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Molecular anatomic pathology represents the blend of traditional morphological methods and the multigene
approach to determine cancer-related gene alterations for diagnostic and prognostic purposes. Microdissec-
tion genotyping was utilized to characterize 197 gliomas with targeted microdissection of 2–7 areas spanning
the spectrum of histologic types and grades. The methodology described herein is complementary to the
existing realities of pathology practice. The technique utilizes paraffin-embedded fixative-treated tissue of small
sample size after the primary morphological examination by the pathologist. Molecular information derived
from microdissection genotyping in combination with the traditional histological information, results in an
enhanced understanding of glioma formation and biological progression leading to improvements in diagnosis
and prediction of prognosis. In all, 100% or 32 of 32 cases with at least partial treatment response was observed
in neoplasms possessing the 1p or 1p/19q loss. The 19q loss alone without coexisting 1p showed no
improvement in treatment response. Gliomas lacking 1p loss with only allelic loss involving 3p, 5q, 9p, 10q and
17p showed unfavorable outcome of only 35%, or six of 17 cases with treatment response. In addition, the
determination of fractional allelic loss (favorable/unfavorable), was a very good independent predictor of
biological behavior. These findings emphasize the importance of determining the cumulative pattern of
mutational damage on 16 distinct sites or more, especially in the presence of 1p loss which in isolation or in
combination with 19q is a favorable prognostic factor for therapeutic response.
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Molecular anatomic pathology represents the blend
of traditional histopathological methods and the
novel multigene approach, to determine cancer-
related gene alterations for diagnostic and prognos-
tic purposes. Microdissection genotyping is a
system of microscopic tissue sampling coupled
with mutational analysis for allelic imbalance. This
technique measures the extent of molecular damage
at multiple morphologically distinct sites while
operating within the fundamental constraints of

any modern surgical pathology laboratory. The
method optimally utilizes residual formalin fixa-
tive-treated tissue of small sample size after the
primary examination by the pathologist. The muta-
tional profiling of the glioma provides the patho-
logist and clinician with a genotypic correlate of
observed histopathology. Determination of the
extent of glioma-associated mutational change pro-
vides valuable information on the stage of tumor
progression as well as treatment responsiveness.

Central nervous system gliomas encompass a
diverse collection of neoplastic entities spanning a
spectrum of biological behavior from indolent forms
to highly aggressive tumors.1–3 These defined sub-
types of glioma are recognized by most observers
when present in pure form and tend to be treated in
a uniform manner with predictable outcome. The
World Health Organization has attempted to
revise the classification of gliomas based upon
well-known microscopic characteristics and some
known genotypical features.1,3 The challenges in
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glioma classification and prognostication are in
many ways no different from that encountered in
organizing diverse subtypes of other forms of human
cancer. Histopathologic evaluation has been thought
by some as being somewhat subjective and does not
take into account some of the unique molecular
attributes that determine biological behavior and
treatment responsiveness in individual glioma
patients.4,5 This is not to say that microscopic
cellular examination is without merit. The integra-
tion of morphologic features and molecular attri-
butes offers the potential for a significant
improvement in glioma diagnosis, prognostication,
classification and treatment.

To address these issues and to improve glioma
classification, recent efforts have been directed to
supplementing histopathologic diagnosis with mo-
lecular characterization of mutational damage.5–12 In
general these approaches fall into two broad cate-
gories; (1) those focused on defining one or a small
number of specific glioma-associated gene altera-
tions5,6 and (2) those having genome wide capabil-
ities providing information on the status of vast
numbers of human genes at one time.7–9 The latter,
which included RNA expression microarrays,11,12

comparative genomic hybridization13,14 and proteo-
mic technology,15,16 have attracted much interest
given the comprehensive scope of molecular char-
acterization which can serve both as a tool for gene
discovery as well as a potential means for tissue
diagnosis.

Specific individual gene alterations have been
demonstrated to be critical in the development and
progression of gliomas. No single gene mutation,
however, can fully account for glial tumorigenesis or
be used by itself for comprehensive glioma diag-
nosis or prognostication in combination with micro-
scopic characterization. Inasmuch as multiple
specific gene targets appear to be involved in glioma
formation and progression, techniques that focus on
one or a small number of gene targets inevitably
prove insufficient to meet the needs for comprehen-
sive tumor characterization.17–20

Genome- or proteome-wide techniques for glioma
characterization, while powerful in scope, requires
relatively large amounts of fresh tissue for effective
performance.13,15 This often proves incompatible
with existing pathology practice that requires all
available tissue in a given case to be initially subject
to optimal chemical fixation so that careful and
thorough microscopic examination can be per-
formed. Since histopathologic evaluation requires
only several 4 mm thick microscopic sections, resi-
dual tissue is often present; however, it is chemi-
cally fixed in a manner that precludes many
molecular biologic techniques. Moreover, the quan-
tity of diagnostic tissue in neuropathology is often
very small given the highly functional nature of
brain tissue. Finally, even in that minority of
situations when abundant tumor tissue has been
removed, the intrinsic heterogeneity in neoplastic

progression may be such that sampling from multi-
ple regions is necessary for relevant correlative
molecular analysis. To be most effective, molecular
analysis must be broad in scope yet effective on
minute fixed tissue specimens so that it may
augment traditional histopathology in a manner that
enables close correlation between molecular find-
ings and cellular characteristics.21,22

