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Abstract
Whole-body imaging of therapeutic response in human bone marrow was achieved without
introduced contrast agents using diffusion-weighted echo-planar magnetic resonance imaging of
physiologic water. Bone marrow disease was identified relative to the strong overlying signals from
water and lipids in other anatomy through selective excitation of the water resonance and generation
of image contrast that was dependent upon differential nuclear relaxation times and self-diffusion
coefficients. Three-dimensional displays were generated to aid image interpretation. The geometric
distortion inherent in echo-planar imaging techniques was minimized through the acquisition of
multiple axial slices at up to 12 anatomic stations over the entire body. Examples presented include
the evaluation of therapeutic response in bone marrow during cytotoxic therapy for leukemia and
metastatic prostate cancer and during cytokine administration for marrow mobilization prior to stem
cell harvest.
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The assessment of hematopoiesis in humans is generally achieved through analysis of a bone
marrow biopsy and/or aspirate from either the iliac crest or the sternum, combined with
examination of the peripheral blood (1). Biopsy or aspirate specimens typically have a sample
volume of no more than 0.1 cm3 compared to a potential total active marrow volume of greater
than 1000 cm3. Furthermore, while many hematologic disorders are known to diffusely
infiltrate the axial bone marrow, the overall distribution of disease can be heterogeneous on a
length scale that precludes an accurate assessment via an aspirate or biopsy from a single site.
In cases of focal bone marrow metastases from a known primary tumor, the direct assessment
of disease is even more difficult since the tumors are often inaccessible to all but a surgical
biopsy.
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Perhaps more important than the evaluation of tumor burden is the concept of noninvasive
therapeutic monitoring (2). Increasingly, it has been suggested that patient management and
treatment outcome might be affected if the efficacy of chemotherapeutic agents could be
determined via imaging methods within days or even hours after the initiation of therapy.
Earlier recognition of ineffective therapy, for example, would permit more rapid change in
treatment programs and perhaps avoid associated toxicities. Currently, therapeutic monitoring
of hematologic disease requires multiple invasive bone marrow procedures with associated
patient discomfort. For metastatic disease in bone, 99mTc bone scans are a sensitive method of
tumor evaluation (3). However, bone scans are only an indirect measure of tumor activity by
virtue of the associated osteoblastic reaction and can in certain cases even suggest disease
progression within the first month after initiation of therapy in patients that ultimately
demonstrate a good response.

The methods described below allow for a whole-body assessment of human bone marrow in
under 20 min at a spatial resolution of 75 mm3. This was sufficient for observing a therapeutic
response in a number of examples. The techniques can be combined with established two-
dimensional magnetic resonance methods for bone marrow evaluation and offer a rapidly
obtained, three-dimensional data set that can readily be compared with a bone scan or positron
emission tomogram if desired. Visualization of the three-dimensional data set is dependent
upon the fact that bone marrow disease can be segmented from images of the pelvis and
abdomen using strong spin-spin relaxation time and water self-diffusion-weighted image
contrast along with high-quality lipid suppression. The attainable signal-to-noise ratios per unit
voxel have previously been shown to be up to five times more sensitive to the presence of
leukemic blasts in acute lymphocytic, chronic lymphocytic, and chronic myelogenous
leukemia than to detection of normal hematopoietic bone marrow (4). Specifically, signal
intensities are related to the apparent water fraction, as well as proton spin-spin relaxation
values and self-diffusion coefficients of water in bone marrow as

[1]

Here Wa is the apparent water fraction, defined according to a three-point Dixon reconstruction
of the separate water and fat signals in bone marrow as W/(W + F) (5). The apparent water
fraction has been shown to vary linearly with the percentage cellularity in intact bone marrow
(6). Also in Eq [1], TE is the echo time, T2 is the spin-spin relaxation time, b is the diffusion
weighting factor defined by the Stejskal–Tanner relation (7), and TrD* represents the trace of
the apparent diffusion coefficient tensor D*. Finally, the methods require no introduced
contrast agents or any invasive procedure. The subject is simply required to lie still within the
magnet for a series of 60- to 80-sec intervals over the course of the examination.

Three examples are presented in this paper to illustrate the potential utility of the methods for
imaging therapeutic response in bone marrow. They are, respectively, from a healthy volunteer
receiving a white blood cell growth factor for bone marrow stem cell mobilization prior to
leukopheresis harvesting, from a patient who was treated for acute myelogenous leukemia and
achieved a hematologic remission 20 days after the initiation of therapy, and from a patient
with metastatic prostate cancer who exhibited a mixed response to therapy over a 3-month
period.

