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ABSTRACT

In vivo high resolution volume-selected 'II magnetic resonance spec-

troscopy of human tibia has been undertaken using spatial coordinates
obtained from magnetic resonance images. Adult tibial marrow has a 'II

spectrum rich in fatty acid resonances and is readily distinguished from
the 'II spectra of surrounding leg muscle. In all four leukemic patients

examined, infiltration of fat cells of tibial marrow by proliferating cells
rich in mobile H2O protons was evident by magnetic resonance imaging.
Selective examination of volumes of tibial marrow (1 cm3) by '11 magnetic
resonance spectroscopy confirmed marked differences in the 'II spectra
of marrow from these patients. Increases in the H2O peak of the 'II

spectra were correlated with infiltration of blast cells and lack of control
of the neoplastic disease. These studies are the first to report the use of
volume selected magnetic resonance spectroscopy to selectively monitor
leukemia in humans.

INTRODUCTION

In vivo volume localized spectroscopy can noninvasively pro
vide specific biochemical information about selected tissues.
Topical magnetic resonance using solenoid (1,2) and surface
coils (3) has been used to evaluate the effectiveness of chemo-
therapeutic treatments upon tumors in vivo. The major limita
tions of these techniques are that the selected volume is poorly
defined and its position is not readily varied. Furthermore,
depth resolution is severely limited with surface coils. Tech
niques based upon chemical shift imaging (4) suffer from the
major disadvantage of long acquisition times and decreased
sensitivity. With the development of high resolution MRI3

techniques, major efforts have been directed towards selection
of a volume of interest using MRI and selective investigation
of this area using MRS. These techniques of volume selected
MRS use field gradients for spatial encoding and thus exami
nation of the region of interest is under computer control and
does not rely on repositioning of the receiver/transmitter coil
to achieve active volume selection. Techniques which have been
proposed such as volume-selective excitation (5-7), depth-re
solved surface-coil spectroscopy (8), ISIS (9), and solvent-
suppressed spatially resolved spectroscopy (10) all suffer from
major limitations particularly in terms of preamplifier and
analogue to digital converter overload, and applicability to
tissues with short T2 values. We have recently reviewed the
problems associated with these methods (11) and have devel
oped new techniques which obviate many of these limitations
(12, 13).

In this paper, we report applications of the spatial and
chemical shift encoded excitation (12) technique to investigate
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the infiltration of malignant leukemic blast cells into human
bone marrow in vivo using 'H MRS. Differences in 'H MRS

are based on the observation that adult tibial bone marrow is
composed almost exclusively of yellow fat with characteristic
'H spectra of lipid. However, infiltrating neoplastic cells have
distinct 'H resonances, with a strong 'H2O signal. We report

here the use of these properties to noninvasively assess neo
plastic invasion of tibial marrow and to evaluate the effective
ness of chemotherapeutic-induced remission.

MATERIALS AND METHODS

Experiments were performed at 100.16 MHz on a Bruker MSL-100
spectrometer equipped with a 2.4 T field strength 40-cm bore horizontal
system. Extensive modification was made to the hardware to ensure
that the wave form memory, rf modulators, and amplifier system
faithfully reproduced the desired pulse shape. Images were obtained
using a imiltÂ¡slicespin echo experiment. A recycle time of 800 ms was
used to acquire 4 slices of 1-cm thickness. Image resolution was 128 x
128 voxels. Volume selected spectra of a 1 cm3 voxel were acquired

with a recycle time of 5 s as described below. Using these conditions,
64-128 acquisitions were sufficient to obtain spectra with adequate
signal to noise.

Examination of Human Tibia and Marrow

Segments of adult tibia were taken at autopsy from patients who had
died of nonmalignant disease. Tibial specimens (8-12 cm in length)
were immediately analyzed using volume-selection techniques on the
spectrometer as described below. Samples of marrow were then re
moved and high resolution 'H MRS was performed at 300 MHz on a
Bruker CXP-300 spectrometer operating at 7. l T field strength. Excised
marrow was placed in 5-mm nuclear magnetic resonance tubes and 16
acquisitions were accumulated without a field frequency lock.