With these operational considerations, we have
pursued microdissection-based genotyping as a
diagnostic approach for use in human gliomas23–25

as well as many other forms of cancer.21,25–30 The
approach involves three sequential steps; tissue
microdissection, PCR amplification of a broad array
of genomic targets in search of allelic imbalance,
and DNA quantization by capillary electrophoresis.
Automated equipment can be readily configured to
accurately sample critical sites within a given
neoplasm, generate adequate amounts of gene-
specific DNA through robust PCR and detect muta-
tional damage of various types with a high degree of
precision. Given the recent progress made in under-
standing the molecular pathogenesis of glioma
development, progression and treatment responsive-
ness, this specific form of human cancer is very
suitable for a comprehensive integrated pathology/
molecular diagnostic approach designed specifically
for clinical application at this time.

Tissue microdissection methods have progressed
greatly over the past 5 years assisted by the
availability of equipment-assisted and manual ap-
proaches easily adapted for use with histologic and
cytologic material.31–34 High throughput systems are
now also available for nucleic acid amplification,
amplicon size fractionation and DNA quantization
that are precise, reliable and relatively inexpensive
to employ.35–37

Over the past decade, the relationship between
oligodendroglial growth pattern, 1p/19q genomic
deletion and heightened treatment responsiveness
to certain forms of combination chemotherapy has
been intensively studied, with many important
diagnostic and therapeutic implications forthcom-
ing.38–41 Empirically, gliomas composed of neoplas-
tic oligodendrocytes often demonstrate dramatic
response to radiation therapy and/or chemotherapy.
Moreover, glioma subsets manifesting 1p/19q allelic
loss appear to account for the majority of anaplastic
glioma patients with long disease free and overall
survival.38–41 A similar tendency for treatment
responsiveness has been appreciated in mixed
gliomas composed of cells that in part display
oligodendroglial growth patterns.39,40 This led to a
greater awareness among neuropathologists for
histologic recognition of oligodendroglial differen-
tiation as part of the routine microscopic evaluation
of glial neoplasms.

Cytogenetic studies have demonstrated the fre-
quent occurrence of 1p and/or 19q in pure oligoden-
drogliomas or mixed oligodendroglial/astrocytic
neoplasms.41–43 Working from a cytogenetic perspec-
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tive, studies have shown the existence of a close
relationship between 1p/19q genomic loss, oligo-
dendroglial differentiation and increased sensitivity
to PCV (procarbazine, CCNU, vinblastine) chemo-
therapy.44,45 The molecular basis for this relation-
ship is unclear at this time and is being intensively
investigated.46,47 The specific gene or genes situated
on 1p and 19q responsible for the treatment-
responsive phenotype has not yet been defined.
Determination of the 1p/19q genomic status has
become a useful molecular parameter in planning
treatment for glioma chemotherapy by maximizing
tumor cell killing while minimizing undesirable
toxicity to non-neoplastic brain tissue.

Tumor progression is closely associated with
temporal accumulation of mutational damage,
which in turn correlates well with higher degrees of
cellular anaplasia and increased biological aggres-
siveness.48,49 This has been demonstrated to be true
in glial tumorigenesis, where accumulation of tumor
suppressor gene loss correlates closely with ana-
plastic transformation and shorter disease-free inter-
val and patient survival.50 In particular, point
mutation and gene loss affecting CDKN2A (9p23),
PTEN (10q23) and TP53 (17p13) are more frequently
encountered in gliomas of higher grade.51–53 Experi-
mental and clinical evidence exists for the presence
of multiple pathways towards high-grade glioma
formation.54 The first pathway, seen more commonly
in young patients involves mutations of TP53
relatively early in glioma formation in the setting of
well-differentiated (low-grade) astrocytoma. Progres-
sive accumulation of tumor suppressor gene loss
over many years is thought to result in formation of
anaplastic astrocytoma and glioblastoma multi-
forme. The second pathway is one of de novo
glioblastoma multiforme formation associated with
amplification of the epidermal growth factor recep-
tor gene as well as other oncogene and tumor
suppressor gene alterations.55 In either situation,
the extent of accumulated mutational damage is
closely linked to the degree of glioma anaplasia and
biological aggressiveness.

Materials and methods

Tissue blocks and histologic slides from 197 glioma
patients were gathered from the pathology archives
of the University of Pittsburgh Medical Center
spanning the period from 2000 to 2003. Histologic
slides were reviewed by a neuropathologist who
arranged for selected sites within representative
blocks to be recut for mutational analysis. The
diagnosis of glial neoplasia was based on estab-
lished histologic criteria.2,4 Gliomas were classified
according to the World Health Organization.2,4 Only
residual fixed tissue remaining after complete
histopathologic examination and immunohisto-
chemical studies was used for molecular studies.
All work was conducted with the prior approval of

the institutional ethic review board. A summary of
diagnostic entities included in this study is shown
in Table 1.

