sin2(ψ) · (cos(ψ)− cos(φ))2
(4)

We define the signal-to-noise ratio as SNR = M0

√
N/ρ, where M0 is the signal corre-

sponding to an acquisition performed with a 90o flip angle in the long TR limit, N is the
number of measurements and ρ is the noise in the measured signals [2, 10, 11]. Moreover,
Eψ = E1 · cos(ψ)− 1 and Eφ = E1 · cos(φ)− 1.

3. MATERIALS AND METHODS

3.1 Data Acquisition and Image Analysis

Five newly diagnosed AML patients consented to a research DCE-MRI study before under-
going standard induction chemotherapy. All the MRI scans were performed with a 3T Siemens
Tim Trio system using the body coil and the spine matrix phased array coil as the transmitter
and receiver, respectively. Following pilot and anatomic MRI, a 3D-SPGR pulse sequence was
used to acquire coronal MRI data with variable flip angles (5o and 10o), TE/TR = 1.4/6.0 ms,
34 cm FOV and 288x288 matrix size. Each image volume set included 22 slices with 5mm
slice thickness, covering the anterior-to-posterior spatial range of lumbar vertebrae to iliac crest
where bone marrow (BM) biopsy was performed to confirm diagnosis and remission status.
The MR image data was collected in the Digital Imaging and Communications in Medicine
(DICOM) format and MATLAB Simulink 2011 software was used in the image processing and
data analysis.
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3.2 Measurement of T1

For quantitative data analysis, ROIs on multiple image slices were drawn encompassing
vertebral bodies of L3, L4 and L5. The T1 pixel values were computed with equation 1 and
equation 2 using all pixel values within the multi-slice ROIs. The mean T1 value of each
anatomic location was then calculated. Subsequently, for each patient, an overall bone marrow
mean value of T1 was calculated by averaging the mean values of the three locations. Then the
T1 maps within ROIs of L3, L4, and L5 were overlaid on the anatomical images.

3.3 Measurement of uncertainty of T1

The signal-to-noise ratio was set in order to maintain the constant noise efficiency when
comparing acquisitions with TE = 1.4 ms and TR = 6.0 ms. The parameter value of T2∗ was
set to 50 ms. The precise values of SNR and T2∗ chosen are irrelevant for purposes of measuring
uncertainty of T1, because these parameters simply scale the T1 measurement uncertainty. The
T1 pixel values within both anatomic location and the multi-slice ROIs were determined using
equation 4. Then, the box plot for measured T1 pixel values and optimized T1 pixel values
within L3, L4 and L5 were plotted.

4. RESULTS

The magnitude of the T1 pixel values was analysed within the measured, simulated uncer-
tainty and the corrected coronal view of each of the five subjects under study.

Figure 1 shows the coronal view of T1 pixel values (measured and uncertainty values) over
lumbar vertebrae L3, L4 and L5. The measured T1 values within the soft tissues and bone
marrow varies from 500 ms to 1000 ms, but the uncertainty or error of T1 pixel values varies
from 60 ms to 130 ms. The mean uncertainty of T1 shows significantly high at the third column
number and the row number of five (at L5); however, uncertainty of T1 is not significantly higher
in other lumbar vertebrae regions.

Table 1 illustrates the measured, uncertainty and corrected mean T1 values of overall bone
marrow of each individual subject. The measured T1 value varies from 835 ms to 864 ms.
However, the corrected mean T1 value varies from 750 ms to 792 ms, so it is clearly observed
that there is a significant difference between measured and corrected T1 pixel values of lumbar
vertebrae.

Subject Measured Uncertainty Corrected
S1 834.6 66.6 768.0
S2 841.7 91.8 749.9
S3 854.2 81.0 773.2
S4 834.6 69.6 765.0
S5 863.6 71.6 792.0

Table 1. Measured, uncertainty and corrected mean T1 values of overall bone marrow of five
subjects. The units of T1 values are in ms.
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Figure 1. A subject with suspected Acute Myeloid Leukaemia. The coronal view of measured
(I and II) and uncertainty (III and IV) T1 pixel values over the lumbar vertebrae of L3 (A), L4
(B) and L5 (C) are overlaid on anatomical sites of slice numbers of 14 and 15. The simulated
uncertainty T1 pixel values was computed at variable flip angles of 5o and 10o, with TE = 1.4

ms and TR = 6.0 ms.

5



Mohan L. Jayatilake, Teresa Gonçalves

The box plot shown in Figure 2 illustrates the measured and corrected pixel T1 value distri-
bution in overall bone marrow of each individual subject (S1, S2, S3, S4 and S5). The horizontal
line (in red) on each box indicates the mean value of T1 within overall lumbar vertebrae. It is
easly observed that measured and corrected values are significantly different.

Figure 2. Box plots of the T1 for measured and corrected pixel value within overall bone
marrow of individual five subjects, S1, S2, S3, S4 and S5. Horizontal line indicates the median,
box the interquartile range (IQR) of T1 of corrected and measured, whiskers extended to upper
adjacent value (large value = 75th percentile +1.5×IQR) and lower adjacent value (smallest

value = 25th percentile −1.55×IQR).

Table 2 displays the mean values over the five subject for each of the L3, L4 and L5 lumbar
vertebrae. The measured mean T1 values vary from 753 ms to 892 ms whereas corrected T1
values vary between 724 ms and 810 ms. Further, uncertainty of T1 vary between 28 ms and
122 ms. This significant higher magnitude of T1 uncertainty is observed in L5.

Vertebrae Measured Uncertainty Corrected
L3 752.6 28.3 724.3
L4 891.8 81.5 810.3
L5 884.8 122.4 759.7

Table 2. Measured, uncertainty and corrected mean T1 values of overall bone marrow of L3,
L4 and L5 lumbar vertebrae of five subjects. The units of T1 values are in ms.

The box plot shown in Figure 3 illustrates the measured and corrected pixel T1 value dis-
tribution in overall bone marrow of all five subjects. The overall bone marrow mean T1 value
is 840.6 ms at 3T but the corrected one is 760.3 ms. It is then, clearly observed that there is a
significant difference between measured and corrected T1 pixel values.

6



Mohan L. Jayatilake, Teresa Gonçalves

Figure 3. Box plots of the T1 for measured and corrected pixel value over the within overall
bone marrow of all five subjects T1 pixel values within overall bone marrow. Horizontal line
indicates the median, box the inter-quartile range (IQR), whiskers extended to upper adjacent
value (large value = 75th percentile +1.5×IQR) and lower adjacent value (smallest value = 25th

percentile −1.55×IQR).

5. DISCUSSION, CONCLUSION AND FUTURE WORK

The major goal of this study was to estimate the uncertainty of T1 relaxation time constant
in bone marrow of AML patients. Even though, T1 values increase when moving from low to
high magnetic field strengths, the corrected T1 at 3T for bone marrow of AML patients was
estimated as 760.3 ms. However, the value of healthy subjects reported is significantly (946.0
ms) higher [1]. The findings suggest that the T1 of bone marrow is a potential prognostic
biomarker for AML patients. Active enrolment of more subjects for this study is currently
ongoing to validate the preliminary results. Further, knowledge of T1 relaxation time at 3T will
allow intelligent design of new AML imaging protocols. For example, T1 values can be used to
optimize inversion times for inversion recovery imaging.

In conclusion, this technique can be used to optimize the T1 accuracy that maximizes the
benefit of increased SNR (Signal-to-Noise Ratio) at 3T.

One possible line of future work includes the use of Machine Learning techniques aiming
to get a model that is able to distinguish between AML patients and healthy subjects through
the analysis of MRI images.
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