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The simultaneous and unequivocal discernment of all human chromosomes in different
colors would be of significant clinical and biologic importance. Whole-genome scanning
by spectral karyotyping allowed instantaneous visualization of defined emission spectra
for each human chromosome after fluorescence in situ hybridization. By means of
computer separation (classification) of spectra, spectrally overlapping chromosome-
specific DNA probes could be resolved, and all human chromosomes were simulta-

neously identified.

Cytogenetic analysis of numerical and
structural chromosomal aberrations in pre-
and postnatal diagnostics and cancer cytoge-
netics is an integral part of clinical care (I).
Fluorescence in situ hybridization (FISH)
has been used as an adjunct to routine cyto-
genetics to achieve a higher sensitivity, spec-
ificity, and resolution of chromosome aber-
rations than is possible by banding analysis
(karyotyping). The diagnostic potential of
FISH would be greatly improved by the abil-
ity to analyze the entire genome simulta-
neously on the basis of the differential dis-
play of all human chromosomes. However,
the limited number of spectrally nonoverlap-
ping fluorochromes has prevented the use of
FISH to simultaneously discriminate all hu-
man chromosomes in different colors in the
diagnostic laboratory.

Here, we report the development of a spec-
tral imaging approach that combines Fourier
spectroscopy, charge-coupled device (CCD)
imaging, and optical microscopy to measure
simultaneously at all points in the sample
emission spectra in the visible and near-infra-
red spectral range (Fig. 1). This allows the use
of multiple spectrally overlapping probes (2).
The approach is based on the measurement of
a discrete spectrum (identified from a se-
quence of intensities at every pixel measured
at many different wavelengths), which facili-
tates the discrimination of multiple fluoro-
phores. In contrast to conventional epiflu-
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orescence microscopy in which fluoro-
chrome discrimination is based on the mea-
surement of a single intensity through a
fluorochrome-specific optical filter (3), the
use of spectral karyotyping allows all infor-
mation within the spectrum of emitted
light to be used for analysis.

The principle of spectral imaging and spec-
tra-specific chromosome classification is illus-
trated in Fig. 1. The emission spectra of dif-
ferentially labeled chromosome painting
probes specific for chromosome 7 (labeled
with Cy3), chromosome 13 (labeled with
Texas Red), and chromosome 4 (labeled with
both Cy3 and Texas Red) were measured in
one exposure through a custom triple band-
pass filter. The Sagnac interferometer in the
optical head of the spectral cube creates an
optical path difference of the light emitted
from the chromosome painting probes. The
subtle differences in the emission spectra of
these fluorophores after passage through the
interferometer are sufficient to enable spec-
trum-specific image capture with a CCD cam-
era. The conversion of emission spectra to the
visualization of display colors is achieved by
assigning blue, green, and red colors to specif-
ic spectral ranges. The display colors allow the
assessment of the quality of the hybridization
(for example, uniformity of hybridization and
signal brightness) and are used as a first eval-
uation of the hybridization directly after im-
age acquisition and without further computa-
tion. The display colors are therefore similar
for spectrally overlapping fluorochromes be-
cause the color discrimination is similar to
that achieved by conventional epifluores-
cence microscopy (Fig. 1, display colors inset).
In contrast, the classification of chromosomes
after Fourier transformation and assignment
of a classification color is based on the spec-
trum that has been measured at every given
pixel. The algorithms used for spectral classi-
fication (6) produce an image in which the
same classification color is assigned to all pix-
els with the same spectrum (Fig. 1, classifica-
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tion colors inset). For the example shown in
Fig. 1, fluorophores with overlapping emission
spectra were purposely selected to illustrate
the value of assigning spectral-based classifi-
cation colors that can be readily discerned.

