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In Vivo 'H MR Spectroscopy of Human Head and Neck
Lymph Node Metastasis and Comparison with Oxygen
Tension Measurements

Josh M. Star-Lack, Eifar Adalsteinsson, Markus FE Adam, David J. Terris, Harlan A. Pinto, J. Martin Brown, and

Daniel M. Spielman

BACKGROUND AND PURPOSE: Current diagnostic methods for head and neck metastasis
are limited for monitoring recurrence and assessing oxygenation. IH MR spectroscopy (*H
MRS) provides a noninvasive means of determining the chemical composition of tissue and
thus has a unique potential as a method for localizing and characterizing cancer. The purposes
of thisinvestigation wereto measure H spectral intensities of total choline (Cho), creatine (Cr),
and lactate (Lac) in vivo in human lymph node metastases of head and neck cancer for com-
parison with normal muscle tissue and to examine relationships between metabalite signal
intensities and tissue oxygenation status.

METHODS: Volume-localized Lac-edited MRS at 1.5 T was performed in vivo on the lymph
node metastases of 14 patients whose conditions were untreated and who had primary occur-
rences of squamous cell carcinoma. MRS measurements were acquired also from the neck
muscle tissue of six healthy volunteers and a subset of the patients. Peak areas of Cho, Cr, and
Lac were calculated. Tissue oxygenation (pO,) within the abnormal lymph nodes was measur ed
independently using an Eppendorf polarographic oxygen electrode.

RESULTS: Cho:Cr ratios were significantly higher in the nodes than in muscle tissue (node
Cho:Cr = 29 = 1.6, muscle Cho:Cr = 0.55 = 0.21, P = .0006). Lac was significantly higher
in cancer tissue than in muscle (P = .01) and, in the nodes, showed a moderately negative
correlation with median pO, (r = —.76) over a range of approximately 0 to 30 mm Hg. Nodes
with oxygenation values less than 10 mm Hg had approximately twice the Lac signal intensity
as did nodes with oxygenation values greater than 10 mm Hg (P = .01). Cho signal intensity
was not well correlated with pO, (r = —.46) but seemed to decrease at higher oxygenation

levels (>20 mm Hg).

CONCLUSION: IH MRS may be useful for differentiating metastatic head and neck cancer
from normal muscular tissue and may allow for the possibility of assessing oxygenation. Po-
tential clinical applications include the staging and monitoring of treatment.

In vivo 'H MR spectroscopy (*H MRS) has been
shown to offer a noninvasive means of detecting
the presence of active tumor. Typical spectral pat-
terns associated with cancer include an increase in
the total choline (Cho, 3.2 ppm) signal intensity
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(SI) relative to creatine (Cr, 3.0 ppm), often cou-
pled with the presence of other metabolites, includ-
ing lactate (Lac, 1.3 ppm) (1—5). Both diagnostic
and oncologic applications may be offered by al-
lowing for discrimination between regions of
healthy tissue, necrosis, and new growth or recur-
rence (6, 7). Although, in the past, the majority of
studies have been conducted in the human brain,
there is growing interest in proton MRS of other
organs if technical difficulties can be overcome (8).

IH MRS has recently been proposed as a means
to localize head and neck cancer and monitor ther-
apy. In vitro and in vivo studies by Mukherji et a
(9, 10) confirmed that increased Cho:Cr ratios were
evident in pretreated squamous cell carcinoma. In
vivo data were acquired mainly from the tongue
base, which was the primary site of occurrence,
thus suggesting future studies of in vivo spectral
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characteristics of metastatic nodes. A case study by
van Zijl et a (11) showed that effective radiation
treatment caused a complete disappearance of me-
tabolite signals in a neck node metastasis. Lac has
been detected in vivo in pretreated human head and
neck tumors in two feasibility studies (12, 13).

In addition to verifying the presence of active
tumor, TH MRS may offer the possibility of helping
to monitor the oxygenation status of the neoplasm.
This could be particularly relevant to treatment
planning because tumor hypoxia has been shown
to be associated with increased resistance to radi-
ation therapy and chemotherapy (14—17). The cur-
rent standard of reference for measuring tumor ox-
ygenation (pO,) is the computerized Eppendorf
oxygen electrode (18—20), which, unfortunately, is
invasive and may not be suitable as a screening
device.