Human Volunteer Studies

Healthy adult males (age range, 25-55 years) and a healthy 14-year-
old boy were examined as follows. The right leg was inserted into the
magnet so that the anterior compartment of the leg 15-20 cm below
the knee joint was in the homogeneous volume of the magnet. The
right leg remained immobile during the period of interrogation.

Human Leukemia Investigations

Case 1 (J. I.). This 63-year-old man presented with a short history'

of superficial skin infections. A full blood count examination revealed
a hemoglobin of 11.2 g/dl, platelet count, 33 x 109/l"ter, and a WBC
of 96 x lO'/Iiter with 95% leukemic blast cells. A bone marrow biopsy

confirmed acute myeloblastic leukemia (FAB Ml) with 90% myelo-
blasts in the bone marrow aspirate and trephine.

The MRS study was performed before commencement of induction
chemotherapy.

Case 2 (R. R.). This 69-year-old man presented to his doctor with
bruising and bleeding. A full blood count showed hemoglobin 10.8 g/
dl and WBC, 90 x lO'/Kter, with 80% leukemic blasts present. The
platelet count was 16 x 109/liter. Acute myelomonocytic leukemia

(FAB M4) was confirmed on bone marrow aspiration and trephine.
Blasts comprised 63% of cells present. The patient refused aggressive
chemotherapy. A partial remission (31% blasts in bone marrow) was
obtained with p.o. demethoxydaunorubicin. This was followed by two
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courses of l-j3-D-arabinofuranosylcytosine and thioguanine and one
course of 1-/3-D-arabinofuranosylcytosine and mitoxantrone. Prior to
the last course of chemotherapy a bone marrow biopsy showed 32%
blasts present in the marrow.

The MRS study was performed 8 days following chemotherapy. At
this time his hemoglobin was 9.8 gm/dl, WBC, 2 x lO'/Hter with 26%

leukemic blasts in the peripheral blood. A platelet count showed 23 x
109/liter.

Case 3 (A. M.). This 16-year-old boy presented with pancytopenia.
A bone marrow examination demonstrated acute lymphoblastic leuke
mia with FAB LI morphology. Leukemic cells had almost replaced the
bone marrow with 90% blast cells present. Immune markers showed
.15(common acute lymphocytic leukemia Ag) and la positivity.

The patient underwent induction chemotherapy using prednisone,
weekly vincristine, adriamycin, and cyclophosphamide. Intrathecal
methotrexate was given for central nervous system prophylaxis. Bone
marrow remission was attained with this regimen and he proceeded to
consolidation therapy with p.o. methotrexate and 1-/3-D-arabinofuran

osylcytosine.
The patient developed severe hypercalcemia (3.8 mmol/liter albumin

corrected) before the second phase of consolidation therapy. A bone
marrow aspiration from the sternum confirmed the bone marrow to be
in remission. Primary hyperparathyroidism was excluded and the hy
percalcemia responded to steroids and fluids. MRS studies were per
formed at this time.

Case 4 (M. K.). This 14-year-old boy presented with lethargy. Full
blood count showed pancytopenia with 30% blast cells. A bone marrow
examination showed acute leukemia:erythroleukemia (FAB M6). At
diagnosis, 80% of cells present were leukemic blasts. He underwent
induction chemotherapy with daunorubicin and an intermediate dose
of l-/3-D-arabinofuranosy Icytosine (200 mg/m2). Repeat induction pro

tocols were unsuccessful in obtaining a remission and blast cells in the
bone marrow were reduced to only 40%.

The MRS study was performed when the sternal bone marrow
aspiration showed a partial remission with 25% blast cells.

All experimentation with humans was in strict accordance with the
procedures detailed in the National Health and Medical Research
Council of Australia. All patients were attended by a physician during
the magnetic resonance investigation.

Volume Selected 'II Magnetic Resonance Spectroscopy

In the spatial and chemical shift encoded excitation technique (12),
a slice of z magnetization was generated by spin echo refocussing of

the magnetization selected by a selective - (+x) pulse. Because this

magnetization has coherence along the +.r axis following the echo time
TE (set at approximately one-half the selective pulse time), it can be

pulsed back along the +z axis by a nonselective - [â€”x]pulse. Repeating

this procedure using three orthogonal slice gradients allows a cube of
spins to be selected. Magnetization outside the slice of interest is rotated
by the pulse sequence into the transverse plane where the coherence is
dephased by the slice gradient.

