
tion colors ~nset ) .  For the example shown in 
Fig. 1, fluorophores with overlapping ernlsslon 
spectra nere purposely selected to illustrate 
the value of assigning spectral-based classlfi- 
cation colors that can be readily discerned. 

The  svectral-based method for dlscrimi- 

Multicolor Spectral Karyotyping of 
Human Chromosomes 

E. Schrock, S. du Manoir, T. Veldman, B. Schoell, J. Wienberg, 
M. A. Ferguson-Smith, Y. Ning, D. H. Ledbetter, I .  Bar-Am, 

D. Soenksen, Y. Garini, T. Ried* nating the spectrally overlapping fluorophores 
(classificatlon) shown in Fig. 1 1s readily ex- 
tended to a much larger numl~er of fluoro- 
chromes, provided there are measurable dif- 
ferences (estimated currently at  2 15 nm) 111 

the emission spectrum of each fluorochrome. 
W e  applied t h ~ s  lnethod of spectral imaging of 

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. 

FISH experiments as a genome scanning 
method to simultaneously identify each hu- 
man chromoso~ne in Inetaphase preparations, 
an  approach we refer to as spectral ltaryotyp- 
ing. Chromosome-speclfic composite libraries 
generated by polymerase chain reaction from 

Crtogenet ic  analysis of n~lmerical and 
s t r~~c tu ra l  chromosomal aberrations in vre- 

orescence microscopy in which fhloro- 
chrome dlscrl~ninatlon is based on  the mea- 

flow-sorted human chro~nosomes were direct- 
Iv labeled n l th  nucleotides coniuoated to five 

and postnatal diagnostics and cancer cytoge- 
netics is an  integral part of clinical care ( 1 ) .  
Fluorescence in situ hybridization (FISH) 

surement of a single intensity through a 
fl~~orochrome-speclfic o p t ~ c a l  filter ( 3 ) ,  the 
use of spectral Itaryotyping allows all infor- 

, " 

different fluorophores (Cy2, Spectnlm Green, 
Cy3, Texas Red, and C y i )  or combinations 
thereof (4). A composite probe set containing 
all 24 chromosolnes was hyl~ridized to normal 
metaphase chromosomes (Fig. 2 ) .  Chromo- 

has been used as an  adjunct to routine cyto- 
genetics to achieve a higher sensiti\rlty, spec- 

mation \vithin the spectrum of emitted 
light to be used for analysis. 

ificity, and resol~ltion of chromosome aber- 
rations than is possil~le l ~ y  banding analysis 
(ltaryotyping). T h e  diagnostic potential of 
FISH ~vould be greatly ~ ~ n p r o v e d  by the abil- 

The principle of spectral imaging and spec- 
tra-specific chromosome classification is illus- 
trated in Fig. 1. The emisslon spectra of dif- 
ferentially lal~eled chromosome vaintlne 

some-specific labeling 1s achieved by suppres- 
sion hybridization. Specifically, repet~tive se- 
quences in the cornposlte libraries are blocked 
bv the addition of an  excess of unlabeled 

probes specific for chromosome i '(labeled 
with Cy3), chro~nosome 13 (laheled with 
Texas Red), and chromosome 4 (labeled with 
both Cy3 and Texas Red) nere measured in 
one exposure through a custom triple band- 
pass filter. The  Sagnac interferon~eter in the 
optical head of the spectral cube creates an  
optical path difference of the light emitteii 
from the chromosome painting probes. The  
subtle differences in the emission spectra of 
these fl~~orophores after passage through the 

human D N A  enriched for repetitive sequenc- 
es (Cot-1 DNA).  This suppresslo11 of repeti- 
tlve seiluences ia illustrated for chro~nosolne 1 
(where the paracentromeric heterochrornatin 
of chrornoson~e 1 1s not labeled), and for the 
acrocentric chromosomes 13 through 15, ? 1, 
anil 22 i\vhere the ribosolnal clstrons on the 

~ t y  to analyze the entire genome simulta- 
n e o u s l ~  on  the basis of the differential dls- 
play of all human chromosomes. Hoxvever, 
the l i~nited ~ l ~ l l n b e r  of spectrally nono\~erlap- 
ping fluorochromes has prevented the use of 
FISH to s i m ~ ~ l t a n e o ~ ~ s l y  discriminate all 11~1- 
man chromosomes in iiiffereut colors In the 
diagnostic laboratory. 