One potential means of assessing tumor oxygen-
ation with proton MRS is to measure Lac Sl as a
marker for nonoxidative glycolysis. Lac is a redox
partner of pyruvate, which is a metabolic interme-
diate between glycolysis and the Krebs or tricar-
boxylic acid cycle. When oxygen availability islow
because of a perfusion deficit or other metabolic
stress, the tricarboxylic acid cycle rate drops and
pyruvate produced during glycolysis may be con-
verted to Lac. In MRS studies of the human brain,
Lac has been detected in areas of low perfusion
resulting from such insults as ischemic stroke (21,
22) and neonatal asphyxia (23).

It is not known to what extent Lac signal inten-
sities are reflective of oxygenation in tumors, which
are inherently less aerobic than normal parenchy-
ma. Lac levels can be a function of several factors,
including perfusion, metabolic rates, glucose sup-
ply, and the concentration of certain enzymes such
as Lac dehydrogenase (24— 27). In vivo MRS stud-
ies of human brain cancer offer contradictory evi-
dence regarding whether total Lac Sl is correlated
with total metabolic activity (as measured via 18F-
fluorodeoxyglucose positron-emission tomography)
but suggest that Lac tends to accumulate in known
areas of hypoxialischemia (3, 28, 29). In the afore-
mentioned tumor studies, spectral editing tech-
niques were not used to separate Lac from lipids
nor was oxygen tension quantified independently.
Several MRS animal-model studies of tumors have
been conducted to investigate the relationships be-
tween H metabolite signal intensities and such
physiologic parameters as perfusion and response
to radiotherapy (30—32). Relevant aspects of these
studies are addressed in the Discussion section.

The objectives of this study were to measure the
spectral intensities of total Cho, Cr, and Lac in vivo
in human head and neck lymph node metastases
and to investigate whether these measurements al-
low for differentiation between pretreated lymph
node metastasis and normal muscular tissue and for
assessment of tumor oxygenation. Although some
of these aims may be achieved via 31P MRS, the
efficacy of the approach is still not conclusive; a

AJINR: 21, January 2000

Clinical parameters

Patient Number  Age  Press Volume (cc) Primary Site

1 48 8 R. pyriform sinus
2 50 4.8 R. tonsil
3 71 34 R. base of tongue
4 55 45 R. base of tongue
5 72 20.6, 4.1* L. supraglottis
6 50 8 L. pyriform sinus
7 58 51 L. base of tongue
8 59 14 L. pyriform sinus
9 65 4.1 Epiglottis

10 40 2.0 L. base of tongue

11 58 34 Epiglottis

12 61 51 Base of tongue

13 58 45 Tonsil

14 74 16 Base of tongue

* Two concentric volumes were scanned. The larger volume was
used for statistical calculations.

16-fold loss of signal-to-noise ratio (S/N) is suf-
fered because of the low sensitivity of the 31P nu-
cleus (33, 34). The technical issues that were ad-
dressed in this study include the separation of large
amounts of lipids from Lac in aregion of the body
prone to motion. Oxygenation status was measured
independently using the Eppendorf polarographic
oxygen electrode.

M ethods

Patient Population

Fourteen men, ranging in age from 40 to 74 years (mean
age, 59 years), with cytologically proved metastases of primary
occurrences of squamous cell carcinoma, determined by fine-
needle biopsy, were studied before undergoing treatment (see
Table 1). A criterion for inclusion was a palpable node of at
least 1-cm diameter visible by conventional T2-weighted MR
imaging. MR imaging and MRS were performed in six healthy
volunteers who served as control subjects. All studies were
approved by the Stanford University Institutional Review
Board, and informed consent was obtained according to the
Helsinki Declaration I1.

MRS Measurements

Volume-localized spectral editing was achieved using a J-
difference technique that incorporates two inversion (BAS-
ING) pulses into the point-resolved spectroscopy (PRESS) ex-
citation sequence (Fig 1), as previously described (13, 35, 36).
Briefly, separation of Lac from overlapping singletsis achieved
by placing the Lac methine quartet (4.1 ppm) within the BAS-
ING inversion band for Cycle 1 of the two-cycle scheme. For
Cycle 2, the BASING inversion band is shifted downfield of
the Lac quartet. With the time separation (A tgag) between the
two BASING pulses set to Atgag = 1/(2J) and for TE = 1/,
addition of Cycle 1 and Cycle 2 excitations yields the singlets,
including Cho and Cr, whereas subtraction (Cycle 1 — Cycle
2) yields the Lac methyl doublet. The bandwidth of the max-
imum phase BASING pulses was sufficiently narrow to allow
for simultaneous acquisition of the Lac doublet (1.3 ppm) and
edited singlets upfield and including Cho (3.2 ppm).