The spectral-based method for discrimi-
nating the spectrally overlapping fluorophores
(classification) shown in Fig. 1 is readily ex-
tended to a much larger number of fluoro-
chromes, provided there are measurable dif-
ferences (estimated currently at =15 nm) in
the emission spectrum of each fluorochrome.
We applied this method of spectral imaging of
FISH experiments as a genome scanning
method to simultaneously identify each hu-
man chromosome in metaphase preparations,
an approach we refer to as spectral karyotyp-
ing. Chromosome-specific composite libraries
generated by polymerase chain reaction from
flow-sorted human chromosomes were direct-
ly labeled with nucleotides conjugated to five
different fluorophores (Cy2, Spectrum Green,
Cy3, Texas Red, and Cy5) or combinations
thereof (4). A composite probe set containing
all 24 chromosomes was hybridized to normal
metaphase chromosomes (Fig. 2). Chromo-
some-specific labeling is achieved by suppres-
sion hybridization. Specifically, repetitive se-
quences in the composite libraries are blocked
by the addition of an excess of unlabeled
human DNA enriched for repetitive sequenc-
es (Cot-1 DNA). This suppression of repeti-
tive sequences is illustrated for chromosome 1
(where the paracentromeric heterochromatin
of chromosome 1 is not labeled), and for the
acrocentric chromosomes 13 through 15, 21,
and 22 (where the ribosomal cistrons on the
terminal p arm are assigned a different color
from the chromosome-specific DNA). As in
any other FISH experiment that uses suppres-
sion hybridization, these regions are excluded
from analysis. The hybridization is presented
in both display (Fig. 2A) and classification
colors (Fig. 2, B and C). Display colors allow
all human chromosomes to be readily visual-
ized after spectral imaging (5), and on the
basis of spectral measurements at each pixel, a
chromosome classification algorithm was ap-
plied to spectrally karyotype all human chro-
mosomes (Fig. 2C) (6).

We explored the potential of spectral
karyotyping as a screening method for chro-
mosomal aberrations by analyzing clinical
samples from multiple laboratories where con-
ventional banding methods or FISH with
chromosome painting probes had been previ-
ously performed (Fig. 3). Spectral karyotyping
was performed without prior knowledge of the
chromosomal aberrations. In all cases Giemsa
banding (G-banding) and spectral karyotyp-
ing revealed consistent results. In some cases,
G-banding was not sufficient to entirely in-
terpret the chromosomal aberrations. In these
cases, the diagnosis of chromosomal aberra-
tions by spectral karyotyping was confirmed
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with conventional dual color FISH analysis.
The smallest discernible aberration analyzed
for this report was a translocation t(1;11)(q44;
pl15.3) in which the reciprocal translocation
was unrecognizable by conventional banding
analysis. The origin of the chromosomal ma-
terial that contributed to the reciprocal trans-
location was correctly classified (Fig. 3A).
The translocated segments on chromosomes 1
and 11 were confirmed by subtelomere-specif-
ic cosmid probes for chromosomes 1q and 11p
(7). On the basis of the location of the probes
used, the size of the alteration was estimat-
ed to be >1500 kbp. In a second case,
banding analysis suggested a translocation
of a segment of chromosome 4 to chromo-
some 12. Spectral karyotyping unambigu-
ously identified and classified the origin of
the additional chromosomal material as be-

Fig. 2. Spectral karyo-
typing of human chromo-
somes after the simulta-
neous hybridization of
24 combinatorially labeled
chromosome painting
probes. (A) Presentation
of display colors. (B) Pre-
sentation of spectra-
based classification col-
ors. Regions rich in repet-
itive sequences, for exam-
ple, the short arms of
chromosomes 13, 14, 15,
21, and 22, show color
variations that are expect-

ing derived from chromosome 4 (Fig. 3B).
Other examples include the identification
by spectral karyotyping of a translocation
t(8;13)(q24.1;q34) and the recognition of
the 47,XXY karyotype of a Klinefelter syn-
drome patient (8).

We assessed classification variations from
one metaphase to another of a single hybrid-
ization by analyzing the chromosomes of five
randomly selected metaphases from all cases.
In all instances, the marker chromosomes
could be consistently visualized and charac-
terized after spectral classification. For exam-
ple, the chromosome translocations detected
in the cases presented in Fig. 3, A and B, were
observed in all metaphases analyzed. To de-
termine the limit of sensitivity of spectral
karyotyping, we examined a case with a sub-
microscopic translocation (unrecognizable in

both metaphase and prometaphase chromo-
somes) involving chromosomes 16 and 17.
This t(16;17) had been previously demon-
strated by FISH with cosmid probes, and the
reciprocal interchange of chromatin was esti-
mated at ~500 kbp. Spectral karyotyping
with metaphase chromosomes from this pa-
tient failed to identify the known t(16;17),
suggesting that the limit of sensitivity for
metaphase chromosome analysis with current-
ly available painting probes is between 500
and 1500 kbp.

