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Summary

Nearly all information about patients with chronic lymphocytic leukaemia (CLL) who develop

diffuse large B-cell lymphoma (Richter syndrome [RS]) is derived from retrospective case series

or patients treated on clinical trials. We used the Mayo Clinic CLL Database to identify patients

with newly diagnosed CLL (1/2000–7/2011). Individuals who developed biopsy-proven RS during

follow-up were identified. After median follow-up of 4 years, 37/1641 (2.3%) CLL patients

developed RS. The rate of RS was approximately 0.5%/year. Risk of RS was associated with

advanced Rai stage at diagnosis (p<0.001), high-risk FISH (p<0.0001), unmutated IGHV

(p=0.003), and expression of ZAP-70 (p=0.02) and CD38 (p=0.001). The rate of RS doubled in

patients treated for CLL (1%/year). Stereotyped B-cell receptors (odds-ratio=4.2; p=0.01) but not

VH4–39 was associated with increased risk of RS. Treatment with combination of purine

analogues and alkylating agents increased the risk of RS 3-fold (odds-ratio= 3.26, p=0.0003).

Median survival after RS diagnosis was 2.1 years. The RS prognosis score stratified patients into

three risk groups with median survivals of 0.5 years, 2.1 years and not reached. Both underlying
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characteristics of the CLL clone and subsequent CLL therapy influence the risk of RS. Survival

after RS remains poor and new therapies are needed.
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Introduction

Although chronic lymphocytic leukaemia (CLL) is classified as a low grade B-cell

malignancy, approximately 2–8% of patients will experience transformation into a more

aggressive B-cell lymphoma, most commonly diffuse large B-cell lymphoma (DLBCL)

(Armitage, et al 1978, Foucar and Rydell 1980, Robertson, et al 1993). This was originally

described by Maurice Richter in 1928 with the occurrence of rapidly fatal generalized

lymphadenopathy and hepatosplenomegaly in association with CLL (Richter 1928). Forty

years later, the term “Richter syndrome” (RS) was introduced to describe DLBCL occurring

in patients with CLL (Lortholary, et al 1964).

Patients with RS exhibit an aggressive clinical phenotype because of the combined effect of

chemoresistance and rapid disease kinetics (Rossi, et al 2011). The median survival of

patients with a diagnosis of RS is only about 1–2 years (Fan, et al 2012, Mauro, et al 1999,

Robak, et al 2004, Tsimberidou, et al 2006). Although case series have reported on the

efficacy of stem cell transplantation (SCT) in patients who develop RS, the proportion of RS

patients who make it SCT has not been reported in an unselected RS cohort. In a recent large

retrospective analysis describing the outcomes of 59 RS patients after SCT, 34 (58%)

received an autologous SCT and 25 (42%) received an allogeneic SCT (Cwynarski, et al

2012). However, this analysis does not report what proportion of CLL patients who later

developed RS could not receive a SCT (either they were not SCT candidates or they did not

survive to make it to SCT).

Nearly all the available information on RS in patients with CLL comes from case series and

retrospective analysis of selected patients at the time of diagnosis of RS. There is limited

information on the future risk of RS in an unselected cohort of newly diagnosed CLL

patients. Additionally, since most of the reported case series of RS are from older series, the

association of biological prognostic markers (i.e, immunoglobulin heavy chain gene somatic

hypermutation [IGHV], genetic abnormalities detected by fluorescence in situ hybridization

[FISH], and expression of CD38 and zeta-associated protein-70 [ZAP-70]) and the risk of

RS is not very well defined. The relationship between the risk of development of RS and the

underlying biology of the disease, the duration of the disease, and treatment of CLL is also

not well understood. Understanding the possible role of more intense combination

chemotherapy and chemoimmunotherapy for CLL in the development of RS is especially

important(Catovsky, et al 2007, Eichhorst, et al 2006, Flinn, et al 2007, Hallek, et al 2010,