Data were collected at 1.5 T using a Genera Electric Echo-
Speed system (G.E. Medical Systems, Milwaukee WI)
equipped with self-shielded gradients (maximum magnitude,
2.2 G/cm; maximum slew rate, 12 G/cm/millisecond). Acqui-
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Fic 1. Dual BASING with PRESS excitation. The two BASING
pulses (RFg;, and RFg,) are separated in time by TE = 2 msec.
For Cycle 1, the Lac methine quartet is included in the BASING
inversion band, whereas for Cycle 2, the BASING center fre-
quency is shifted downfield to exclude all metabolites of interest.
The addition of Cycle 1 and Cycle 2 spectra yields the singlets,
whereas the subtraction of Cycle 2 from Cycle 1 yields the Lac
methyl doublet.

sition was with a four-element head, neck, and cervical phased-
array coil (MRI Devices Corp., Waukesha, WI) operating in
receive-only mode (the body coil was used to transmit). The
receive coil provided uniform coverage of both the head and
neck regions, with a measured S/N that was comparable with
the S/N offered by the G.E. quadrature birdcage head coil,
abeit over approximately twice the volume. Phantom mea-
surements showed that the reconstructed Sl deviated by 10%
or less across the relevant coil regions that included the neck
nodes studied.

To help localize the lesion for the MRS acquisition, T1-
weighted spin-echo (500/8/2 [TR/TE/excitations]; field of
view, 21 cm; matrix, 256 X 160) and dual spin-echo proton
density—/T2-weighted (3000/14/84/2 [TR/first TE/second TE/
excitations]; field of view, 21 cm; matrix = 256 X 160) images
were first acquired. The PRESS volume was prescribed in an
attempt to encompass as much of the T2-enhancing lesion as
possible. The average prescribed volume was 5.5 cc and
ranged from 1.4 to 20.6 cc (see Table 1).

After shimming, using first-order corrections, the MRS data
(2/144 [TRITE]) were then acquired with a receiver bandwidth
of 1250 Hz (512 points). Three minimum-phase CHESS pulses
of 60 Hz bandwidth were used for water suppression (37, 38).
For most patients, 256 excitations were acquired, yielding an
MRS study time of approximately 8.5 min. The MRS acqui-
sition time was doubled for two patients with small nodes.
Unsuppressed spectra (2000/38/16) to obtain water references
were acquired from all except three patients. For four patients,
an additional MRS data set was acquired from a region that
comprised neck muscle tissue. The MRS data acquired from
the volunteers were localized solely to muscle tissue. The over-
all examination time, including patient positioning, localiza-
tion, shimming, and MRS acquisition, was approximately 1
hour.

MRS Processing

The accumulated free induction decays were processed and
displayed using software written by the authors for the Matlab
(The Mathworks Inc., Natick, MA) and Idl (Research Systems
Inc., Boulder, CO) platforms. To allow for comparison of ab-
solute spectral intensities, the phased-array data from each pa-
tient were normalized by the PRESS volume and receiver gain
and combined in a manner designed to maximize the final S/N
(39). The transmitter gain was not used to correct the Sl (40)
because the loading factor would have to be determined from
the body coil rather than the receive coils. Regardless, this
would not have been a significant factor because, for al pa-
tients, the SD of the transmitter gain was only 4% of the mean.
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To reduce errors resulting from motion, a phase regulariza-
tion algorithm was developed to lessen the deleterious effects
of shot-to-shot phase variations and to restore the original me-
tabolite Sl (13, 41). Briefly, each individual free induction de-
cay of the data set was zero-filled to 1024 points, apodized
with a 12-Hz line-broadening window, and Fourier trans-
formed; a zero-order phase correction factor was determined
using the lipid CH, peak (nominally 1.3 ppm) as a reference.
After the phase factors from each Cycle 1 and Cycle 2 acqui-
sition of a given experiment were determined, the data were
reprocessed with a 2-Hz line-broadening window and phased
using the correction factors determined from the 12-Hz apod-
ization. The data were then either summed or subtracted to
generate either the uncoupled or coupled spectra. Two patients
did not have sufficient lipid signals to allow for automatic
phasing and, in those instances, the regularization algorithm
was not used.