Four serial 4 mm thick unstained histologic sec-
tions were prepared from each formalin-fixed,
paraffin-embedded tissue block. Using the original
hematoxylin–eosin-stained section as a guide, tissue
samples were microdissected from each unstained
slide under stereomicroscopic observation (Olym-
pus SZ-40 stereomicroscope, Melville, NY, USA)
(Figures 1 and 2).21 Microdissected samples in-
cluded neoplastic and non-neoplastic neural tissue
when such material was available on the same slide
or on a different slide from the same case. Non-
neoplastic tissue serves as a genotypical control and
careful selection is vital. If studies are requested
prospectively the patient’s blood or a swab of the
buccal mucosa can serve as non-neoplastic tissue,
and when available previous benign biopsies or
surgical material (gallbladder, appendix, skin or
hernial material) can also be utilized.

Aliquots of each microdissected sample were PCR
amplified as previously described.21,31 Each sample
was aliquoted into 12 separate PCR reactions for
individual polymorphic microsatellites situated at
five genomic regions in proximity to known tumor
suppressor genes or genomic loci known or highly
suspected to undergo deletional damage in gliomas.
Included were microsatellite markers targeting 1p
and 19q. In a subset of cases (n¼ 93) the analysis was
extended to 16 microsatellite markers targeting 3p
and 5q as well. The specific markers used with
corresponding cytogenetic localization and GenBank
accession information were 1p34:MYCL[M19720],
1p36:D1S407[L18040], 1p36:D1S1193 [L30480],
1p22:D1S1172, 3p25:D3S2303[L17972], 3p26:D3S1539
[L16393], 5q23:D5S592[L16423], 5q23:D5S615
[L18737], 9p21:D9S251[L18726], 9p23:D9S254

Table 1 Microdissection genotyping of gliomas from 2000 to
2003

Glial neoplasms, 2000–2003 197 WHO grade

Low-grade gliomas 93
Oligodendroglioma 39 II
Pilocytic astrocytoma 23 I
Diffuse astrocytoma 15 II
Oligoastrocytoma 9 II
Pleomorphic xanthoastrocytoma 3 II
Subependymal giant cell astrocytoma 2 I
Ependymoma 2 II

High-grade gliomas 96
Glioblastoma multiforme 34 IV
Anaplastic astrocytoma 29 III
Anaplastic oligodendroglioma 19 III
Anaplastic oligoastrocytoma 11 III
Anaplastic ependymoma 3 III

Gliomas from 2000 to 2003. Eight cases were not classifiable by WHO
criteria. Microdissection genotyping performed on 11–16 loss of
heterozygosity markers including 1p, 9p, 10q, 17p, 19q.
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[L18050], 10q23:D10S520[L16357], 10q23:D10S1173
[L30341], 17p13:D17S974[G07961], 17p13:D17S1289
[G09615], 19q:D19S400[L16430], 19q:D19S559
[L30499].

PCR amplification was designed to generate an
amplicon less than 200 base pairs long using
synthetic oligonucleotide primers flanking each
microsatellite. Oligonucleotide primers were cre-
ated with 50 fluorescent moieties (FAM, HEX, NED)
suitable for fragment analysis. The PCR products
were analyzed by capillary electrophoresis accord-
ing to the manufacturer’s instructions (ABI 3100,
Applied Biosystems). Allele peak heights and
lengths were used to define the presence or absence
of allelic imbalance for a given sample.

Specific criteria was used to define allelic loss.
Non-neoplastic microdissected tissue samples were

first evaluated for informative status with respect to
individual alleles. When a particular microsatellite
marker in a normal tissue sample manifested only a
single peak, the tumor was designated as noninfor-
mative for that marker. For informative subjects with
respect to a specific marker, alleles were assessed as
being in balance when the ratio of the individual
allele peaks fell within the range of 0.66–1.50.
Values beyond this range were classified as being
allelic imbalance within two categories. Low-level
allelic imbalance was said to exist when the
microsatellite allelic peak height ratios fell into the
range 0.50–0.66 or 1.50–2.00. High-level allelic
imbalance was present when the allele ratios fell
below 0.50 or above 2.00.

In selected instances when no area of non-
neoplastic tissue was identified in the sections,

Figure 1 Manual microdissection of glioma using stereomicroscopic observation, tissue representing non-neoplastic brain tissue and
glioma from several sites in sampled using 4 mm thick unstained histologic sections. Staining of postmicrodissected slides can be used to
assess accuracy of microdissection.

Figure 2 Clonal progression scheme illustrating tumor areas 1–4.
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non-neoplastic DNA was sought either from alter-
native archival fixed tissue specimens from the
same tumor or, if available, from peripheral blood
leukocytes. In a small number of cases, there was no
source of non-neoplastic DNA. In these cases, allelic
imbalance could still be identified by means of
sampling brain tissue that contained a significant
admixture of non-neoplastic cellular elements
apparent on histologic examination. In the majority
of cases, this approach provided sufficient content
of polymorphic alleles, albeit imbalanced, to allow
accurate determination of informativeness. In the
few instances when even these criteria could not be
met, microsatellites manifesting as single peaks by
capillary electrophoresis were designated as being
noninformative to avoid false-positive designation
of allelic loss.