METHODS
All image data were acquired on a 1.5-T whole-body magnetic resonance imaging system (GE
Medical Systems, Milwaukee, WI). A fast gradient echo localizing pulse sequence was
followed by either a T1-weighted sequence, with a repetition time of 500 msec and an echo
time of 20 msec, or a T2-weighted inversion recovery (STIR) sequence, with a repetition time
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of 6.9 sec, an echo time of 51 msec, and an inversion time of 150 msec covering the axial
skeleton (8). A single-shot echo-planar acquisition scheme was then employed that included
a spatial–spectral selective radiofrequency pulse sequence to limit excitation to the water
resonance while discriminating against signals from mobile lipids (9,10). Data were acquired
in up to 12 series, each containing 30 contiguous axial slices with a field of view equal to 36
× 36 cm and a matrix size of 128 × 80 per slice. The slice thickness was 6 mm and slices were
acquired in interleaved fashion at a bandwidth of 131 kHz. The pulse sequence repetition time
was 10 sec, and the echo time was 100 msec. Diffusion weighting was accomplished using two
32-msec, 2.2 G/cm gradient pulses initiated 40 msec apart that straddled the 180°
radiofrequency pulse, resulting in a diffusion weighting factor of b = 1000 sec/mm2. The
diffusion pulses were individually applied along each spatial axis in three sequential
applications of the pulse sequence. In addition a set of images was obtained with no diffusion
weighting for each series. The total time required for scanning a single series of images was
80 sec. Beginning with the first axial series covering the brain, the five most inferior slices
were overlapped with the five most superior slices from the next series to allow flexibility in
the choice of images at the edges of the field of view.

In certain cases it was of interest to determine the water T2 values, apparent water fractions,
and self-diffusion coefficients from regions of interest within the bone marrow. A three-point
Dixon method was used for calculation of both T2 values and the apparent water fraction as
described previously (11), and the self-diffusion coefficients were calculated as described
below.

Image postprocessing for each slice included homodyne reconstruction of the raw data
followed by zero-filling to a 256 × 256 matrix and a distortion correction for nonlinearity in
the magnetic field gradients. The diffusion images obtained along each spatial axis for each
slice were combined according to

[2]

where Sj(xi,yi) represents the image intensity at a point (xi,yi) obtained with the diffusion
gradients applied along the jth axis. Combining the images in this way generated contrast that
was dependent upon the trace of the diffusion tensor according to Eq. [1]. From the b = 0 and
b = 1000 sec/mm2 images an estimate of apparent self-diffusion coefficients was obtained by
first selecting regions of interest encompassing approximately 1–3 cm3 in the axial images and
then applying Eq. [1] directly on a voxel-by-voxel basis. The values and statistical errors quoted
for D* = TrD*/3 in this paper are the means and standard deviations from the means calculated
for the regions of interest.

The trace images for all slices in all series were stored in a three-dimensional array using the
Interactive Data Language (Kodak, Rochester, NY). An inverse grayscale intensity scale was
applied to the data sets for visual interpretation, which conforms to a typical standard for other
whole-body methods such as PET or bone scans. The three-dimensional data sets could be
viewed along any axis as maximum intensity projections and were displayed in a cine loop
format with each frame representing 10° of image rotation along the superior–inferior direction
in the patient frame of reference. In order to discriminate against subcutaneous fat left
unsuppressed by the spatial–spectral excitation pulse, elliptical step function masks were
typically applied to the axial images.

The imaging study protocol was reviewed and approved by Institutional Review Boards at both
Memorial Sloan-Kettering Cancer Center and New York–Presbyterian Hospital–Weill Cornell
Medical College. Patients were entered into the imaging studies after informed consent was
obtained. Chemotherapeutic agents and growth factor were administered as part of separate
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clinical protocols and not as part of the imaging study described herein. Images were acquired
from a total of six patients including the three studied for therapeutic response. Three patients
with chronic myelogenous leukemia underwent single studies during the development phase
of the methods. These patients were chosen for the strong signal intensities on T2-and diffusion-
weighted images and expanded active marrow volume that often accompanies this disease.

RESULTS
An example of a maximum intensity projection image from a whole-body data set is presented
in Fig. 1 from a normal adult volunteer who was receiving granulocyte colony-stimulating
factor (G-CSF) prior to a peripheral blood stem cell harvest. Figure 1a was obtained on Day 0
and Fig. 1b on Day 5 during 8 μg/kg of G-CSF administered twice daily. In the coronal
projection shown, the axial images are viewed edge-on. The brain is clearly visible in the
images due to the relatively long T2 value and short self-diffusion coefficient of water relative
to other anatomy. Also visible are the spleen, kidneys, and testes. However, most apparent are
the changes in the bone marrow signal intensity after G-CSF administration. This was
consistent with the known increased hematopoietic activity induced by G-CSF and confirmed
by the elevation in white blood cell count from a baseline of 10 × 103/μL to 71 × 103/μL on
day 5. The change in image intensity corresponded with a significant increase in the water
T2 value of the marrow. In the right posterior iliac crest the T2 value increased from 43.7 ± 5.4
to 58.4 ± 4.9 msec, presumably due to the growing population of immature cells generated by
the G-CSF. This was accompanied by a change in the apparent water fraction from 0.44 ± 0.06
to 0.69 ± 0.04 in the same region, suggesting an increase in the percentage cellularity. Also
noted was a marked increase in the size of the spleen, from 238 to 493 mm3 as measured by
integrating regions of interest over the axial slices. An increase in splenic volume has
previously been reported in some patients receiving G-CSF (12–14).