To help quantify the lipid cancellation errors that remained
after processing, an ‘‘error’ spectrum was generated by sub-
tracting phased adjacent Cycle 1 acquisitions from each other
and adjacent Cycle 2 acquisitions from each other and sum-
ming the result. The overall noise variance for the Lac peak
was determined by integrating the respective peak area in the
error spectrum, squaring it, and adding the result to the random
noise variance.

Peak areas assigned to Cho and Cr were calculated by nu-
merically integrating the uncoupled (summed) spectra within
the 13-Hz windows of 3.3 to 3.1 ppm and 3.1 to 2.9 ppm,
respectively. Lac and lipid peak areas were calculated by nu-
merically integrating the respective coupled and uncoupled
spectra from 1.5 to 1.1 ppm (26 Hz). The range of integration
for the water peak was 5.4 to 4.0 ppm. The uncoupled spectra
were baseline-corrected by fitting a line to points surrounding
the peaks of interest and subtracting the fitted result. The cou-
pled (difference) spectra were baseline corrected by removing
only the DC offset to avoid altering or masking any cancel-
lation artifacts that may have resulted from lipid
contamination.

Metabolite:water ratios were calculated by dividing the vol-
ume-normalized metabolite signal intensities by the TE = 38
msec water Sl. For the three patients who did not undergo
water imaging, the mean water value from the other 11 patients
was used. A Pearson’s correlation coefficient was calculated to
relate both volume-normalized metabolite SI and metabolite/
water Sl to pO,. Student’s t test was used to compare metab-
olite signal intensities between nodes with oxygen levels less
than and greater than 10 mm Hg, which may be a reliable
cutoff that indicates increased resistance to radiotherapy (15).
Comparisons were also made between node and muscle tissue.

Oxygen Tension Measurements

Tumor oxygenation was measured with the Eppendorf pO,
Histograph (Eppendorf, Hamburg, Germany), a computerized
polarographic needle electrode system. Detailed descriptions of
the procedure have been published previously (18). In sum-
mary, a gold microcathode (12-um diameter) embedded in a
stainless steel shaft was polarized against a silver-silver chlo-
ride anode placed on the skin of the patient. The resulting
current (4—5 pA/mm Hg) was proportional to the oxygen par-
tia pressure in the tissue. Calibration was done before and
after measurements by using a phosphate-buffered saline so-
lution equilibrated with air or 100% nitrogen. The values were
corrected for barometric pressure and body temperature. The
skin was anaesthetized, and a 20-gauge plastic trocar was in-
serted. The probe was inserted through the trocar into the tissue
and moved automatically in a stepwise pattern of 0.7 mm for-
ward and then by 0.3 mm backward to prevent pressure arti-
fact. Each track consisted of 20 samples. Two tracks were re-
corded in norma subcutaneous tissues of the neck, and then
two or three independent tracks were recorded in the tumor. A
complete measurement session took 20 to 30 minutes and was
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Fic 2. Data from a representative hypoxic node in patient 7.

A, T2-weighted image (3000/85/2) shows the location of the PRESS box.
B, Histogram of oxygenation measurements. The median pO, value is 1.3 mm Hg, which is very suggestive of hypoxia.

C, Uncoupled (Cycle 1 + Cycle 2).
D, Coupled (Cycle 1—Cycle 2).

E, Error spectra acquired with MRS parameters of 2000/144/256. The Cho:Cr ratio is 1.3.

usually tolerated well by the patients. There were no significant
complications. For each patient, a pO, histogram with bin
widths equal to 2.5 mm Hg was generated. A median pO,
value was also calculated. To ensure that the electrode mea-
surements would not affect MR results, the oxygenation mea-
surement procedure was performed after MR imaging.

Results

The short TE = 38 msec MRS water intensities
were extremely well correlated with PRESS vol-
ume (r = 1.00) so that, after volume normalization,
the SD of the water SI was only 17% of the overall
mean. This uniformity indicated that water relaxa-
tion times and coil reception profiles were relative-
ly homogeneous and resulted in the volume-nor-
malized metabolite (Cho, Cr, Lac) signal intensities
also being well correlated (r = .92, r = .96, r =
.96) with the respective metabolite:water ratios.