If allelic imbalance was demonstrated based on
polymorphic allele ratios as described above, the
microdissected sample was designed as ‘LOH’
(positive loss of heterozygosity) for the particular
microsatellite marker (Table 2). In addition, the
deleted allele was included in the designation as
either ‘S’ or ‘L’ depending upon whether the shorter
or the longer allele was diminished in content or
absent (Table 2). This was important as the identi-
fication of the same deleted allele in different
microdissection targets supports the existence of
the same deletion in all affected target sites of the
glioma. In contradistinction, separate mutations of
the same genomic region in different topographic
tissue samples are identified when deleted alleles
were discordant.

The qualitative and quantitative aspects of
glioma allelic loss were correlated with the clinical
impression of treatment response as determined
by imaging studies. Three patterns of treatment
response were recognized consisting of no response,
partial response or complete response. Data were
analyzed using Fisher’s exact probability test. P-
values of less than 0.05 were considered to be
significant.

Highly polymorphic microsatellite markers were
used to evaluate the status of each genomic region
with respect to allelic imbalance. Four markers were
employed for determination of 1p loss while pairs of
markers were used for the remaining genomic sites
consisting of 3p26, 5q25, 9p21, 10q23, 17p13 and
19q. Up to a total of 16 markers were used to assess
six genomic regions. The use of multiple micro-
satellite markers for each genomic region increased
the rate of informativeness. The extent of accumu-
lated mutational damage was measured by deter-
mining the fractional allelic loss on each case.
Fractional allelic loss consisted of the ratio of
microsatellite markers showing allelic loss divided
by the total number of informative markers. Given
the potentially favorable attribute of 1p/19q loss
with respect to treatment responsiveness in gliomas,
separate fractional allelic loss were calculated for
1p/19q markers only (Fractional Allelic Lossfavorable)

and the remaining markers (Fractional Allelic
Lossunfavorable). Therefore, the overall analysis in-
volved a quantitative assessment of accumulated
allelic loss damage as well as a qualitative summary
of profile of accumulated mutational changes. When
more than one site was sampled in a given tumor,
the opportunity existed to evaluate intratumoral
heterogeneity in mutational injury (Table 2). Addi-
tionally by analyzing all these sites, it became
possible to construct a temporal profile of mutation
accumulation based on a single microdissection
genotyping analysis wherein multiple sites are
sampled and analyzed (Figure 2).

Results

Microdissection-based mutational analysis required
very small amounts of template DNA for effective
PCR amplification of 16 microsatellite markers.
Microdissection was successfully performed even
on stereotactic and open biopsies of the brain and
spinal cord. During the study period, microdissec-
tion-based analysis was unsuccessful on only six
cases (3% failure rate). Minimal sample size only
accounted for two analytical failures. Three cases
could be attributed to use of alternative chemical
fixation which included Bouin’s and Zenker’s
fixatives, both known to inhibit the effectiveness of
PCR amplification by excessive chemical modifica-
tion of DNA. In one case, the exact cause for
technical failure remained unclear.

Over a 42-month interval, 93 (grades 1 and 2)
astrocytomas were encountered (Table 3). In keeping
with the better differentiated nature of these tumors,
most cases manifest no allelic loss for the markers
used in this study. In a minority of cases, up to four
allelic loss alterations could be seen in this group. A
case which was initially thought to be an astro-
cytoma with focal atypia is shown in (Figure 3) and
the molecular data is summarized in (Table 4). The
finding of a high fractional allelic loss for this case
led to a microscopic review of the case. There was
evidence of focal cellular atypia, which allowed
for the WHO grade 2 based on morphology and
immunohistochemistry suggesting that the histo-
logic diagnosis may have undergraded the speci-
men’s true biological behavior.

The group with mixed growth patterns, that is,
anaplastic oligoastrocytoma (Table 2) and anaplastic
astrocytoma demonstrated a high rate of 1p/19q loss
or 1p loss alone. The association between the
presence of 1p/19q loss and oligodendroglial differ-
entiation is already well established. While 33/39
(85%) of oligodendroglial tumors in our series had
acquired 1p/19q loss, 6/39 (15%) of cases with
otherwise classic oligodendroglial cellular morphol-
ogy lacked this alteration. In all, 100% or 32 of 32
cases with at least partial treatment response was
observed in neoplasms possessing the 1p or 1p/19q
loss (Table 6). Two additional noteworthy aspects
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Table 2 Microdissection genotyping result of anaplastic oligoastrocytoma (Figure 2)

1p
D1S
407

1p 
MYCL
5NT

1p 
D1S 
1193

1p
D1S
1172

3p26
D3S
1503

3p26
D3S

2303 

5q23
D5S
592

5q23
D5S
615

9p21
D9S
254 

9p21
D9S
251 

10q23
D10S
520 

10q23
D10S
1173 

17p13
D17
S974

17p13
D17S
1289

17p13
 D17S
1303 

TP53
I1

19q
D19

S559 

Non-
neoplastic
brain tissue

I I NI I NI I I NI I I I I NI I NI I I NI

High-grade
glioma
area 1

LOH
S 

LOH
S 

NI LOH
L 

NI NO 
LOH

LOH
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NI NO 
LOH

NO
LOH

NO
LOH

NO
LOH

NI LOH
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L 
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S 
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glioma
area 2
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S 
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S 