To demonstrate that spectral karyotyping
is an approach that can be used to comple-
ment conventional banding analysis, we re-
peated the hybridization on previously
G-banded chromosomes. Probably because of
the trypsin digestion that is required for G-
banding, the signal intensity was slightly re-
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ed after suppression hybridization. (C) Karyotype of the classification-colored metaphase chromosomes shown in (B).
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duced as compared with metaphases that were

_not previously G-banded. The loss of signal
intensity was ~10% and could therefore eas-
ily be compensated for by prolonged exposure
times. A slightly increased noise at the edges
of previously G-banded chromosomes com-
pared with non-G-banded chromosomes was
also observed. However, the classification of
the metaphase chromosomes could be readily
achieved (Fig. 2).

The cytogenetic analysis of chromosomes
from tumor cells is often hampered by low
mitotic indices, poor quality metaphase
spreads, and the presence of unidentifiable
marker chromosomes. To assess the value of
spectral karyotyping in tumor cytogenetics,

we analyzed an aneuploid breast cancer cell
line (SKBR3) (Fig. 3C). This cell line was
selected because it was previously determined
to contain multiple numeric and structural
chromosome rearrangements including uni-
dentifiable marker chromosomes and the pres-
ence of homogeneously staining regions. In-
deed, numerous chromosomal translocations
were readily detectable after the presentation
of the hybridization in display colors. The
classification of representative marker chro-
mosomes allowed the unambiguous identifica-
tion of structural alterations including a giant
marker chromosome (marl) shown previously
by conventional FISH to contain amplified
sequences from chromosome 8 (Fig. 3C). The
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Fig. 3. (A) Example of spectral karyotyping of chromosomes prepared from the peripheral blood lymphocytes
of afather of a child with mental retardation. The DAPI-banded (left) and the spectrally classified chromosomes
(right) are shown. The fragment that was translocated to chromosome 1 could be identified as chromosome
11 material. This translocation was reciprocal because a small fragment that is derived from chromosome 1
was detected on the short arm of chromosome 11. The classification color for chromosome 1 is yellow, the
one for chromosome 11 is blue (see Fig. 2). (B) High-resolution G-banding of metaphase chromosomes from
a patient having ataxia. The banding pattern suggests chromosome 4 material translocated to chromosome
12. The classification unambiguously identified the additional material as being derived from chromosome 4.
The translocation results in a partial trisomy of chromosome 4q. (C) DAPI staining of the marker chromosomes
(mar1 through mar6) from the aneuploid breast cancer cell line SKBR3. The classification allows unambiguous
characterization of even complex chromosomal aberrations, such as chromosomes containing homoge-
neously staining regions. The numbers indicate the origin of chromosomal material in the marker chromo-
somes. (D) Hybridization of chromosomes of the gibbon Hylobates concolor with painting probes for human
chromosomes. The hybridization is presented in display colors, showing the intense staining of gibbon
chromosomes with probes for human chromosomes. The numerous chromosomal rearrangements seen on
the gibbon autosomes produce a multicolor banding pattern. (E) Classification-colored images of represen-
tative examples of gibbon chromosomes. The upper row presents examples of gibbon autosomes and the
gibbon sex chromosomes that remain unchanged in the human karyotype. The center row shows gibbon
chromosomes 5, 13, and 20 with whole-arm translocations from the human counterparts. Gibbon chromo-
somes 9, 19, and 22b (lower row) reveal multiple aberrations, producing a banding pattern. The numbers on
the right side of the gibbon chromosomes indicate the corresponding human chromosome material.
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results from spectral karyotyping indicative of
an increased copy number for 8q were con-
firmed by comparative genomic hybridization
with DNA extracted from this cell line (9).
In addition to the diagnostic applications
in clinical and cancer cytogenetics, spectral
karyotyping should be of considerable value in
the interspecies study (such as between hu-
man and primates) of evolutionary divergence
by comparative cytogenetics. For example, in
contrast to the current practice of analysis of
chromosome morphology sequentially for all
24 human chromosomes, spectral karyotyping
allowed reconstruction of the highly rear-
ranged karyotype of a gibbon species after one
hybridization (Fig. 3, D and E). Although our
results are preliminary, the results of spectral
karyotyping are in excellent agreement with
results from previously performed convention-
al FISH experiments and banding analysis
(10). Basic research applications can also be
envisioned to include the analysis of chro-
mosomal aberrations in animal models of
human diseases and in work under way to
generate a multicolor banding pattern (bar
code) of the human chromosome comple-
ment by using a combination of chromo-
some arm— and chromosome band-specific
painting probes that will also allow visual-
ization of intrachromosomal rearrange-
ments (11). This study suggests that spec-
tral karyotyping could be an important tool
for rapid and automatic karyotyping, as well
as for facilitating the identification of chro-
mosome abnormalities in humans.
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Control Strategies for Tuberculosis Epidemics:
New Models for Old Problems