Figure 2 shows spectra and a pO, histogram
from a representative hypoxic node (patient 7, me-
dian pO, = 1.3 mm Hg). The uncoupled spectrum
(Fig 2C) exhibits distinct Cho and Cr peaks with a
Cho:Cr ratio of 1.3 that is elevated compared with
that of the muscle spectra. The difference spectrum
(Fig 2D) contains a peak centered at 1.3 ppm, pre-

sumed to be Lac, that was a factor of five greater
than the computed error signal (Fig 2E). Account-
ing only for random noise, the S/N of Cho, Cr, and
Lac were 38:1, 28:1, and 45:1, respectively.

Data from another hypoxic node (patient 1, me-
dian pO, = 0.71 mm Hg) are shown in Figure 3.
Again, the Cho:Cr ratio is elevated (Fig 3C) and a
Lac signal is evidenced in the difference spectrum
(Fig 3D). Although there were not sufficient lipids
in this acquisition to implement the phase regular-
ization algorithm, the error signal was still minimal
(Fig 3E). It remains possible, however, that the me-
tabolite signals were underestimated because of
motion-induced phase variations (41), which may
partly account for the Lac intensity being approx-
imately 60% of that for patient 7. A further dis-
tinction is that the Cho signal for patient 1 (Fig 3C)
is more elevated, whereas Cr is reduced. This re-
sulted in a Cho:Cr ratio of 4.3, which was more
than a factor of three greater than that for patient 7.

Spectra and a pO, histogram from a more aer-
obic node (patient 2, median pO, = 14.1 mm Hg)
are shown in Figure 4. Singlet resonances in the
Cho region are visible (Fig 4C), and the Cho:Cr
ratio was 3.9. The difference spectrum (Fig 4D)



AJNR: 21, January 2000

015

010

0.00

-0.05

HEAD AND NECK CANCER 187

pO, Histogram

3 -+ 3 2 - 0
C P D

Fic 3. Data from a hypoxic node in patient 1.
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A, T2-weighted image (3000/85/2) shows the location of the PRESS box.
B, Histogram of oxygen measurements. The median pO, value is 0.7 mm Hg.

C, Uncoupled (Cycle 1 + Cycle 2).
D, Coupled (Cycle 1—Cycle 2).

E, Error spectra acquired with MRS parameters of 2000/144/256. The Cho:Cr ratio is 4.3.

shows no distinct Lac resonance. The error spec-
trum (Fig 4E) does contain more signal energy in
the 1.3 ppm region than for patient 7. This was
reflective of an increased amount of random noise
associated with the image for patient 2.

A representative muscle spectrum is shown in
Figure 5 and displays a Cho:Cr ratio of 0.48, which
issignificantly less than that of the nodes. Although
there were large amounts of lipids, the Lac value
was negligible and was indistinguishable from the
noise baseline. A lipid suppression factor of 3471
was measured by dividing the uncoupled signal
(Fig 5B) by the coupled (Fig 5C) signal. For all
muscle images, the average lipid S/IN was 2954 and
the average lipid suppression factor was 787. Over-
al, the lipid signals were 3.2 times higher in mus-
cle tissue than in the nodes, where the average lip-
id:Lac ratio was measured to be 36. This would
indicate that a singlet suppression factor of 787, if
it were achieved in the nodes, would be more than
adequate.

The accumulated Lac measurements are shown
in Figure 6. A linear fit (Fig 6A) showed a mod-
erately negative correlation (r = —.74) between
volume normalized Lac Sl and pO,. A similar co-
efficient (r = —.76) was found between Lac:H,O
ratios and pO, (Fig 6B). Visua inspection of the

plots indicates that Lac SI may level off above ox-
ygen tensions of 15 mm Hg, but more data are
needed at these higher values for confirmation. Fig-
ure 6C shows box and whisker plots of Lac Sl for
three data groupings (pO, < 10 mm Hg, pO, =
10 mm Hg, muscle). There was a statistically sig-
nificant differentiation between all three groups (P
< .05). Lac Sl was approximately twice as high for
oxygen levels less than 10 mm Hg than for oxygen
values greater than or equal to 10 mm Hg (P =
.01). Overdl, Lac was significantly higher in cancer
than in muscle (P = .01).