Volume selected high-resolution 'H MRS was achieved using the

pulse sequence (12)

T w \ ir- (Â±x)*(+y]-TE-- [-X] \ TG- 2 IÂ«l.Acquire [A]

where the slice gradient, C7siÂ¡cÂ«,was repeated for each of the three X, Y,
Z gradient directions. In this way the spectrum from a cube of material
(1 cm3) was recorded. The volume of the cube is determined by the

band width of the - (Â±x)sine pulse (two cycle; length, 3.072 ms) and

the strength of the slice gradients. The frequency offset was adjusted to
ensure that the active volume of interest fell within the tibia. The hard

pulses, signified as *[+y\ and - [â€”or]above, were for the human studies

typically 180 and 90 Â¿is,respectively. These pulse times were achieved

using 5 kW of pulse power into a homemade saddle coil. The TEtime
was set at one-half the sine pulse time as discussed previously (12). rc
is a time for gradient collapse typically 15 ms and [ij refers to a
quadrature phase cycle. The sine pulse was phase cycled plus-minus
with the receiver plus-minus for each of the X, Y, Z, slice direction.

The excitation frequency for each slice was determined by first
recording a transverse image using the two-dimensional Fourier trans
form technique (14). The read-out gradient (G,) was set at the same
value as that for the spectroscopy. Tests on phantoms were carried out
to ensure that this method of image encoding yielded accurate frequency
coordinates for spectroscopy. Typical imaging times were 8 min and
spectroscopy times were 10 min. Typically, 30-40 min were required
to perform a complete investigation. This included probe tuning, mag
netic field homogeneity adjustment, pulse time setting, imaging, and
spectroscopic examination.

Determination of Spin-Lattice Times in Vivo

T, values were measured using the pulse sequence

[+xM+y]

- (Â±x)*l+y] -re-- i-x] â€” - re -

Acquire [BJ

A composite pulse was used to ensure accurate inversion, r is the time
which is adjusted to give the TÂ¡plot. Following the time r the magnet
ization has relaxed from the value â€”A/o(the inversion of the equilibrium

value) to the value

M, = A/o(l - 2e-'/T<) (A)

Following one application of a slice gradient, assumed to require .-,, s

(a time much longer than any pulse and dominated by the time for
gradient collapse), M, is changed to

Â±A/o(1 - 2e-/7"')0 -
(B)

The sign depends on the phase of the sine pulse. Following three
gradients M, becomes

M, = A/o(l - 2<T'/7'')(

- 2e-'/r')

(Q

(D)

A positive sign is taken because a comparison is being made relative to
the normal spectrum which includes all phase cycling. It is clear that
the pulse train time only affects the position at which the complete
inversion occurs along the relaxation curve and provided TG< Ti,
accurate T\, values can be determined by fitting the data to the curve
given by equation D.

RESULTS

In Vitro MRS on Human Tibia. The data in Fig. 1 show the
high resolution 'H spectra of fresh human tibia obtained at
autopsy. Fig. 1A shows the 'H spectra without volume selection
of the tibia. Key features are a large fatty acid (â€”CH2â€”)peak
at 1.67 ppm, and a smaller water peak downfield (4.5 ppm).
Fig. \A shows volume selection for the bone marrow using a 1-
cm3 volume. Greater definition of fatty acid 'H peaks was

evident with a small H2O peak. This confirms the histolÃ³gica!
features of adult tibial marrow which is composed almost
entirely of fat cells.

