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PURPOSE: To determine whether the MR-detectable white matter changes associated with high-
dose chemotherapy and bone marrow transplant in patients with advanced breast carcinoma are
accompanied by neurochemical disturbances detectable by proton MR spectroscopy. METHODS:
MR studies were obtained in 13 patients, and single-voxel proton MR spectra were acquired in vivo
in 12 of these 13 for comparison with 13 age- and sex-matched control subjects. RESULTS:
Considerable white matter change determined with MR was found in 10 of 13 patients with volume
white matter change ranging from 1 to 153 cm3 (mean, 49 cm3; SD, 50 cm3). Single-voxel spectra
successfully acquired in 12 patients revealed no significant difference in patients compared with
control subjects for the spectral ratios N-acetyl aspartate to creatine or N-acetyl aspartate to
choline at either short or long echo times (30 and 136 milliseconds). CONCLUSION: Extensive,
late-stage white matter change induced by high-dose chemotherapy is not accompanied by
measurable disturbances in the putative neuronal marker N-acetyl aspartate, suggesting that
chemotherapy-induced white matter disease is predominantly a water space and possibly an
extraneuronal process rather than a primary neuronal (axonal) disease. The MR spectroscopic
examination, accomplished at the time of the MR imaging examination, complements the MR
imaging study by increasing the specificity of the MR-based clinical evaluation.
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Advances in chemotherapy for breast and
other cancers have significantly reduced mor-
tality rates but are increasingly associated with
iatrogenic toxicities, including pulmonary (1, 2)
and neurotoxicity (3–5). After the original de-
scriptions of methotrexate leukoencephalopa-
thy in the 1970s and early 1980s (4–6), the
incidence of cancer treatment–related neuro-
toxicity seemed to decline but did not com-

Received February 3, 1995; accepted after revision May 31.
Supported in part by a research grant from General Electric Medical

Systems.
From the Department of Radiology (M.S.B., J.H.S., J.C.S., A.S.) and

the Bone Marrow Transplant Program (S.M.S., P.C., R.B.J.), University of
Colorado Health Sciences Center, Denver.

Address reprint requests to Mark S. Brown, PhD, Department of Radi-
ology, University of Colorado Health Sciences Center, 4200 E 9th Ave, Box
A034, Denver, CO 80262.

AJNR 16:2013–2020, Nov 1995 0195-6108/95/1610–2013

q American Society of Neuroradiology
201
pletely disappear. More recently, chemothera-
py-induced neurotoxicity has assumed even
greater importance as approaches such as bone
marrow rescue (bone marrow transplant) allow
treatment using otherwise supralethal doses of
chemotherapeutic agents.
The primary cerebral toxicity of high-dose

chemotherapy, with or without radiation ther-
apy, is on the white matter. Chemotherapy-in-
duced leukoencephalopathy or white matter
changes have been described most frequently
for methotrexate (7–9) and carmustine (BCNU)
(10–11), and in our experience, not uncom-
monly in patients with stage II through IV breast
cancer treated with high-dose chemotherapy
consisting of carmustine and cisplatin, cyclo-
phosphamide, and bone marrow rescue (12).
Despite the extensive T2-weighted imaging–de-
tected white matter involvement, the majority of
these white matter changes seem to be clini-
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cally silent to gross-disease neurologic exami-
nation (12). This is similar to other white matter
diseases such as multiple sclerosis (13). There
is, however, reason to believe that more-sensi-
tive neuropsychologic testing may reveal high-
dose chemotherapy–induced abnormalities of
cognition, memory, and information processing
(14), and transient neurologic events including
vision disturbances have been observed (12).
The clinical significance of these white matter

changes is not known. They may represent ef-
fects that could be an indication that limiting
neurotoxic doses of chemotherapy have been
reached or exceeded. Alternatively, white mat-
ter changes may be sensitive but relatively
unimportant signs of chemotherapy effects
on the brain that are acceptable byproducts
of life-saving therapies. Previous proton mag-
netic resonance (MR) spectroscopy studies of
other white matter diseases such as multiple
sclerosis (15–18) and adrenoleukodystrophy
(19) have demonstrated significant neuro-
chemical changes compared with normal white
matter, suggesting neuronal loss or dysfunc-
tion. The purpose of this study was to determine
whether high-dose chemotherapy–induced
white matter changes are accompanied by sim-
ilar neurochemical changes.