Magnitude Lac Sl was not correlated with lipid
SI (r = .18), further indicating that the overall
amount of lipid contamination may have been min-
imal. There was no correlation between PRESS
volume and pO, (r = —.05), which is inconsistent
with some previous measurements comparing ox-
ygenation and node volume (20, 42). PRESS vol-
ume and Lac Sl also were not correlated (r = .16).

Summary singlet (Cho, Cr) data are shown in
Figure 7. The mean Cho:Cr ratio in the nodes was
2.9 = 1.6, which was 5.3 times higher (P = .0006)
than that in muscle, where the ratio was .55 = .21
(Fig. 7D). Cho Sl was not well correlated with pO,
(r = —.43) (Fig 7A and B), and there was not
a datistically significant differentiation between
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Fic 4. Data from a more aerobic node in patient 2.

A, T2-weighted image (3000/85/2) shows the location of the PRESS box.
B, Histogram of oxygen measurements. The median pO, value is 14.1 mm Hg, which is more aerobic than the median values for

patients 1 and 7.
C, Uncoupled (Cycle 1 + Cycle 2).
D, Coupled (Cycle 1—Cycle 2).

E, Error spectra acquired with MRS parameters of 2000/144/256. The Cho:Cr ratio is 3.9.

nodes with oxygenation pressures less than and
greater than 10 mm Hg (Fig 7C). Of note, two
nodes with the lowest Cho signal intensities had
median oxygenation pressures that averaged to 27.6
mm Hg. More measurements are required to deter-
mine whether this represents a distinct trend toward
reduced Cho levels at higher pressures.

Discussion

The technical difficulties associated with mea-
suring coupled and uncoupled H spin signals in
the human neck are substantial. Artifacts arising
from motion and other instabilities, particularly in
the presence of high lipid concentrations, can cor-
rupt metabolite intensity measurements. Shimming
can be difficult because of local susceptibility dif-
ferences, and localization may be compromised
when using a PRESS-based sequence, which al-
lows for the prescription of only rectangular vol-
umes of interest that, most likely, will not exactly
encompass the lesion. Despite these and other dif-
ficulties, it seems that several trends have emerged
that may provide impetus for further investigations.

The results show that there was a significant in-
crease in Cho:Cr ratios in lymph node metastases
of squamous cell carcinoma as compared with nor-
mal muscle tissue. The increased ratios resulted
more from a decline of the Cr signal than from an
elevation of Cho. Of note is that the mean Cho:Cr
value of 2.9 was 71% higher than the in vivo Cho:
Cr ratio of 1.7 reported by Mukherji et a (9) in
primary sites at similar echo and pulse repetition
times (136/2000). This may reflect that there is less
residual Cr in lymph nodes compared with the
more muscular tongue base. Differing amounts of
local necrosis could aso account for the ratio dis-
similarities. Cho levels could also be elevated in
immunostimulated nodes, thus contributing to the
ratio increase, although it should be noted that an
in vitro study of resected nodal tissue (43) showed
that Cho:Cr ratios seemed to be similar in both nor-
mal and immunostimulated nodes. Another relevant
factor in comparing the results from the study of
primary sites (9) with those of the current study of
metastasis could be the different processing algo-
rithms implemented to estimate signal intensities.
Mukherji et a (9) used a gaussian fit to estimate
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Fic 5. Representative muscle spectrum.

B, Uncoupled (Cycle 1 + Cycle 2).
C, Coupled (Cycle 1—Cycle 2).

saaasaalesanssnaslanssssnsnly

|

HEAD AND NECK CANCER 189

A, T1l-weighted image (500/8/2) from a

normal volunteer shows the location of the PRESS box enclosing muscle tissue.

D, Error spectra acquired with MRS parameters of 2000/144/256. The Cho:Cr ratio
is 0.48, and the lipid suppression factor is greater than 3000.
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Fic 6. Accumulated Lac measurements.

A, Scatter plot of Lac Sl versus pO,. The
error bars are the SD after including the
computed error signal (see Fig 2C). A lin-
ear fit yielded a Pearson’s correlation co-
efficient of —0.74.

B, Scatter plot of Lac/H,O versus pO.,.
The Pearson’s coefficient is —0.76. The
average water signal was used for nor-
malizing the three samples with darkened
boxes.