To confirm these observations, marrow was excised from
tibia and ribs, and the high resolution 'H spectra of red marrow

(rib) and yellow marrow (tibia) were determined at 7.1 T in a
Bruker CXP 300 spectrometer. Fig. 2A shows the 'H spectrum

of red marrow where the large H2O peak of the erythropoietic
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B

Fig. 1. One hundred MHz 'H magnetic resonance spectra of excised human
tibial bone taken at autopsy. I. volume-selected spectrum of tibial marrow using
the discrete isolation from gradient governed elimination of resonances pulse
sequence ( 13). B, MRS of tibial bone and marrow.

cells masked many of the downfield fatty acid peaks of the fat
cells in the marrow. This spectrum contrasts dramatically with
Fig. 2B which is the 'H spectrum of yellow marrow (tibia)

where the proton resonances of fatty acid residues are dominant
with a very small H2O peak. These initial in vitro studies
confirmed that our technique of volume selection would identify
the 'H spectral characteristics of adult tibia and if successful //;
vivo should distinguish different 'H spectra between normal

adult tibial marrow and marrow invaded by neoplastic cells.
In Vivo MRI of Tibia of Human Volunteers. Fig. 3A shows

the transverse image of the lower leg of a healthy adult male
volunteer. The shafts of the tibia and fibula are characterized
by the bright resonances of the fat signals of the marrow. The
surrounding muscle with mobile 'H appears dark while the

anterior and posttibial arteries and veins appear bright because
of paradoxical enhancement due to rapid blood flow. Smaller
vessels in the skin and marrow appear dark because of slower
blood flow. In all healthy adult volunteers examined, the mar
row of tibia appeared uniformly bright, except for infiltrating
blood vessels.

In Vivo Volume Selected 'H MRS in Human Volunteers.

Using the frequency coordinates obtained from the transverse
MRI slice of the lower leg, selected areas were interrogated by
'H MRS as described in "Materials and Methods." Fig. 4A
shows the 'H spectrum taken from coordinates located on the
soleus muscle. Fig. 4B shows the 'H spectrum volume selected
for tibial marrow. In this spectrum there is a marked (CH2)-n
peak of fatty acids, very little water, and a marked (â€”HC=
CHâ€”) proton resonance downfield at 5.00 ppm. This was a
characteristic spectrum seen in the marrow of the tibia and

10 8 4
PPM

-2

Fig. 2. Three hundred MHz 'H magnetic resonance spectra of (A) red marrow
from healthy rib at autopsy and (B) yellow marrow from healthy tibia at autopsy.
Each spectrum was 16 acquisitions with 8000 data points. Chemical shifts were
measured from the H2O resonance which was assigned to 4.60 ppm.

fibula in all healthy human volunteers where resonances from
fatty acids dominate the spectrum. Fig. 4C shows the 'H

spectrum of the whole leg with a major H2O peak at 4.5 ppm
with (CH2)-n proton resonances upfield at 1.67 ppm. The data
here, in agreement with in vitro studies show a strong 'H2O

resonance signal with a small contribution from fatty acid
proton resonances. This spectrum was characteristic of all
muscle examinations in vivo and further confirmed that the in
vivo volume-selected spectra generated are representative of the

selected tissues under interrogation.
Determination of Spin-Lattice Times in Vivo. Knowledge of

the 'H T, relaxation times of the nuclei of interest was essential

in order to allow sufficient time between pulses so that all nuclei
relax to equilibrium conditions. A sufficiently long scan recycle
delay time greater than five times the longest 7",was required

to ensure optimum cancellation of unwanted water error signals
by the plus-minus phase cycling of the sine pulses. Determina
tion of the 7"irelaxation times of bone marrow nuclei was also

of interest in the investigation of the relationship between 7,
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Fig. 3. Transverse magnetic resonance images of lower human leg. A, lower
leg of healthy adult male; B, detailed transverse image of tibia and marrow of
patient with untreated acute myeloblastic leukemia (FAB MI), case 1.

values for bone marrow fat cells and extent of invasion of
malignant leukemic cells into the marrow.

Fig. 5 shows an in vivo volume selected T, experiment per
formed on a healthy human patient while Fig. 6 shows a plot
of the intensity of the (CH2)â€žresonance versus T. A T, value of
251 Â±15 (SD) ms was calculated for the lipid (â€”CH2) reso
nances at 0.93 ppm, while a T, value of 193 Â±55 ms was
obtained for the allylic-CH2 resonance of 1.67 ppm and a value
of 315 Â±90 ms for the unsaturated fat (â€”CH=CHâ€”) reso
nance of 5.0 ppm.

