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Continuous Growth of
Mean Tumor Diameter in a
Subset of Grade II Gliomas
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Serial magnetic resonance images of 27 patients with un-
treated World Health Organization grade II oligodendro-
gliomas or mixed gliomas were reviewed retrospectively
to study the kinetics of tumor growth before anaplastic
transformation. Analysis of the mean tumor diameters
over time showed constant growth. Linear regression, us-
ing a mixed model, found an average slope of 4.1mm per
year (95% confidence interval, 3.8–4.4mm/year). Un-
treated low-grade oligodendrogliomas or mixed gliomas
grow continuously during their premalignant phase, and
their pattern of growth can be predicted within a rela-
tively narrow range. These findings could be of interest
to optimize patients management and follow-up.

Ann Neurol 2003;53:524–528

Although it is well recognized that the fate of most
low-grade gliomas is to progress to a higher grade of
malignancy,1 very little is known about their radiolog-
ical history and growth rates during the “premalignant”
phase. Do these tumors stabilize, grow irregularly, or
grow continuously according to some common law?

To define these issues better, we undertook a study
of the evolution of untreated low-grade gliomas before
anaplastic transformation.

Patients and Methods
Eligibility Criteria
Magnetic resonance images (MRIs) of consecutive unselected
patients followed up at the Salpêtrière Hospital between
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1989 and 2001 for a low-grade glioma were retrospectively
reviewed. The following inclusion criteria were required: (1)
histological proof of supratentorial hemispheric World
Health Organization (WHO) grade II glioma (astrocytoma,
oligodendroglioma, mixed glioma); (2) absence of specific
treatment of the tumor (resection, radiotherapy, or chemo-
therapy), except for stereotactic biopsy necessary for histolog-
ical diagnosis; and (3) a minimal follow-up duration of 2
years with at least three consecutive MRIs during the study
interval.

Patients left the study when specific treatment was re-
quired because of progressive symptoms or malignant trans-
formation (proved by a second biopsy or suspected when
contrast enhancement appeared on imaging).

Tumor Diameter Estimation

A recently developed mathematical model of evolution of gli-
omas,2,3 taking into account not only proliferation but also
migration/diffusion of tumor cells, predicts a linear growth
of mean tumor diameter on MRI. Because linear regression
is a simple tool for statistical analysis, the study was focused
on the mean tumor diameter, rather than on the surface or
the volume of the tumor.

For each MRI, three diameters were manually measured
(Fig 1) always by the same neurosurgeon (L.C.) who was
blind to patient and examination data and did not partici-
pate in the subsequent analysis of the data.

In the axial plane, the largest diameters in the anterior-

Fig 1. Measurement of tumors diameters. (A) Example of the evolution of the mean diameter over time in one patient; (B) corre-
sponding diameters in the axial plane, D1 and D2, on T2-weighted magnetic resonance image at diagnosis (left) and after 1,800
days (right).
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posterior axis and perpendicular transverse axis were mea-
sured on T2-weighted images.

In the sagittal plane, only a T1-weighted image was avail-
able and was used to measure the largest diameter along the
vertical axis. The mean diameter was obtained as the geo-
metric mean of the three diameters, that is the cube root of
their product.

Statistical Analysis
To estimate the average slope of the growth curve of the
mean diameter, we performed a linear regression.

However, because patients had various tumor sizes at the
time of diagnosis (lead-time bias), a different starting point
(intercept) for each patient was allowed, and a linear mixed
model was used with random intercept that can be expressed
as

Dij � � � �i � � � tij � �ij

where Dij denotes the mean diameter for Patient i at
time of observation j, � � �i is the intercept for the
ith patient, � is a fixed effect parameter representing
the slope of the diameter evolution, tij is the time of
observation j for the ith patient, and εij is the residual
term for the ith patient at the jth time.

All analyses were performed with the SAS software
(SAS Institute, Cary, NC).

Results

Clinical Data

Twenty-seven patients (12 women and 15 men) ful-
filled the eligibility criteria. The median age at onset of
symptoms was 33 years (range, 23–58 years) and 35
years at first MRI (range, 23–59 years). The primary
tumor location was frontal in 9 cases, parietal in 3
cases, insular in 10 cases, and temporoparietal in 5
cases. Tumors involved the left hemisphere in 13 pa-
tients and the right in 14 patients. At the time of ra-
diological diagnosis, 3 patients were asymptomatic, 2
patients suffered from chronic headaches, and 22 pa-
tients had seizures. Only two patients had associated
slight focal neurological deficits.