C, Box and whiskers plot for three data
groups: pO, < 10 mm Hg, pO, = 10 mm
Hg, and muscle. All three groups are sta-
tistically different (P < 0.05). The mean
values for each group are annotated (0.60,
0.28, —0.05). The boxes span the range of
Lac signal intensities from the 25th to 75th
percentiles. The bars within the boxes de-
note the median value, whereas the verti-
cal lines (“whiskers”) are reflective of the
data range.
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A, Scatter plots of Cho Sl versus pO2. 1
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peak areas, whereas, for this study, numerica in-
tegration was used. Numerical integration was
deemed more practical because the Cho peak can
comprise several moieties, including carnitine and
various Cho-containing compounds (1) and, often,
distinct Cho and Cr peaks were not identifiable
(see, for example, Fig 4C).

The data strongly suggest that Lac is present in
metastatic occurrences of human squamous cell
carcinoma. This is consistent with the fact that tu-
mor oxygenation, like tumor microcirculation, is
compromised and that median pO, values in neck
nodes have been shown to be significantly lower
than those in healthy tissue (44). The MRS data
also suggest that Lac Sl is negatively correlated
with oxygenation tension over the measured range
spanning approximately 0 to 30 mm Hg. Although
it is not clear that the relationship is, or should be,
linear because of the complicated interplay of many
factors, there is evidence that Lac SI measurements
may aid in discriminating between nodes with ox-
ygen tensions less than 10 mm Hg and those with
oxygen tensions greater than 10 mm Hg. As shown
by Wouters and Brown (45), assessing the popu-
lation of cells at these more intermediate oxygen
values, rather than determining radiobiological
hypoxic fraction, may be most important in pre-
dicting tumor response to fractionated radiotherapy.

Because of the wide range of oxygen values
measured, it may be difficult to compare our results
with those from previous MRS studies that used

animal models (30— 32), in which oxygen pressures
are lower and ranges are more restricted. That ox-
ygenation is significantly reduced in animal models
was confirmed by a recent study of 12 transplanted
tumors; it was shown that the median pO, was only
10% that of the pooled human data (46). Animal
tumors, regardless of hypoxic fraction, tended to
have median pO, vaues in the 1- to 3-mm Hg
range, whereas, for most human tumors, the median
was above 10 mm Hg. In our study, the average of
the median pO, pressures was 11.4 = 8.9 mm Hg,
which is consistent with previously published re-
sults for metastatic neck nodes (44).

A study comparing perfusion and Lac SI mea-
surements in a Cé glioma model (31) illustrates the
potential difficulties in extrapolating results from
the more hypoxic animal tumors to human cancers.
The authors measured a putative perfusion thresh-
old of 5 mL/100 g/minute above which Lac Sl re-
mained constant. This led to a low overall corre-
lation between perfusion and Lac SI. Of noteis that
perfusion values ranged from only 4.8 to 20.8 mL/
100 g/minute, all of which are lower than the mean
flow of 24 £ 19 mL/100 g/minute previously mea-
sured in human metastatic neck cancer (47). Con-
sidering that gliomas have median pO, values of
approximately 2 mm Hg (44), it was unlikely that
any samples had oxygen tensions above 10 mm Hg.
The results from this study suggest that Lac levels
in the C6 glioma model may again begin to decline
at higher oxygen tensions than were measured.
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A recent animal study (32) showed that baseline
Lac levels were similar in the EMT6 and RIF1 tu-
mors, although the RIF1 tumor has alower hypoxic
fraction as measured by single radiation doses (48).
This similarity in Lac signal intensities between
models is not inconsistent with our results because
the median oxygen tension of the RIF1 model is
still not very high and also on the order of 2 mm
Hg (46). Previous studies also have shown diffi-
culties in distinguishing between such types of tu-
mors with an Eppendorf probe (49). If it is con-
firmed that hypoxic fraction is not the best measure
to predict tumor response in humans (especialy to
fractionated radiotherapy) (45) and that an oxygen-
ation delineation of 10 mm Hg could be of impor-
tant prognostic value (15), then the relevance of
some aspects of the animal models may be called
into question. Nevertheless, it should be noted that
the results from this study do not obviate the con-
clusion from the EMT6/RIF1 studies that the abil-
ity to measure Lac S| may lead to improved means
of monitoring treatment (32). Confirmation in hu-
mans, however, is required.