NI LOH
L 

NI NO 
LOH
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L 
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S 
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L 
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S 
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High-grade
glioma
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S 
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S 

NI LOH
L 

NI NO 
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L 

NI NO 
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LOH
S 

NO
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NO
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S 
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L 
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S 
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High-grade
glioma
area 4

LOH
S 

LOH
S 

NI LOH
L 

NI NO 
LOH

LOH
L 

NI NO 
LOH

NO
LOH

NO
LOH

NO
LOH

NI LOH
S 

NI LOH
L 

LOH
S 

NI

19q
D19

S400 

I¼ informative status, NI¼noninformative, NO LOH¼no loss of heterozygosity, LOH¼presence of loss of heterozygosity, S¼ shorter polymorphic allele was deleted in part or all of the
microdissected cells, L-longer polymorphic allele was deleted in part or all of the microdissected cells.
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were seen in this group. First, well-differentiated
oligodendrogliomas (grade II oligodendroglioma)
rarely showed evidence of additional allelic loss
involving 3p26, 5q25, 9p21, 10q23 or 17p13 (Table 3).
Second, 1p/19q loss, when present, invariably was
found throughout the tumor in all microdissected
sample sites. This finding suggests that 1p/19q loss
occurred early in oligodendroglial tumorigenesis as
reflected by its widespread presence over the full
extent of the tumor. Despite the lack of overt
microscopic evidence of oligodendroglial differen-
tiation, a significant proportion of astrocytomas,
both low and high grade, manifested 1p/19q loss.
Review of these cases confirmed the absence of the
typical morphological oligodendroglial growth pat-
tern which may be an issue of sampling.

Of 93, 17 (18%) tumors classified histologically as
low-grade gliomas (grade II) manifested acquisition
of allelic loss involving 3p26, 5q25, 9p21, 10q23 or
17p13, generally regarded as aggressive in nature
and associated with anaplastic transformation

(Table 3). Microdissection-based genotyping was
able to define two subsets, those with low-grade
astrocytoma characterized by absence of 3p26, 5q25,
9p21, 10q23 or 17p13 allelic loss and those with
allelic loss involving these markers. The latter group
may be better classified either as anaplastic glioma
or in a separate subset situated between true low-
grade and high-grade astrocytoma.

High-grade gliomas displayed significantly higher
fractional allelic loss which could be attributed to
accumulation of allelic loss mutations involving
3p,5q,9p,10q and 17p genomic regions (Tables 4
and 5) and treatment responsiveness was related to
1p/19q (Table 6).

Similar findings were present in the anaplastic
group of gliomas and in glioblastoma multiforme.
While the 17/19, 90% of anaplastic oligodendroglio-
mas and 2/3, 66% anaplastic ependymoma mani-
fested 1p/19q loss, 24/29, 82% of anaplastic
astrocytomas (Table 7) and 7/34, 20% glioblastoma
multiforme tumor (Table 8) also possessed this
alteration albeit in a focal pattern of loss and in
only few areas of the tumor. Moreover, in contrast to
the 1p/19q loss which almost invariably was present
in all microdissected samples of each individual
glioma, allelic loss in low-grade cases involving
9p,10q and 17p was found only in 17/93, 18% (Table
3) and not in all of the separate microdissection
targets obtained in each case. Whereas 1p/19q loss
was always uniform in distribution, 3p, 5q, 9p, 10q
and 17p tended to be focal. Furthermore, high-grade
gliomas with 1p/19q loss occasionally demonstrated
multiple foci of independent mutations. The pre-
dictive value of single and grouped patterns of
allelic loss was examined in a subset of 49 patients
with high-grade glioma using radiological clinical
outcomes (Tables 6–8). In 49 patients, with a
minimum of 6 months follow-up who were available

Table 3 Fractional allelic loss of 9p, 10q or 17p in low-grade
gliomas

Low-grade gliomas 93 No
loss

Allelic
lossunfavorable

% Mut

Oligodendroglioma 39 35 4 10.2
Pilocytic astrocytoma 23 21 2 8.6
Diffuse astrocytoma 15 6 9 60.0
Oligoastrocytoma 9 7 2 22.2
Pleomorphic Xanthoastrocytoma 3 3 0 0
Subependymal giant cell glioma 2 2 0 0
Ependymoma 2 2 0 0

No loss¼no 9p, 10q and/or 17p allelic loss.
Allelic lossunfavorable¼ loss of 9p,10q and/or 17p loss.
% Mut¼percentage of mutation is derived by dividing allelic loss by
total number of cases.

Figure 3 (a)–(e) Microscopic review of a high fractional allelic loss case diagnosed as an astrocytoma with focal (see arrows) cellular
atypia (WHO grade 2), (� 20,�40,�100,� 200,�400 hematoxylin–eosin stain).

Glioma mutational profiling
D Mohan et al

1352

Modern Pathology (2004) 17, 1346–1358



for assessment of tumor response to initial therapy.
This response was categorized as being either no
response, partial response or complete response
based on serial magnetic resonance imaging studies.
A partial response was required to show at least
25% reduction in size of the pretreatment glioma on
stable or declining doses of corticosteroids, and
complete response was defined as the disappear-
ance of all contrast enhancing tissue for gliomas and
resolution of abnormalities on FLAIR sequences for
low-grade gliomas.