Materials and Methods
MR imaging studies (n 5 13) and MR spectroscopic

studies (n 5 12) were acquired in female patients (mean
age, 47.3 years; SD, 8 years) and 13 age- and sex-
matched control subjects (mean age, 42 years; SD, 10)
after informed consent was obtained. These patients with
stage II through IV breast cancer had been treated with
high-dose chemotherapy consisting of cyclophosphamide
at 1875 mg/m2 of patient total body area per day for 3
days as a 1-hour intravenous infusion, cisplatin at 55
mg/m2 per day as a continuous intravenous infusion for 72
hours, and carmustine at 600 mg/m2 as a 2-hour intrave-
nous infusion on the fourth day, followed by autologous
hematopoietic progenitor stem cell transplant. Before
high-dose chemotherapy, induction chemotherapy con-
sisted of multiple cycles of doxorubicin hydrochloride, flu-
orouracil, and methotrexate. Patients were in some cases
exposed to additional chemotherapeutic agents before en-
trance into the bone marrow transplant program, but none
of the patients had prior or subsequent cranial X-irradia-
tion.

Patients in the university bone marrow transplant pro-
gram were recruited into this MR imaging/MR spectro-
scopic study from 4 to 21 months after bone marrow
transplant (mean, 12 months) and were approached
based on the criterion of proximity to the university med-
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ical center. Five patients were known to have had white
matter changes based on prior MR studies; seven had no
prior MR studies and no known or suspected neurologic
events after high-dose chemotherapy, although one had
been noted to be depressed. An additional patient had a
prior negative MR study before induction and high-dose
chemotherapy. The MR was acquired as a baseline eval-
uation for a prospective study, which the patient subse-
quently withdrew from, and there were no known or sus-
pected clinical events at or subsequent to that MR imaging.
Clinical characteristics were confirmed through a retro-
spective chart review (Table 1).

Control subjects were volunteer healthy subjects with
no history of neurologic symptoms or known neurologic
disease.

All MR imaging and MR spectroscopic studies were
acquired on a 1.5-T Signa system (General Electric Med-
ical Systems, Waukesha, Wis), using a standard bird cage
head coil. The imaging protocol included a sagittal local-
izing image and axial T2-weighted spin-echo sequences
(2100/30,90/1 [repetition time/echo time/excitations]),
matrix size 256 3 192, section thickness 5 mm with 2-mm
gaps, and a 22-cm field of view. Total brain volumes of
white matter change were calculated in the patients based

TABLE 1: Patient characteristics, MR imaging/MR spectroscopic
timing, and volume data

Patient Classification Age, y
Time after
HDC, mo

Neurologic
Toxicity

Volume
WMC, cm3

1 N 32 9 None 98
2 P 57 17 Psychosis

(8 mo),
153

TIA (10
mo)

3 P 49 14 TIA (2
mo),

12

Vision (3
mo)

4 P 37 21 TIA (9
mo)

87

5 N 50 5 None 12
6 N 49 20 None 1
7 P 39 19 TIA (20

mo)
3

8 P 48 15 Vision (3
mo),

44

TIA (9
mo)

9 N 60 11 None 109
10* N 50 6 None 62
11 N 47 4 None 1
12 Ne 48 10 None 5
13 N 52 11 Depression

(6 mo)
51

Note.—P indicates prior positive MR imaging before recruitment;
N, no prior MR imaging; Ne, had previous negative MR before bone
marrow transplant as part of a prospective study; vision, transient
decrease in visual acuity; HDC, high-dose chemotherapy; WMC, white
matter change; and TIA, transient ischemic attack.

* No MR spectroscopic study, machine failure.
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Fig 1. MR imaging results. Representative mild (A), moderate (B), and severe (C) T2 hyperintense white matter change at the level
of the lateral ventricle in high-dose chemotherapy–treated patients (patients 5, 10, and 2, Table 1). These corresponded to white matter
change volume determinations (white matter change per brain) of 12, 62, and 153 cm3, respectively. The box in C indicates the location
of the spectroscopy voxel. Spin-echo images with 2100/30.
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on a user-interactive semiautomated bifeature space seg-
mentation procedure (20, 21). A neuroradiologist circled
the white matter changes on hard-copy film as a guide to
the image processing technician. The dual-echo T2-
weighted data set was first filtered (21), and then the
technician performed the “training function,” consisting of
ascribing pixels to one of four tissue classes (normal white
matter, gray matter, cerebrospinal fluid, and abnormal
white matter). Computerized tissue segmentation was
based on the Parzen function (22). Finally, the technician
used the connectivity function on a section-by-section ba-
sis to separate white matter change from cosegmenting
normal brain and/or extracranial tissue.