Here, we report the ile\~elol~ment of a spec- 
tral i~naglng approach that combines Fourier 
spectroscopy, charge-coupled device (CCD)  

termillal p arm are assigned a different color 
from the chromosome-suecific DNA) .  '4s in 
any other FISH experiment that uses suppres- 
sion hvbridization, these reoions are excluded 
from akalysis. ~11; hybridization is presented 
in both display (Fig. 2A)  and classificatlon 
colors (Fig. 2, B and C). Display colors allow 
all human chromosomes to be readily visual- 

imaging, and optical microscopy to measure 
simultaneo~~slv at all uoints 111 the sample 

interferometer are sufficient to enable spec- 
trum-suecific imaoe canture v-it11 a C C D  cam- 

emission spectra in the visible and near-infra- 
red spectral range (Fig. 1 ) .  This allo\\~s the use 
of ~n~l l t lp le  spectrally overlapping prohes (2).  
The  approach 1s based on  the measurement of 
a discrete spectrum (~dentified from a se- 
quence of intensities at  every pixel measured 
at  many different wavelengths), nhlch fac~li- 

" 

era. The conversion of emission spectra to the 
visuallzat~on of disvlav colors is achieved by 

& ,  

assigning blue, green, and red colors to specif- 
ic spectral ranges. The display colors allow the 
assessment of the cluality of the hybr~dization 
(for example, uniformity of hyhrid~zation and 
signal brightness) and are used as a first eval- 
uation of the hybridizat~on directly after Lm- 
age acquisition and without f~lrther computa- 
tion. The  display colors are therefore sinlilar 
for svectrallv overlavvine fluorochromes be- 

ized after spectral imaging (5), and on the 
basis of svectral measurements at each pixel, a 
chromosome classif~cation algorithm was ap- 
plied to spectrally ltaryotype all human chro- 
mosomes (Fig. ? C )  (6). 

W e  explored the potential of spectral 
ltaryotyping as a screening method for chro- 

tates the discriminatlo11 of multiple fluoro- 
phores. In contrast to conventiollal epiflu- 

mosomal aberrations by analyzing clinical 
samnles from multivle laboratories where con- E. Schrock, S du bdanoir. T. Veldman. B. Schoell. Y 

L L  u 

N n g  D. H. Ledbetter T Red, Dagnostc Development cause color discrilnlllatioll is silllilar to 
Branch. Nat~onal Center for Hulnan Ge,iorne Research 
Natlona nstliutes of Health 49 Convent Dri.e B ~ ~ d l n g  by collventiollal e~ifluores- 
49 Room LA28 Bethesda MID 20892-L370 USA, cence micros cop^ (Fig. 1, displav colors inset). 

\~entional banding methods or FISH with 
chromosome painting probes had been previ- 
ously pelformed (Fig. 3).  Spectral ltaryotyping 
was pelformed without prior knoadedge of the 
chromosomal aberrations. I11 all cases Giemsa 
banding (G-handing) and spectral karyotyp- 
ine reveale~l consistent results. In some cases. 

J, W~enberg and M A Ferguson-S8-- t.1, Depament c i  P a  Ill contrast, the classification of cllromosolnes 
thoogy, Cambridge Unversty Cznbr~dge CB21 QP. UK. 
, Bar-Am, Denartment of Cell Research and lmmunolo- after Fourier transformatioll and assignment 
av T e A v v  un\lerstv. T e  A\/\/ 69978 Israel of a classification color is based on the spec- -, 

D. Soenksen, ~ p p e ' d  Spectra lnagng, Incorporated, trum that has been measured at  every g;\7en 
Carsbad, CA 92009, USA. 
Y Gar~n~,  Appl~ed Spectral n a g ~ n g ,  L l~n~ted M~gdal pixel. The  algorithms used for spectral classi- 
Hae~nek, 10551 Israel. fication (6) produce an image in \\~hich the 

u 

G-bandi11g was not suff~c~ent  to entlrely ill- 
terpret the chromosomal aberrat~ons. In these 
cases, the dlagnosls of chromosomal aberra- 
tions by spectral karyotyping was confir~ned 

.To srlhom correspondence srould be addressed, E.mall, same class~fication color is assigned to all pix- 
tred@nchgr,nh.gov els with the same spec t r~~m (Fig. 1, classifica- 
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Fig. 1. Principle of spectral im- 
aging and demonstration of the 
potential of separating overlap- 
ping fluorochromes with spec- 
tra-based classification. Simulta- 
neous hybridization of three dif- 
ferent chromosome painting 
probes that were labeled with 
Cy3 (chromosome 7), Texas 
Red (chromosome 13), and a 
combination of Cy3 and Texas 
Red (chromosome 4) is depict- 
ed. The emitted light is visualized 
through a triple bandpass filter, 
sent through an interferometer, 
and imaged with a CCD camera. 
The interferogram that is gener- 
ated for each pixel is analyzed by 
Fourier transformation, a pro- 
cess that makes it possible to 
define the spectrum of the light 
(5). The measured spectra can 
then be converted to display col- 
ors or to classification colors (6). 
When display colors are used, 
chromosomes with similar spec- 
tra have similar colors. However, 
the subtle differences in the 
spectra of the Cy3- and Texas Red-label& chromosome painting probes are sufficient to enable the discrimination of the chromosomes after spectral 
classification. OPD, optical path difference. 