A second example is presented in Fig. 2 from a 28-year-old female patient with acute
myelogenous leukemia. The coronal projection image shown in Fig. 2a was obtained prior to
a course of myelosuppressive chemotherapy, which included cytarabine and idarubicin for a
total of 5 days. At the time of the study, the white blood cell count was 40.5 × 103/μL. A bone
marrow biopsy performed 4 days prior to the baseline MRI study demonstrated increased bone
marrow cellularity and a differential count that included 36% myeloblasts. In the image much
of the axial skeleton and proximal femora exhibit a strong signal intensity. The apparent water
fraction was 0.99 ± 0.06, and the T2 value of water was 61.7 ± 1.8 msec, consistent with the
presence of leukemia (4). In addition, splenomegaly is evident. Of note, this patient had
presented with a chloroma (a local collection of leukemia cells) in the left breast, which is also
visible in the image, directly above the spleen. The patient was studied again 20 days after the
start of therapy, after a complete remission (only 2% myeloblasts on the differential count)
was confirmed by a repeat bone marrow aspiration. The corresponding image is shown in Fig.
2b. The signal from the bone marrow and spleen is almost completely absent, similar to that
observed for normal bone marrow (4).

The third example, shown in Fig. 3, was obtained from a 76-year-old man with metastatic
prostate cancer receiving docetaxel (35 mg/m2/week, on a 3 weeks on/1 week off schedule)
and estramustine (280 mg the nights before, of, and after docetaxel administration). The
baseline scan was obtained 1 week prior to the start of therapy. A second scan was obtained
during the 6th week of therapy and a third after 12 weeks of treatment. The maximum intensity
projection images clearly show multiple focal lesions throughout the pelvis, as well as the
lumbar and thoracic spine. Juxtaposed to the diffusion images are higher resolution STIR
images obtained at the same time points. In Fig. 3 the maximum intensity projections were
generated from coronal STIR data sets with slices covering only the vertebral bodies of the
lumbar spine in order to facilitate a comparison of lesions visualized in this region with data
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obtained from the diffusion-weighted images. Larger field-of-view STIR projections were
limited by curvature of the spine and associated encroachment of signal from cerebro-spinal
fluid. Over the three time points shown in Fig. 3, this patient’s prostate-specific antigen levels,
which are used as a measure of tumor activity, were 18, 26, and 32, respectively. While the
STIR images also indicated tumor progression, the large, increasingly intense lesion in L2 on
the STIR data sets nevertheless had calculated water self-diffusion coefficients equal to D* =
0.70 ± 0.21, 1.18 ± 0.25, and 1.43 ± 0.30 × 10−3 mm2/sec for the three time points, respectively.
The effect of increasing self-diffusion coefficients can be seen in Figs. 3a–c, where the lesion
in L2 becomes progressively less intense relative to most lesions in neighboring thoracic and
lumbar vertebrae.

DISCUSSION
An important aspect of the techniques described in this paper involves the specific utilization
of simultaneous T2 and diffusion weighting combined with spatial–spectral excitation of the
water resonance to obtain the image contrast presented in the figures. The diffusion weighting
tends to filter out extracellular fluid such as blood, CSF, and urine from the images. This is
reasonable to expect since for self-diffusion coefficients close to that of free water the expected
signal attenuation with b = 1000 sec/mm2 was nearly a factor of 10, and the signal-to-noise
ratio per voxel was also typically near 10. On the other hand the long T2 weighting
discriminated against water arising in muscle and many other organs. The most prevalent
remaining signals arose from the bone marrow, brain, kidneys, prostate, and testes. The fact
that bone marrow lesions were visible relative to normal bone marrow appears to be due to an
increase in the water T2 value coupled with an increase in cellularity as is common in neoplasia.
The methods should thus be applicable to the broad classes of lesions exhibiting increased
T2 values on magnetic resonance images (15).