Using similar procedures 'H 7", values for volume selected

human tibia obtained at autopsy were 250 Â±15 ms for (â€”CH2)
resonances, 168 Â±28 ms for allylic-CH2 resonances, and 307
Â±70 ms for the (â€”CH=CHâ€”) resonances, showing close
correlation between in vitro and in vivo determinations of these
lipid 'H T, values. The T, value of the 'H2O resonance in bone

marrow was determined to be 1198 Â±60 ms. Consequently all
volume selected 'H bone marrow spectra were performed using

a recycle time of 5 s. Because of ethical considerations, these
studies were not performed on leukemic patients.

In Vivo MRI of Tibia of Leukemic Patients. Fig. ÃŒBshows
the transverse image of the lower leg of J. I. (Case 1) who
presented with acute myeloblastic leukemia and prior to induc
tion chemotherapy. The dominant feature seen in all leukemic
patients was the nonuniform appearance of the bone marrow
in the tibia with variable gray areas throughout the marrow.

B

12 10 4 2
PPM

-2 -4 -8

Fig. 4. One hundred MHz volume-selected 'H magnetic resonance spectra of
the lower leg of a healthy 55-year-old male, determined with the spatial and
chemical shift encoded excitation pulse sequence (12). I. region selected from
within the calf muscle (128 acquisitions); B, spectrum from a 1-cm3 volume of
tibial marrow (128 acquisitions); C, spectrum of whole leg by cross-section (4
acquisitions).

This feature was not seen in the marrow of healthy adult
volunteers, who presented with a bright marrow of uniform
intensity.

In Vivo MRS of Tibia Marrow of Leukemic Patients. The
data in Fig. 7 show the 'H-MRS of tibial marrow in four

leukemic patients. In patients J. I. and R. R. (Fig. 1A and B)
with poorly controlled or uncontrolled leukemia there was a
dramatic elevation in the proton resonances in the water region
(4.5 ppm) and the (â€”CH=CHâ€”) region (5.0 ppm), consistent
with a major infiltration of neoplastic cells into the marrow. In
J. I. who had 90% myeloblasts in the bone marrow aspirate and
trephine, the 'H2O peak in fact exceeded the (CH2)-n fatty acid

proton peak, reflecting the heavy infiltration of neoplastic cells
into the marrow. In the other patients under partial remission
there was a definite but lesser increase in the 'H2O peaks

indicative of the presence of proliferating cells with a high
mobile water content. 'H MRS investigations of the tibial
marrow of a healthy 14-year-old boy indicated that residual red
marrow may contribute a water signal to the spectrum.4 Hence
care should be taken in assessing the 'H MRS of younger

patients.

4 M. G. Irving, unpublished observations.
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Fig. 5. Volume-selected '11 magnetic resonance spectra of healthy tibial mar
row as a function of the delay time T in the inversion-recovery Tt sequence
described in the text. One hundred and twenty-eight acquisitions were accumu
lated per spectrum using a recycling time of S s.

1.0

>â€¢ 0.5
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Fig. 6. Plot of peak intensity against inversion time for the high field 1(11 >)â€ž
resonance shown in Fig. 5. Curve, fit of the experimental data to Equation D.

DISCUSSION

One of the major problems associated with assessing the
treatment of patients with leukemia is the need for repeated
bone marrow aspirates to assess the effectiveness of chemo-
therapeutic regimens. These procedures are associated with a
significant risk of morbidity and represent only a very limited
picture of bone marrow composition of the body. The combi
nation of MRI and subsequent volume-selected MRS detailed

8 6 4 3
PPM

-1

Fig. 7. One hundred MHz volume-selected 'II magnetic resonance spectra of

tibial marrow of patients with leukemia determined with the spatial and chemical
shift, encoded excitation pulse sequence ( 11). A, case 1 (128 acquisitions); II. case
2 (64 acquisitions); C, case 3 (64 acquisitions); D, case 4 (32 acquisitions).

here offer a new, noninvasive modality to assess in vivo invasion
of bone marrow by malignant cells.