For all classes of glioma, a significantly higher rate
of treatment response was seen in those neoplasms
possessing 1p or 1p/19q loss. 19q loss alone without
coexisting 1p loss did not discriminate between
those patients having a response and those lacking a
therapeutic response. In those patients with gliomas
lacking 1p loss, there was a quantitative relationship
between treatment response and degree of accumu-
lation of allelic loss alterations involving 3p, 5q, 9p,
10q and 17p. Of particular importance was the
finding that 1p loss was predictive of favorable
outcome notwithstanding the presence of coexisting
mutations involving 3p, 5q, 9p, 10q and 17p.

Finally but most importantly, the topographic
pattern of acquired mutational alteration suggestsT
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Table 5 Fractional allelic loss of gliomas

Cases Avg FAL s.d. P-value

Low-grade gliomas 93
Oligodendroglioma 39 0.32 0.16 0.001
Pilocytic astrocytoma 23 0.11 0.03 0.001
Diffuse astrocytoma 15 0.23 0.21 0.001
Oligoastrocytoma 9 0.18 0.22 0.001
Pleomorphic Xanthoastrocytoma 3 0 — NS
Subependymal giant cell glioma 2 0 — NS
Ependymoma 2 0 — NS

High-grade gliomas 96
Glioblastoma multiforme 34 0.58 0.27 0.001
Anaplastic astrocytoma 29 0.39 0.22 0.001
Anaplastic oligodendroglioma 19 0.68 0.32 0.001
Anaplastic oligoastrocytoma 11 0.42 0.23 0.001
Anaplastic ependymoma 3 0.28 0.16 NS

Reactive gliosis 15 0 — 0.001

The FAL of reactive glial proliferation vs neoplastic gliomas are
shown.
Avg FAL¼ average fractional allelic loss, s.d.¼ standard deviation.

Table 6 High-grade glioma response to treatment

High-grade
gliomas N¼49

1p present 1p loss 19q present 19q loss

No response 11 0 4 5
Partial response 4 13 8 9
Major response 2 19 7 14

Value of 1p/19q allelic loss to predict therapeutic responsiveness PCV
(procarbazine, CCNU, vinblastine) and other approaches comparing
no response partial response and major response.
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that mutations follow two distinct clonal pathways:
(1) telomeric 1p/19q loss which appears to take
place very early in glioma tumorigenesis enabling it
to be ubiquitous or (2) circumscribed 1p/19q loss
acquired later in progression tends to be focal. In
contrast, 3p, 5q, 9p, 10q and 17p loss tends to
accumulate later in glioma progression causing
it to be focal and circumscribed in distribution.
(Figure 4).

Discussion

The platform offering the widest clinical appli-
cability in modern pathology practice is one that
fully recognizes the importance of the tissue hetero-
geneity at the cellular level and takes these fea-
tures carefully into account as a basis for integrated
molecular analysis.

Cytogenetic studies have demonstrated the fre-
quent loss of 1p and/or 19q in pure oligodendro-
gliomas or mixed oligodendroglial/astrocytic
neoplasms.42,43 Working from a cytogenetic perspec-
tive, studies have shown the existence of a close
relationship between 1p/19q genomic loss, oligo-

dendroglial differentiation and increased sensitivity
to PCV (procarbazine, CCNU, vinblastine) chemo-
therapy.44,45 The molecular basis for this relation-
ship is unclear at this time and is being intensively
investigated.46,47 The specific gene or genes situated
on 1p and 19q responsible for the treatment
responsive phenotype has not yet been defined.

Similar to other human cancers, gliomas are
intrinsically heterogeneous both with respect to
cellular appearance as appreciated by histologic
examination and by timing and pattern of acquired
profile of mutational damage.49,50 The traditional
approach to characterization of gliomas, for tissue
diagnosis and prognostication, is based primarily on
microscopic evaluation which can be subjective and
insensitive to critical alterations which determine
tumor aggressiveness and treatment responsive-
ness.51–55 Vigorous efforts are underway at this time
to change the primary focus of glioma characteriza-
tion to one that emphasizes underlying molecular
alterations. Powerful genome-wide techniques are
being applied to achieve this objective.

It is vital however to carefully consider those
practical operational factors that will determine the
success or failure of genome-wide approaches.