Histology
Histological diagnoses included 22 oligodendrogliomas
and 5 mixed gliomas (oligoastrocytomas) according to
the WHO classification. No astrocytomas met the in-
clusion criteria.

During the follow-up period, five patients experi-
enced anaplastic transformations (two oligodendroglio-
mas, and three mixed gliomas), and left the study at a
median time from onset of symptoms of 6 years
(range, 3.25–16.9 years). In these patients, the data
collected from diagnosis until the point of transforma-
tion were included in the analysis.

Magnetic Resonance Imaging Follow-up
Overall, 137 full MRI examinations were available.
The median number of MR studies per patient was 4
(mean, 5; range, 3–16). The median duration of radio-
logical follow-up was 4.75 years (mean, 4.55; range,
2.0–7.4 years), with a median interval between MR
examinations of 336 days (range, 30–1,800 days).

Growth Curves
The evolution of the mean diameter over time for each
patient is presented in Figure 2. Three observations can
be made. (1) The mean diameter of tumor on the first
MRI varies considerably among patients, from 2.1 to
6.7cm (mean, 4.0cm; median, 4.1cm). (2) The mean
tumor diameter of these tumors grow inexorably dur-
ing the follow-up period in a grossly linear fashion. (3)
The curves of individual patients appear grossly paral-
lel, suggesting a relative homogeneity of growth rates.

To test this last suggestion, we performed a linear
regression of diameter versus time using a mixed
model. The average slope of evolution of the mean di-
ameter over time, �, was 0.00113cm/day (� �
0.00005), corresponding to 4.1mm/year (95% CI,
3.8–4.4mm/year). To graphically account for the lead-
time bias, we plotted each patient’s tumor progression
curve against the size-adjusted time.

tij � tij � �i/�

In this way, all curves are aligned along the common
average regression line D � � � � t, and variations
from this average behavior are shown in Figure 3.

Discussion
This study indicates that untreated low-grade oligoden-
drogliomas or mixed gliomas (WHO grade II) grow

Fig 2. Evolution of the mean tumor diameters over time in
the 27 patients. Each curve starts at the first magnetic reso-
nance image (MRI) obtained at diagnosis and ends at the last
follow-up MRI (or last MRI before anaplastic transformation).
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continuously during their premalignant phase and do
so at a relatively constant, and hence predictable rate.

Our intent was to focus on the natural history of the
low-grade gliomas that may be followed up during sev-
eral years before a treatment is needed,4,5 and our results
therefore are valid only in this subset of patients before
anaplastic transformation. Even in such a favorable
group, evidence of relentless growth over time contrasts
with the clinical impression that these tumors often sta-
bilize for years before evidence of progression is identi-
fied. A probable explanation for this discrepancy is that a
minor increase of tumor diameter is very difficult to
identify by simple visual comparison of consecutive MRI
without careful measurements, although these changes
have important consequences in terms of tumor volume.
For example, an increase of mean tumor diameter from
3 cm to 3.4 or 3.8 cm will lead to an increase of tumor
volume of 45 and 100%, respectively.

Our data also indicate that the growth of the mean
tumor diameter is apparently linear. According to the
model developed by Swanson and colleagues,6 glioma
growth does not obey an exponential evolution because
many newly produced tumor cells diffuse into the sur-
rounding parenchyma and their density does not reach
the minimal threshold required to appear on MRI. In
this situation, measuring the volumetric doubling time
is not appropriate to describe the growth curves; rather,
one can expect a linear evolution of mean diameter
over time. Our results are compatible with this model.

Interestingly, despite the limitations of manual mea-
surements and the large variation of mean tumor di-
ameters at diagnosis, ranging from 2.1 to 7 cm, the
curves of individual patients appear grossly parallel sug-
gesting a common law of tumor growth. Indeed, a lin-
ear regression of diameter versus time using a mixed
model shows that the average slope of the evolution of

mean diameter over time, �, is 0.00113cm/day (� �
0.00005), corresponding to an increase of 4.1mm per
year with a narrow CI (95% CI, 3.8–4.4mm/year).

Note again that this mean line of growth was ob-
tained in untreated patients followed up for a minimal
period of 2 years, excluding rapidly progressing patients
who required earlier treatment, and ceased to be valid in
case of anaplastic transformation. Our results are never-
theless relevant for a substantial group of low-grade oli-
godendrogliomas or mixed gliomas and indicates that
the dynamic properties of these tumors are most often
comparable between various patients. The underlying bi-
ological processes that determine tumor growth therefore
should be similar, although still unknown.