Single-voxel proton spectroscopy was performed on 2
3 2 3 2-cm voxels centered in the right (11 studies) or left
(1 study) parietal occipital white matter adjacent to the
lateral ventricle. This spectroscopy voxel was typically the
region of maximal observed white matter T2 hyperinten-
sity. Instrument failure was responsible for the loss of spec-
tra in 1 patient and the loss of the long-echo spectra in 2
patients. Two other patients were unable to tolerate the
additional time required for the long-echo acquisition. Af-
ter shimming to a line width at half height of less than 5 Hz,
two spectra of echo times (TEs) of 30 and 136 were
acquired using the stimulated-echo acquisition mode
pulse sequence (1600/30,136; mixing time, 13.7) with
256 averages preceded by three frequency-selective
(chemical shift-selective) water suppression pulses. Data
size was 2048 points with a spectral width of 2000 Hz.
Processing was performed on a Sun SPARC 2 workstation
(Sun Microsystems, Sunnyvale, Calif) using the SA/GE
processing software (General Electric Medical Systems)
and included zero filling to 4096 points, 0.5-Hz line broad-
ening, Fourier transformation, direct-current offset correc-
tion, and manual phasing. The I (real) data channel was
extracted, and the residual water peak was fit as a Lorent-
zian line using the Marquardt fitting routine and subtracted
from the spectrum. No additional baseline correction was
used. The spectral offset was adjusted so that the large
resonance attributed to N-acetyl aspartate (NAA) was
centered at approximately 2.02 ppm (23). The manual
peak-picking routine was used to select resonances at 3.6
ppm attributed to myoinositol (MI), choline-containing
compounds at 3.25 ppm (Ch), a creatine/creatine phos-
phate peak at 3.03 ppm (Cr), and NAA at 2.02 ppm. The
resulting peak heights were used to compute ratios be-
tween the various metabolites. Ratios were also deter-
mined using fitted areas. The spectra were fit with Lorent-
zian lines using the Marquardt fit algorithm using a total of
17 lines in the TE 30 spectra and 6 lines in the TE 136
spectra, and the resulting fitted areas were used to com-
pute ratios. The protocol for fitting the areas of the peaks
was arrived at after extensive investigation involving vari-
ation in the number of lines to fit, the line shape, and
whether frequency, width, and amplitude were allowed to
vary. Lorentzian line shapes were used in the fits, because
use of Gaussian line shapes consistently gave larger x2

values. Increasing the number of lines in the fits over 17 in
TE 30 and 6 in TE 136 spectra gave insignificant reduc-
tions in the x2 value and often resulted in nonphysical
results (eg, negative line widths). The ratios computed
from fitted areas nearly always resulted in larger SDs com-
pared with raw peak-picked height ratios, which in our
experience show the least operator bias (M. S. Brown et al,
unpublished data). Statistical analyses included a two-
tailed t test for detection of statistically significant differ-



Fig 2. Representative proton MR spectra at TE 30 (A and B) and 136 (C and D) in a control subject (A and C) and the patient with
severe white matter changes (patient 2, Table 1) shown in Figure 1C (B and D). Peak assignments in parts per million (ppm) are: NAA,
2.02; Cr, 3.05; Ch, 3.25; and MI, 3.6.
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ences between the mean ratios in control subjects and
patients and correlation analyses using SPSS (Chicago, Ill)
and Excel (Microsoft, Redmond, Wash).

Results

The clinical summary and white matter
change volumetric results are presented in Ta-
ble 1. Transient neurologic events had occurred
in all 5 patients with prior clinically indicated MR
evaluations, all of whom had white matter
changes. The relationship between the neuro-
logic event, principally described as a transient
ischemic attack (in four) or psychosis (in one),
and the white matter change was not straight-
forward because of multiple confounding vari-
ables (eg, clotting and metabolic status),
whereas visual symptoms (in two) were thought
to be more directly related to toxic effects on the
optic nerve. The subjects without prior post–
high-dose chemotherapy MR imaging studies
were neurologically normal through the time of
the MR imaging/MR spectroscopic evaluation,
although one had episodes of depression. White
matter T2 hyperintensities ranged from 1 to 153
cm3 (mean, 49 cm3; SD, 50 cm3). There was no
apparent correlation between volume of white
matter change and neurologic toxicity. In two
neurologically negative patients (patients 6 and
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11, Table 1), studied at 4 and 20 months after
high-dose chemotherapy, small periventricular
white matter changes (1 cm3 in both) were de-
termined by consensus to be more likely related
to normal aging than to chemotherapy. Another
patient (patient 7, Table 1) with a small volume
(3 cm3) of white matter change thought to be
chemotherapy related had a transient ischemic
attack–like event at 20 months, as well as major
pulmonary complications. The four patients
with the most severe white matter changes
(.87 cm3) could be equally divided into symp-
tomatic and asymptomatic groups.
Representative MR imaging results are shown