Optical head Interferngram cube 

Mirror 1 ,-.-....t~. 

Classification colors 

Mirror 

Fourier 
transformation 

Emission spectra 
pixel 

classificatia 

u (I! Wd 
I 

with conventional dual color FISH analysis. 
The smallest discernible aberration analyzed 
for this report was a translocation t( 1;11 )(q44; 
~ 1 5 . 3 )  in which the reci~rocal 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 lq and 1 lp  
(7). On the basis of the location of the probes 
used, the size of the alteration was estimat- 
ed to be >I500 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- 

ing derived from chromosome 4 (Fig. 3B). 
Other examples include the identification 
by spectral karyotyping of a translocation 
t(8;13)(q24.l;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 s~ectral 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- 

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- 

variations that are expect- 
ed after suppression hybridization. (C) Karyotype of the classification-colored metaphase chromosomes shown in (6). 
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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 multi~le numeric and structural 
chromosome rearrangements including uni- 
dentifiable marker chromosomes and the Dres- 
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 

-1 marl mar2 mar3 mar4 mar5 mar61 

Fig. 3. (A) t x a ~ ~ ~ p s  UI speural ~aryu~yplr~y ur crirurrlusurrles preparm rrurrl rrie perlprleral D I W ~  lymphocytes 
of a father 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 vellow, the 
one for chromosome 11 is blue (see Fig. 2). (B) High-resolution G-banding of metaphase chromosbmes from 
a patient having ataxia. The banding pattern suggests chromosome 4 material translocated to chromosome 
12. The classification unambiguous& 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 
(marl 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 concolorwith 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. 

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 ~ractice of analvsis 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 (1 1). 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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es !OPDsi created by a scanner controller n the Inter- 
ferometer In this way t'le nterierogram as the ~odu la t -  
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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. 

F o r  Illany years tuberculosis has been both a 
oreventable and a curable disease. Isoniazid 
is used to prevent individuals latently infect- 
ed with Mvcobncteri~im tuberct~losis from de- 
veloping disease, atid regimens consisting of 
m~lltiple drugs are highly successf~~l in curing 
acti1.e cases i 1 ) .  Ho~ve.r.er. tuberculosis still 

\ ,  

causes more adult deaths worldwide than any 
other infect io~~s disease (2 ) .  This filiding s~lg- 
gests that tually 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, 
Illany of which have arisen as a result of 
treatment failure, have exacerbated the con- 
trol problellis (3) .  W e  suggest that new cotl- 
trol strategies can be designed based o n  a 
quantitative utlderstanding of the transmis- 
sion dynamics of tuberculosis. 

In  pre.r.ious studies, n7e formulated and 
analyzed lnathetnatical models that enable 
~inderstandine of the  intrinsic transmission u 

dynamics of untreated t~~berc~ l los i s  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 
t ~ ~ b e r c ~ ~ l o s i s .  W e  have extended these mod- 
els to include the  population level effects of 
chemoprophylaxis and treatment (7 ) ;  using 

S M. Blower, Depanment of Epde~n~oloqy and Bosta- 

this chetnoprophylaxis and treatment mod- 
el (Fig. I ) ,  we have developed a theoretical 
frarne\\~ork for designing effective tubercu- 
losis control strategies (8). 

\Ve assessed the epidemic control effects 
of treatmelit and chellioprophylaxis by de- 
riving the effective reprod~1cti.r.e rate (R)  of 
tuberculosis from our model 

R = jP;) j ------- 
I ]  ~ + F + F T  

(1 - P)v + - -  j 
U + L ' + I J -  

(1)  

where p is the  transmission coefficient for 
tuberculosis; the other parameters are de- 
fined in (7 ) .  

R is the average number of secondary 
infect io~~s cases that are produced when one 
infectious case is ~ntroduced into a disease- 
free pop~llation in \\~hicli 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  epidelliic may occur, but if 
R < 1, a n  epidemic will die out. 

T h e  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 [(pn)/p]), the average duration 
of itlfectio~~sness of a case [ I / (+ + K + kT)1, . . -  

i s t c s  and Depanment of Medicine, ~nve?s t ) ,  of Calfor- alld the probability all-infected 'illdi.r.idual 
nla, San Francsco, Box 1347, San Francisco General 
Hosutal. San Francisco. CA 9r143-13r7 USA. will become an infectious case {defined as j~ 
P, M Slnall Deoanment of Medcne.  Stanford Medca for o r i m a r ~  oroeressive and - b)zl/(u + 

, L  - L A. 

School, Stanford, CA 94305, USA v + p) for reacti.r7ation tuberculosis). Equa- 
P C. Hopewell, Department of Medcne,  Unversty of 
Caliorna, Sari Franclsco, Sari Francisco Genera Hospl. tion 1 can be ~lsed to q~lalitati.r.ely and w a n -  
tal, San Francisco, CA 941 43-1 347, USA. titatively assess the effects of chernoprophy- 
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