S. M. Blower,” P. M. Small, P. C. Hopewell

Tuberculosis, although preventable and curable, causes more adult deaths than any
other infectious disease. A theoretical framework for designing effective control strat-
egies is developed and used to determine treatment levels for eradication, to assess the
effects of noneradicating control, and to examine the global goals of the World Health
Organization. The theory is extended to assess how suboptimal control programs con-
tribute to the evolution of drug resistance. A new evaluation criterion is defined and used
to suggest how control strategies can be improved. In order to control tuberculosis,
treatment failure rates must be lower in developing countries than in developed countries.

Fo: many years tuberculosis has been both a
preventable and a curable disease. Isoniazid
is used to prevent individuals latently infect-
ed with Mycobacterium tuberculosis from de-
veloping disease, and regimens consisting of
multiple drugs are highly successful in curing
active cases (1). However, tuberculosis still
causes more adult deaths worldwide than any
other infectious disease (2). This finding sug-
gests that many of the current control strat-
egies that have been empirically designed are
in need of improvement; recent increases in
cases caused by drug-resistant organisms,
many of which have arisen as a result of
treatment failure, have exacerbated the con-
trol problems (3). We suggest that new con-
trol strategies can be designed based on a
quantitative understanding of the transmis-
sion dynamics of tuberculosis.

In previous studies, we formulated and
analyzed mathematical models that enable
understanding of the intrinsic transmission
dynamics of untreated tuberculosis epidem-
ics and interpretation of the historical epi-
demiology of this disease (4-6). These
transmission models reflect current biomed-
ical understanding of the pathogenesis of
tuberculosis. We have extended these mod-
els to include the population level effects of
chemoprophylaxis and treatment (7); using
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this chemoprophylaxis and treatment mod-
el (Fig. 1), we have developed a theoretical
framework for designing effective tubercu-
losis control strategies (8).

We assessed the epidemic control effects
of treatment and chemoprophylaxis by de-
riving the effective reproductive rate (R) of
tuberculosis from our model

= () =)

(1 = p)v
(p * g+o-+ p.) (1)
where B is the transmission coefficient for
tuberculosis; the other parameters are de-
fined in (7).

R is the average number of secondary
infectious cases that are produced when one
infectious case is introduced into a disease-
free population in which a program of che-
moprophylaxis or treatment (or both) is in
place (9). Consequently, R is an epidemio-
logical measure of the severity of an epidem-
ic; if R > 1, an epidemic may occur, but if
R < 1, an epidemic will die out.

The value of R is determined by the prod-
uct of three components (Eq. 1): the effective
contact rate {defined as the average number of
susceptibles that one infectious case infects
per unit time [(BII)/p]}, the average duration
of infectioysness of a case [1/(d + p + pp)l,
and the probability that an infected individual
will become an infectious case {defined as p
for primary progressive and [(1 — p)v]/(o +
v + W) for reactivation tuberculosis}. Equa-
tion 1 can be used to qualitatively and quan-
titatively assess the effects of chemoprophy-
laxis and treatment for epidemic control.
Qualitatively, an increase in the chemopro-
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