in Figure 1. Typical small-volume white matter
changes were scattered predominantly in the
posterior periventricular white matter, with pro-
gression to confluent white matter change both
posterior and anterior, with sparing of the cor-
pus callosum, subcortical U fibers, and gray
matter, and minimal at the most central or cor-
tical volume loss. Infratentorial findings were
confined largely to the peridentate region, as
described previously (12).
Except for the two patients judged to have no

chemotherapy-induced white matter change
(patients 6 and 11, Table 1), the extent of white
matter change within the spectroscopy voxel (in
the plane-filling factor) ranged from 37.5% to
100% for the patients completing spectroscopy.
Representative short- (30-millisecond) and long-
(136-millisecond) echo spectra from a control
subject and from the patient with severe white
matter changes shown in Figure 1C are shown
in Figure 2. The spectroscopically determined
metabolite ratios NAA/Cr, NAA/Ch, Ch/Cr, and
MI/Cr, computed from both peak heights and
fitted areas, are summarized in Table 2. Figure
3 shows the distribution of the ratios (using
peak heights) between the patients and the con-
trol subjects at 30 milliseconds (Fig 3A) and
136 milliseconds (Fig 3B). No statistically sig-
nificant differences were detected comparing
patients and control subjects for mean ratios of
the major metabolite markers in either the
short- or long-echo spectra. At TE 136 a small
increase in MI/Cr was noted to be formally sig-
nificant (P 5 .02), but because this is one of
multiple comparisons, the significance level
should probably not be taken literally. Lactate
was not detected in patients or control subjects,
and only small residual lipid peaks, thought to
be normal, were observed in TE 30 spectra in
both patients and control subjects. There was
no significant correlation between volume of
white matter change, age, or time after high-
dose chemotherapy and the major spectral
ratios.

Discussion

These results indicate that although high-
dose chemotherapy is associated with major
changes in the white matter, as indicated by MR
imaging, by these methods we are unable to
detect disturbances in NAA in relatively late
stages after high-dose chemotherapy. NAA is
generally accepted as a marker of neuronal
structure or function (24–28), and therefore the
implication of these results is that the observed
white matter change is not accompanied by
major neuronal and or axonal damage. Using
similar spectroscopic methods, significant de-
creases in NAA have been detected in other
white matter diseases, most notably in long-
standing multiple sclerosis lesions in the brain
(15–18), in which poor voxel-filling factors may
in fact underestimate changes, as well as in adre-
noleukodystrophy (19). Small decreased levels
of NAA have also been reported in both gray
TABLE 2: Proton spectroscopic metabolite ratios in patients and healthy control subjects

Echo
Time,
ms

Population n
NAA/Cr
Heights

NAA/Cr
Areas

NAA/Ch
Heights

NAA/Ch
Areas

Ch/Cr
Heights

Ch/Cr Areas
MI/Cr
Heights

MI/Cr Areas

30 Controls 13 1.50 (0.10) 1.21 (0.13) 1.58 (0.20) 1.38 (0.21) 0.96 (0.09) 0.89 (0.13) 0.68 (0.09) 0.54 (0.11)
Patients 12 1.44 (0.11) 1.30 (0.23) 1.44 (0.17) 1.39 (0.25) 1.01 (0.12) 0.95 (0.18) 0.73 (0.10) 0.61 (0.23)
Significance NS NS NS NS NS NS NS NS
(P value) .14 .23 .07 .94 .25 .33 .23 .30

136 Controls 13 1.91 (0.18) 1.99 (0.26) 1.80 (0.23) 2.05 (0.41) 1.07 (0.13) 0.99 (0.16) 0.42 (0.09) 0.63 (0.37)
Patients 8 1.79 (0.17) 1.84 (0.22) 1.72 (0.29) 1.86 (0.29) 1.06 (0.10) 1.02 (0.26) 0.50 (0.05) 0.59 (0.16)
Significance NS NS NS NS NS NS S NS
(P value) .15 .18 .51 .23 .76 .76 .02 .72

Note.—Values are means with SDs in parenthesis. P values determined using two-tailed t test with unequal variances. S indicates significant
(P , .05); NS, not significant.