Table 7 Anaplastic oligoastrocytoma (WHO grade III) response to treatment

Age Location LOH Response to treatment

38 Left frontal lobe 1p 10q23 17p13 Partial response
45 Left temporal lobe 1p 19q Major response
31 Left frontal lobe 1p 19q Major response
32 Left frontal lobe 1p 19q Major response
40 Right parietal lobe 1p 19q Major response
56 Right frontal lobe 10q23 No response
36 Right frontal lobe 1p 9p21 Partial response
46 Right temporal lobe Not detected No response
47 Right temporal lobe 9p21 No response
42 Left basal ganglia 9p21 10q23 No response
59 Right thalamus 19q 5q25 9p21 10q23 3p26 17q13 No response

Table 8 Glioblastoma multiforme (WHO grade IV) response to treatment

Age Location LOH Response to treatment

35 Right frontal lobe 9p21 No response
47 Left parietal lobe 9p21 10q23 No response
43 Left parietal–occipital lobe 9p21 10q23 No response
81 Not specified 3q26 5q25 17q13 No response
51 Right parietal lobe 10q23 No response
45 Left temporal lobe 1p 17p13 Partial response
46 Left temporal lobe 1p 10q23 17p13 Partial response
65 Right occipital lobe 9p21 10q23 No response
75 Right frontal lobe 10q23 17p13 No response
58 Right temporal lobe 1p Major response
48 Right frontal lobe 9p21 17p13 No response
49 Right frontal lobe 9p21 10q23 17p13 No response
42 Left temporal lobe 10q23 No response
36 Left frontal lobe 10q23 No response
72 Right frontal lobe 10q23 No response
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Gliomas are topographically heterogeneous which
must fundamentally be taken into account in any
molecular strategy based on tissue sampling. Glioma
progression is a stochastic process in which focal
acquisition of mutational change provides an im-
petus for clonal expansion. Thus, molecular analy-
sis must be targeted to those discrete sites within a
given neoplasm that most accurately reflect the
overall accumulation of mutational damage. This is
best accomplished by utilizing cellular anaplasia as
the basis for tissue sampling. Recognizing that even
histologic appearance can fail to fully appreciate
optimal sites of mutation acquisition, supplemental
tissue sampling at multiple sites offers the best
means to minimize the confounding effects of
sampling error. Failure to follow these basic rules
only compromises the ability of molecular analysis
to correlate with biological and clinical features.
Tissue targets must be relatively small in size in
keeping with the stochastic pattern of cellular
evolution. Sampling too large a tissue specimen, in
order to provide adequate amounts of nucleic acid
for genome-wide techniques, will only serve to
average mutation detection across the whole tissue
sample leading to failure to detect clonal alterations.

Current histopathology evaluation of tumors tends
to be static as there are no simple means to discern
the time course of tumor development. When a
tumor displays morphologic heterogeneity it is
generally assumed that less-differentiated areas
have been derived from better-differentiated precur-
sor areas of tumor growth. Beyond that, morphologic
evaluation offers little ability to define the time
course of neoplastic growth and evolution. Our
experience with multiple site topographic genotyp-

ing of mutational damage provides a strong basis to
establish, for each individual tumor, its unique
temporal profile of mutation acquisition (Figures 2
and 4, Tables 2, 7 and 8). This in turn provides an
opportunity to classify glioma not only on the basis
of whether specific mutations are present or absent
but also on the basis by which these mutations were
accumulated over time. By integrating histopathol-
ogy and molecular analysis, multiple site genotyp-
ing analysis provides a dynamic characterization of
individual tumor growth and progression.

The extent of mutational change among the
various samples and areas (Figure 1) could be used
to establish a time course of temporal mutation
acquisition (Figure 2). The basis for this deduction
lies in the phenomenon of tumor cells clonal
expansion. Clonal expansion, the progressive in-
crease of mutational damage is responsible for
biologically aggressive behavior. New mutations
are progressively acquired that drive the resultant
tumor cell into greater growth advantage, that
genotypic tumor cell clone comes to account for a
greater proportion of the cells constituting the
neoplasm. Mutations shared across all microdis-
sected tissue samples are likely to have been
acquired earlier in time than those alterations
present focally in the tumor or temporally newer
mutations (Figures 1 and 2, Table 2). By these means
it becomes possible to construct a temporal profile
of mutation accumulation based on a single micro-
dissection genotyping analysis wherein multiple
sites are sampled and analyzed (Figure 1). This
temporal profile becomes a unique descriptor of the
individual glioma integrating both morphologic as
well as molecular attributes of glioma progression.

Figure 4 Two proposed clonal progression pathways for mixed oligodendrogliomas and response to treatment.
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Our study indicated that allelic losses affecting
3p, 5q, 9p, 10q and 17p correlated closely with
aggressive biological characteristics including high
grade of anaplasia and less likelihood of treatment
response. These alterations, focally distributed, best
detected by a strategy emphasizing tissue sampling
according to degree of cellular anaplasia supple-
mented by additional specimen site sampling. Fail-
ure to follow these guidelines would only result in
false-negative detection of these genetic aberrations.
1p/19q loss, in contrast to 3p, 5q, 9p, 10q and 17p
loss usually were uniformly distributed and thus
less affected by suboptimal tissue sampling. There
would be a tendency, when using suboptimal tissue
sampling, to detect 1p/19q loss while missing 3p,
5q, 9p, 10q and 17p loss. The effect of this
methodological error would depend upon the nature
of the question addressed by mutational genotyping.
If the issue centered on molecular detection of
anaplastic transformation, the failure to detect 3p,
5q, 9p, 10q and 17p loss would be critical. If the
question focused on determination of treatment
responsiveness, the error would be less critical
since we have shown here that favorable attributes
associated with 1p loss can over-ride the unfavor-
able associations linked to 3p, 5q, 9p, 10q and 17p
loss, at least in the prediction of radiologic response
to initial treatment. The best approach to molecular
analysis of gliomas or any other form of human
cancer consists of a strategy in which tissue sampled
at multiple sites are compared.