While it is the increased water T2 values that facilitate the visualization of leukemia, it has been
shown that the self-diffusion coefficient of water in bone marrow can change by as much as a
factor of 3 after administration of ablative therapy, which directly affects the image according
to Eq. [1] (4). This fact may render diffusion-weighted images more sensitive or at a minimum
complementary to T2-weighted images for therapeutic monitoring (16). In addition, the
calculation of T2, D*, or other physical quantities responsible for the image contrast is useful
whenever possible since in principle they can be made insensitive to variables associated with
the data acquisition hardware such as coil sensitivity profiles and receiver gains. For example,
in Fig. 3, the STIR images showed little therapeutic effect while the diffusion-weighted
imaging data suggested a more mixed response. For lesions such as the one in L2, D* was
found to increase over the three studies. A traditional view of this finding suggests a tumor
response by virtue of cell membrane compromise and a subsequent increase in the extracellular
to intracellular water ratio (17). More recent work has also raised the possibility that water in
different binding states may be an important contributing factor to self-diffusion coefficients
in vivo (18,19). In this example it was also useful to compare the water self-diffusion
coefficients in bone marrow with those obtained for brain parenchyma, which was expected
to remain unaffected by the therapy. In the occipital cortex it was found that D* = 0.72 ± 0.08,
0.79 ± 0.10, and 0.75 ± 0.11 × 10−3 mm2/sec at the three successive time points, indicating
good system stability over the course of the exams.

The images in each of the figures are presented as static coronal maximum intensity projections
for convenient visualization on the printed page. The projection methods are also amenable to
direct comparison with complementary whole-body imaging techniques such as the bone scan.
However, the three-dimensional rotating format was found to be much more useful for
visualizing the extent of bone marrow disease, as well as for identifying image artifacts, such
as those due to incomplete lipid suppression or image ghosting.
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Since most anatomy of interest was within the trabecular bone, motion artifacts were minimal
relative to other structures. In addition, although magnetic susceptibility differences at tissue–
air and other interfaces do have the potential to degrade the echo-planar images due to the low
bandwidth in the phase encoding direction, the use of axial slices minimized geometric
distortion. Finally, the anatomy in the whole-body images can be used to advantage in volume
quantification. For example, in the stem cell donor presented in Fig. 1, it was of interest to
calculate the change in spleen size after G-CSF administration. Here the brain served as an
internal volumetric calibration standard.

CONCLUSIONS
The techniques described above provide a potential means to rapidly evaluate therapeutic
response in human bone marrow. A pathway to routine clinical implementation of the methods
may exploit the potential for significant improvements in image quality or a reduction in the
overall study time using multiple receive resonators in combination with parallel imaging
techniques, higher magnetic field strengths, multishot, multiexcitation, echo-planar methods,
and stronger, shorter gradient pulses in combination with shorter echo times.
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FIG. 1.
Coronal maximum intensity projections from three-dimensional data sets of diffusion-
weighted images obtained from a normal adult receiving granulocyte colony-stimulating factor
prior to stem cell harvest and donation to a sibling with leukemia: (a) Day 0 and (b) Day 5 of
G-CSF administration. The signal from bone marrow in the axial skeleton is markedly
increased, consistent with a change in both the apparent water fraction, from 0.44 ± 0.06 to
0.69 ± 0.04, and the T2 value of water in the marrow, from 43.7 ± 5.4 to 58.4 ± 4.9 msec. The
spleen also increased in size, from 238 to 493 mm3. The white blood cell count underwent a
sevenfold increase over the same time period. The results are consistent with bone marrow
mobilization.
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FIG. 2.
The techniques applied to a subject with acute myelogenous leukemia: (a) coronal image from
a baseline study obtained just prior to initiation of myelosuppressive therapy, (b) a second
examination obtained 20 days later after the patient had achieved a remission. The bone marrow
was intact at baseline with a water fraction of 0.99 ± 0.06 and a T2 of water equal to 61.7 ± 1.8
msec, which is consistent with the presence of leukemia. Twenty days after the start of
chemotherapy, the water signal in the bone marrow on the T2- and diffusion-weighted images
is virtually absent. The patient had achieved a complete remission at this time, with only 2%
myeloblasts on the differential blood count.
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FIG. 3.
Data from a 76-year-old man with prostate cancer metastatic to bone. Coronal maximum
intensity projection images are shown at (a) 1 week prior to the start of chemotherapy, (b)
during week 6, and (c) after 12 weeks of therapy. (d–f) Corresponding maximum intensity
projection images of the lumbar spine generated from a STIR data set at the same time points.
Because of overlapping signals in the STIR data set from cerebrospinal fluid, only coronal
slices intersecting the lumbar spine anterior to the vertebral foramina were included. The lesion
in L2 denoted by dark arrows on the diffusion-weighted series and light arrows on the STIR
series suggests a more positive response to therapy than most other lesions (see text for details).
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