Fig 3. Comparison of proton metabolite ratios from peak heights at A, TE 30 and B, TE 136. The means (horizontal line) and SDs
(vertical line) are shown, along with measurements for the individual control subjects and patients.
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and white matter regions in Alzheimer disease
(25, 28), and in cognitively impaired human
immunodeficiency virus–seropositive individu-
als (27). Although this study design may have
been insensitive to small decreases in NAA/Cr,
the sample size was such that a decrease on the
order of 20% could have been detected with a
power greater than 99% (a 5 0.05).
The significance of the small observed

changes in the MI/Cr ratio in the long-echo
spectra is not known, particularly because of
the conflicting results based on interpretation of
short-echo and long-echo area-based analyses.
The MI peak occurs in a crowded spectral re-
gion with many poorly resolved resonances and
possible baseline contributions from unsup-
pressed water. The MI peak is thought to consist
principally of MI, with small contributions from
inositol 1 phosphate and glycine (28). The role
of the MR-detected MI in the brain is not known,
although there has been speculation that inosi-
tol-containing compounds may function as id-
iogenic osmolytes in the brain (29) and/or are
related to inositol polyphosphate second-mes-
senger metabolism, among other possibilities
(28, 30). Elevated levels of MI have been de-
tected by in vivo proton MR spectroscopy in
Alzheimer disease (28) and in adrenoleukodys-
trophy (19).
These combined MR imaging/MR spectro-

scopic results suggest that high-dose chemo-
therapy–induced white matter change may not
be related to neuronal dysfunction or abnormal-
ity but rather reflects changes in the free and
bound water fraction as a result of the chemo-
therapy. The abnormalities detected by inter-
mediate- (long repetition time, short TE) and
more T2-weighted spin-echo imaging presum-
ably reflect an elevated T2 relaxation time in a
free-water fraction of white matter. Localization
of that change to the interstitial spaces and in-
terlamellar spaces (within a disrupted or dis-
persed myelin membrane), within the glial com-
partment, or possibly in the intraneuronal space
is not currently known. Correlation with his-
topathologic analysis is available in only one
autopsied case, in which the white matter
change 24 months after high-dose chemother-
apy was associated with patchy, ill-demarcated
but diffuse myelin pallor, without the necrosis,
vasculopathy, or severe astrocytosis that has
been reported in other chemotherapy treatment
case studies (11).
The relatively minor changes in the neuronal

biochemical milieu detected through MR spec-
troscopy is consistent with the relatively good
level of clinical function and relatively minor or
transient neurologic disturbances in these pa-
tients (12). Interpretation of the MR imaging
findings alone would not have led to a similar
conclusion. However, it is important to ac-
knowledge that the retrospective clinical evalu-
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ation in this study design will likely lead to an
underestimation of significant neurologic im-
pairment. We know, for example, that some
patients undergoing high-dose chemotherapy
may, in fact, show declining function, in mea-
sures of short-term memory, attention, concen-
tration, and information processing speed (A.
Futterman et al, unpublished data). Second,
these MR spectroscopic results are not relevant
to potential changes occurring during the early
stages (0 to 3 months) after treatment with
high-dose chemotherapy, when white matter
change are more likely to be evolving.
The true incidence of high-dose chemothera-

py–induced white matter change and the time
course for development of these white matter
changes is not currently known. Our estimates
from this study and our prior retrospective ex-
perience suggest that the incidence of white
matter change likely exceeds 50%, and that
these changes will occur as early as 1 to 3
months after high-dose chemotherapy. At our
university medical center alone, more than 100
patients with breast cancer are treated by this
approach per year. This and similar aggressive
approaches to treatment of advanced breast
carcinoma has resulted in decreased mortality
rates (2) and is expected to remain the method
of choice for treatment of advanced breast car-
cinoma in many centers supporting a bonemar-
row transplant program. It is expected that as
new high-dose chemotherapeutic regimens are
implemented, they may produce different neu-
rotoxicities and MR imaging/MR spectroscopic
patterns of brain abnormalities.
Several important questions remain unan-

swered, which can only be addressed by a pro-
spective longitudinal evaluation of MR imag-
ing/MR spectroscopy and neuropsychologic
changes accompanying chemotherapy-in-
duced white matter change. This study suggests
that both a morphologic and water-based assay
(MR imaging) and a biochemical evaluation by
MR spectroscopy may contribute to our under-
standing these white matter changes, the signif-
icance of these white matter changes to the
patient, and the impact of these white matter
changes on the design of future chemotherapy
approaches to treating cancer.
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