We have demonstrated clearly that level of
anaplasia correlates closely with extent of mutation
acquisition. This provided the basis for determina-
tion of the unfavorable fractional allelic loss index,
which provides a quantitative measure of accumu-
lated aggressive mutational damage in an individual
glioma. Common forms of well-differentiated glioma
including pilocytic astrocytoma, oligodendroglio-
ma, pleomorphic xanthoastrocytoma and subepen-
dymal giant cell astrocytoma lacked acquisition of
allelic loss damage. There were two out of 23 cases
of pilocytic astrocytoma that had allelic loss altera-
tions affecting 3p, 5q, 9p, 10q and 17p with the
implication of poor outcome for this minor subset.

Within any classification of neoplasia, borderline
or atypical forms are likely to exist. Microdissection-
based genotyping in these cases provides a basis for
discrimination between true well-differentiated
gliomas and related forms undergoing anaplastic
transformation. The results of this study suggest that
genotyping may be very effective in improving
current classification of gliomas in this regard.
Current methods, which rely heavily upon micro-
scopic detection of cellular anaplasia, are more
subjective in achieving this goal.

The most important finding in this study involved
the detection of 1p loss as a predictor of treatment
responsiveness in gliomas. This finding is unpre-
dictable histopathologically, as oligodendroglial
differentiation is not seen in all cases where 1p loss

is detected by allelic loss analysis. This was
especially true for higher-grade gliomas that gener-
ally lacked this morphologic feature. Given the
importance of 1p loss as a predictor of treatment
responsiveness to PCV chemotherapy, it is vital that
molecular analysis is utilized for selection of this
therapeutic agent. Tissue sampling according to
histopathologic and topographic characteristics are
strongly recommended although 1p loss is likely to
be present in most areas of the glioma; however, it
should be noted that necrotic tissue can prove as
nonrepresentative of mutational genotype and usage
of it should be avoided. In glioblastoma multiforme,
where tumor necrosis can often be a dominating
cellular characteristic, it is critical to carefully
sample viable tumor in order to arrive at the most
accurate and representative profile of allelic loss
damage for a given tumor.

One deficiency in the genotyping approach put
forth here, beyond the control of mutational testing
paradigms, is operative tissue sampling of gliomas
by biopsy methods. When only part of a tumor has
been sampled, there is the risk that important
changes in the portion not sampled may have been
omitted from molecular analysis. Stereotactic and
intraoperative techniques usually target aggressive
sites within a glioma such as the enhancing rim or
tumor periphery where the most actively growing
cells are located. Nevertheless, biopsy techniques,
in particular, sample only a small part of an indi-
vidual tumor risking nonrepresentative sampling
of glioma. Through multiple site sampling, intra-
tumoral heterogeneity with respect to mutation
acquisition can be addressed and potentially extra-
polated to the nonsampled tumor.

An integrated histopathologic/molecular ap-
proach to glioma diagnosis and prognostication
should be one in which these pathways are
delineated in the context of morphologic analysis.

We have limited the analysis to encompass only
allelic imbalance alterations that infer tumor sup-
pressor gene loss. This is not to suggest that these
changes are most important or predictive. Oncogene
amplification, DNA methylation, altered RNA ex-
pression and other cancer-related changes may have
an equivalent capacity to deregulate glioma cell
growth and differentiation leading to neoplastic
transformation. No single molecular system has the
capacity to comprehensively detect all the different
forms of cancer-related change. Even genome-wide
techniques are limited to detection of one or another
type of abnormality. It is necessary to accept the
reality that molecular prognostication must be
performed using a subset of the full spectrum of
mutational damage that may be present. Knowledge
of a select portion of the overall mutational change
can assist with the establishment of diagnosis and
provide an objective method to track progression.
Support for this contention is shown here by the
effectiveness of a panel of 16 markers targeting
seven genomic regions to detect anaplastic change
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and predict treatment responsiveness with a
relatively higher degree of precision. Further opti-
mization of the panel of markers with addition of
novel techniques to enable detection of gene
amplification and DNA methylation alterations in
concert with allelic imbalance will improve micro-
dissection genotyping for more effective tumor
characterization.

While the challenge of parallel genotyping of 16 or
greater specific cancer-associated genetic alterations
applied to multiple different sites within a given
tumor may seem daunting, the availability of high
throughput molecular biologic technologies such as
robotic PCR, automated capillary electrophoresis
and quantitative PCR make this feasible and cost
effective. Automated slide-based techniques such as
immunohistochemistry and in-situ hybridization are
now commonplace within the pathology laboratory.
Similarly, integrated system for tissue microdissec-
tion, large-scale PCR and high-volume genotyping
will find an equivalent position within the patho-
logy laboratory. With this system in place, patholo-
gists will then be free to make the greatest use of
these methods in a fashion fully consistent and
congruent with established histopathology practice
thereby making the best use of precious tissue
specimens both small in size and subject to current
modalities of fixation.

Dedication

This paper is dedicated to the memory of Dr A Julio
Martinez, whose everlasting efforts will forever
influence our study of neuropathology.
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