An interesting aspect of an MRS study of RIF1
tumors subject to blood flow modifiers (30) was
that Cho SI diminished when perfusion was in-
creased by the administration of nicotinamide. This
was hypothesized to have resulted from a decline
in the breakdown of phosphatidylcholine to glycer-
ophosphorylcholine and ultimately to Cho and
phosphorylcholine. In our study, athough there
was alow overall negative correlation between Cho
Sl and pO,, there seemed to be a notable Cho Sl
decline at very high oxygen values (>20 mm Hg).
It will be important to investigate further and verify
these reduced Cho levels, both for helping to de-
termine oxygenation and because there is a danger
that the sensitivity of MRS in detecting head and
neck cancer could be compromised if the Cho Sl
drops too much.

To determine the relationship between metabolite
SI and tumor oxygenation better, future investiga-
tions, with possibly improved acquisition and pro-
cessing strategies, are required. Despite the high
singlet suppression factors measured in muscle and
the lack of correlation between absolute lipid and
Lac signal intensities in the nodes, it is impossible
to rule out that lipids or other signals did not cor-
rupt Lac measurements. Consequently, it may be
prudent to investigate single-shot singlet suppres-
sion techniques such as multiple quantum filters
(50), athough a penalty of a factor of two loss of
Lac S/N would be incurred. Another source of error
in the Lac measurement may have resulted from
contamination by the neighboring alanine reso-
nance (1.5 ppm), which has been detected in vitro
in extracts of head and neck cancer (9) and which
has coupling properties similar to those of Lac.
Considering that alanine will pass through the J
difference filter, the Lac SI may have been over-
estimated. Even though alanine SI may be corre-
lated with Lac Sl, because both are redox partners
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of pyruvate, it would still be useful to separate the
two signals. This may require implementing im-
proved higher-order shimming techniques and im-
aging at higher fields to achieve finer chemical-
shift resolution.

Another issue that may need to be addressed
concerns non-uniform metabolite distributions, as
have been previously observed in studies of brain
tumors (51). It is unknown to what extent head and
neck lesions are also spatially heterogeneous, not
withstanding the fact that Eppendorf measurements
suggest that oxygenation may be relatively uniform
throughout the lesion (42). In this study, patient 6,
who had a very large node, underwent imaging
twice with two concentric PRESS volumes equal
to 20.6 and 4.1 cc, respectively. Although it isim-
possible to generalize from this one case, the me-
tabolite signal intensities of the two volumes were
similar. To assess tumor heterogeneity better, fur-
ther investigations using chemical-shift imaging
techniques (52, 53) will likely be required, as will
improved phase-array coils, to enhance the S/N and
resolution. Finally, it would be useful to attempt
absolute metabolite quantification, which will man-
date measurement of both water and metabolite re-
laxation times.

An alternative approach to assessing blood flow
and oxygenation isto measure T,* changesviagra-
dient-echo MR imaging or spectroscopic imaging
of water (54, 55). Because previous studies mainly
have observed changes of signal as a result of the
administration of vasomodulators such as carbogen,
future technical advances may still be required to
enable absolute quantification. Eventually, MR im-
aging of the water signal may be combined with a
IH MRS examination to offer a more comprehen-
sive study. In particular, perfusion measurements
may be helpful in differentiating regions of active
tumor from regions of local necrosis, where Lac
also can collect. 3P MRS also may offer important
information despite its low sensitivity. Other non-
invasive MR techniques for assessing oxygenation,
such as 1%F MRS of hypoxia binding nitro imid-
azoles (56) or 19F T1 measurements of artificial
blood substitutes (57), hold promise but have not
yet been tested on humans.

The results of this study point to a potential clin-
ica role for 1H MRS for staging and monitoring
treatment of head and neck cancer. An important
goal of future investigations is to determine wheth-
er 'H MRS offers sufficient specificity to differ-
entiate between metastatic and enlarged reactive
nodes. If confirmed, then TH MRS may be used to
monitor post-treatment recurrence and intratreat-
ment response. If it is confirmed that metabolite
signal intensities can help in the assessment of ox-
ygenation status, then IH MRS may also be useful
in staging treatment.

Conclusion

Cho:Cr ratios and Lac signal intensities were in-
creased in pretreated lymph node metastases of
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squamous cell carcinoma relative to muscle tissue,
and Lac (and, to a lesser extent, Cho) signal inten-
sities were reflective of tissue oxygenation status.
These results indicate that future in vivo investi-
gations, which may require implementation of im-
proved localization techniques, are warranted and
should be geared to assessing the clinical utility of
IH MRS in helping to stage and monitor therapy.
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