In the studies reported here, transverse images of human legs
were examined and used to obtain coordinates for subsequent
'H volume-selected MRS. In all four leukemic patients exam

ined, the composition of the bone marrow was not uniform
with dark areas representing cells with highly mobile II O
protons which contrasted markedly with the bright regions
representing normal fat cells of tibia marrow. It should be noted
that a recycle time of 800 ms was used in the imaging sequence.
Consequently the image was strongly T, weighted. As the T, of
H2O is 3 to 4-fold greater than the T, of fat it appears much
darker in this imaging sequence. Thus the appearance of dark
regions in the MRI of tibia of patients with leukemia is indic
ative of the infiltration of fat cells by either proliferating neo-
plastic (blast) cells and/or erythropoietic cells. In case 1, who
was a patient with untreated leukemia, and in case 2, who was
also an elderly patient with poorly controlled leukemia, the
cells with highly mobile H2O protons are infiltrating leukemic
blast cells. However, considerable care needs to be exercised in
assessing both the MRI and MRS in patients 3 and 4. Both of
these patients were young males aged 14 and 16, who had
received extensive treatment for their malignant disease. How-
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ever, examination of the tibia of a healthy 14-year-old boy4
revealed a nonuniform tibial marrow MRI. The MRS 'H spec

tra of this region showed some features in the H2O region
similar to those seen in patients 3 and 4. These results would
indicate that in children as old as 14 years pockets of red
marrow (whose cells are rich in mobile H2O protons; Fig. 2A)
may be still present in significant amounts in tibia. Conse
quently, considerable care should be taken in assessing young
patients. However, the combination of 'H MRI being used to
obtain coordinates for volume-selected 3IP MRS may well

resolve this dilemma, as malignant cells in vitro and in vivo
have 3IP MRS features which distinguish them from normal

cells (1,2).
Another feature of this investigative procedure is that unlike

computed tomography scanning techniques, coronal slices
along bone marrow can readily be performed. Coronal slices
give a representative image along the marrow in the tibia. Such
imaging techniques in combination with volume-selected MRS

would be particularly useful in assessing metastatic deposits in
bone marrow from primary tumors such as mammary adeno-
carcinomas, as these tumors produce their own connective
tissue matrix which would have a markedly different 'H spectra

from that seen with leukemic blast cells.
Analysis of the 'H MRS of human tibial marrow and soleus

muscle in vivo confirmed the different 'H MRS of these tissues

determined by in vitro studies (Figs. 2 and 4), and the features
of the 'H spectra reported here were consistent in all healthy

adult legs examined. Patients with extensive infiltration of
leukemic blast cells (cases 1 and 2) had markedly different 'H

spectra with an extensive H2O peak whose concentration ex
ceeded the fat (â€”CH2â€”)resonances in untreated leukemia (case
1). Also associated with this stage of the disease was a marked
increase in the unsaturated fatty acid (â€”CH=CHâ€”) reso
nances as well as several unidentified resonances upfield from
the H2O resonances (Fig. 7). It is of interest that Mountford et
al. (15) and May et al. (16) have reported that lipid 'H reso

nances in the 1.2-1.3 ppm region with long transverse relaxa
tion (T2) values are indicative of cells with metastatic capacity.
Current studies are evaluating this observation with different
tumors in tibial marrow.

It should be noted that the experimental procedures detailed
here present marked advantages over other techniques proposed
for volume selection (5-10), in particular ISIS (9) and depth
pulses using surface coils (17). This procedure afforded volume
selection of a cube whose volume was 1.0 cm3 which compared
with 4.1 cm3 by the ISIS method (9). This was particularly
useful in evaluating areas of different 'H density in tibial

marrow as detected by MRI, where it was shown that differences
in the 'H MRS also occurred. Furthermore techniques such as

ISIS (9) and depth pulses (17) rely heavily on computer add/
subtract to achieve active volume selection and thus are subject

to considerable error due to analogue to digital converter and
preamplifier overload.

In conclusion, the results reported in this paper demonstrate
that in vivo volume-selected MRS can complement and extend
information gained from MRI on the extent of neoplastic
invasion of bone marrow in humans with leukemia. Current
studies underway in our laboratory are using volume-selection
techniques to monitor the effectiveness of chemotherapy using
31P MRS. The use of MRI to establish coordinates for volume-
selected 'H and 3IP MRS may enable a more rapid evaluation

of their effectiveness in cancer chemotherapy without the ne
cessity of repeated bone marrow biopsy.
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