Modeling radiological growth could be useful for the
clinician. First, it would help to predict future MRI
changes. Second, the observation that these tumors do
not stabilize and that an important increase of tumor
volume often is required to be easily detected in the
clinical setting could support the authors who propose
an early surgical approach when safe macroscopically
complete resection is possible at the onset.7–9 Indeed,
the “wait and see” policy10–12 often is based on the
assumption that the tumor size may remain unchanged
for prolonged periods. Third, patients whose evolution
clearly differ from the mean line could be identified
early, eventually leading to a “dynamic classification”
of low-grade gliomas. Treatment guidelines then could
be adapted accordingly. Finally, this model could be
used to study the role of slowly acting or cytostatic
treatment whose main effect would be to shift down
the slopes of the growth curves.

We thank P. Broët for helpful discussions about statistical analysis
and J. Hildebrand for his critical review of the manuscript.
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Diminished Striatal
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Striatal dysfunction is thought to underlie many dysto-
nias. We used [123I]iodobenzovesamicol single-photon
emission computed tomography imaging to determine
the density of cholinergic terminals in the striatum and
other brain regions in 13 subjects with idiopathic cervical
dystonia. Striatal [131I]iodobenzovesamicol binding was
reduced. These results support a role for striatal dysfunc-
tion in idiopathic dystonias and suggest diminished stri-
atal cholinergic interneuron density in cervical dystonia.

Ann Neurol 2003;53:528–532

Dystonias are a class of involuntary movements char-
acterized by sustained postures of affected muscle
groups, often with a torsional or rotatory component.
Dystonia may be secondary to an identifiable patholog-
ical process involving the nervous system or idiopathic.
The pathophysiology of dystonia is unknown. Patho-
logical examination of primary dystonias has been un-
revealing.1 In secondary dystonias due to focal brain
lesions, the putamen is the most common site of brain
injury, though thalamic and brainstem lesions are asso-
ciated also with dystonia.2–5 The loci responsible for
some forms of inherited generalized dystonia are
known. Dominantly inherited dopa-responsive dysto-
nia (DRD; DYT5; Segawa’s syndrome) is caused by
mutations in GTP cyclohydrolase I, the rate limiting
enzyme in synthesis of tetrahydrobiopterin, a necessary
cofactor for tyrosine hydroxylase activity.6 Recessive
DRD is associated with mutations in tyrosine hydrox-
ylase itself.6 The more common childhood or
adolescent-onset idiopathic torsion dystonia (ITD;
DYT1), a dominantly inherited disorder with incom-
plete penetrance, is caused by mutations in the torsinA
gene, a probable ATPase chaperone protein, which is
expressed at high levels in substantia nigra dopaminer-
gic neurons.6 The association of putamenal injury with
secondary dystonia and the existence of dopamine syn-
thesis abnormalities in DRD indicate that abnormali-
ties of basal ganglia function underlie some forms of
dystonia and lead to the suggestion that most forms of
dystonia result from basal ganglia dysfunction. Per-
lmutter’s group published imaging data consistent with
putamenal abnormalities in idiopathic dystonia.7,8

Some evidence suggests that dystonia results from
abnormal sensorimotor coordination at the level of the
neocortex as a downstream effect of striatal dysfunction
(reviewed in Tamburin and colleagues).1,9 Some func-
tional imaging evidence indicates abnormal sensorimo-
tor processing in dystonias.10,11 Striatal cholinergic in-
terneurons are suggested to mediate some forms of
sensorimotor integration, raising the possibility that
striatal cholinergic interneuron abnormalities could un-
derlie dystonia.12 We evaluated this possibility with
[123I]iodobenzovesamicol (IBVM) single-photon emis-
sion computed tomography (SPECT) imaging, a
method that gives an estimate of the density of cholin-
ergic nerve terminals.

Subjects and Methods
Subjects
Thirteen subjects with idiopathic cervical dystonia were re-
cruited from the Botulinum Toxin Clinic at the University
of Michigan. The mean age was 53 years (range, 41–71
years). There were 10 female subjects and 3 male subjects.
The mean duration of cervical dystonia was 7.3 years (range,
1–21 years). Two subjects had associated blepharospasm and
one had associated oromandibular dystonia. Two subjects
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