Hillmen, et al 2007, Knauf, et al 2009, Tam, et al 2008, Wierda, et al 2011). To address

these questions, we conducted a cohort study in newly diagnosed CLL patients.
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Methods

Patients

The Mayo Clinic CLL Database includes all patients with a diagnosis of CLL evaluated

within the Division of Haematology at Mayo Clinic, Rochester, MN since 1995, and who

consented the use of their medical records for research purposes. All patients entered into

the database met the NCI Working Group 1996 criteria (Cheson, et al 1996) for a diagnosis

of CLL or a diagnosis of small lymphocytic lymphoma (SLL) according to the World Health

Organization (WHO) criteria (Harris, et al 1999). Baseline demographics, clinical and

prognostic characteristics are entered into the database at the time of the first visit and

prospectively maintained. Clinical outcomes including date of first treatment, type of

treatment administered and disease-related complications are also recorded.

With the approval of the Mayo Clinic Institutional Review Board and in accordance with

federal regulations and the Declaration of Helsinki, we used this database to identify all

patients diagnosed with CLL between January 2000 and July 2011. To reduce referral bias,

only those patients who were seen at Mayo Clinic at the time of CLL diagnosis (≤12

months) were included in the present analysis. Only patients with biopsy-proven DLBCL

that developed after CLL diagnosis were considered to have RS. All cases classified as RS

had pathologic confirmation at Mayo Clinic. The Mayo Clinic Lymphoma Data Base was

cross referenced to ensure that all cases of RS were included. In selected patients, in situ

hybridization studies were performed on paraffin sections of the bone marrow biopsy or

lymph node specimen using probes specific for EBV-encoded ribonucleic acid (RNA). All

RS patients were scored using the survival score described by Tsimberidou and colleagues at

the MD Anderson Cancer Centre (MDACC). Each of the following parameters were

assigned one point: ECOG performance status >1, serum LDH >1.5 times the upper limit of

normal, platelet count <100 × 109/L, tumour size >5cm and >1 prior therapies for CLL

(Tsimberidou, et al 2006).

Statistical analysis

The date of RS was defined as the date of the biopsy showing DLBCL. The time to

development of transformation was defined as date of CLL diagnosis to the date of

diagnosis of RS. Overall survival from RS was defined as the time from diagnosis of RS to

death. Chi-square, Fisher, or Kruskal-Wallis tests, where appropriate, were used for

comparisons of the clinical characteristics and prior treatment exposure on the risk of RS.

Survival analysis was performed by the Kaplan–Meier method. Cox proportional hazards

models were used to evaluate associations between TFT or OS and patient prognostic

factors. All statistical tests were two-sided. Statistical significance was defined as P-value

<0.05. All statistical analyses were conducted using the SAS 9.2 software package (SAS

Institute, Cary, NC).
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Results

Patient Characteristics and Incidence of Richter Syndrome

Between January 2000 and July 2011, 1641 patients were seen at Mayo Clinic within 12

months of diagnosis of their CLL. After a median follow-up of 4 years (range, 0–12.3

years), 37 (2.3%) had biopsy-proven RS. The median time to RS among those who

developed RS (n=37) was 1.8 years (range, 0–11.7 years). The incidence of RS as

determined by Kaplan-Meier analysis at 5 and 10 years post CLL diagnosis were 2.1% and

4.8% respectively. The annual incidence rate of RS was approximately 0.5% per year for all

CLL patients. Among those CLL patients who received therapy, the annual incidence rate of

RS was approximately 1% per year. (Figure 1)

The baseline characteristics of CLL patients who developed RS versus those who did not are

shown in Table I. CLL patients who subsequently developed RS were more likely to have

advanced Rai Stage at diagnosis (p<0.001). After adjusting for Rai stage, high serum beta-2

microglobulin, unmutated IGHV gene mutation status, unfavourable FISH results

[del(11q22) or del(17p13)] and expression of CD38, ZAP-70 and CD49d, were

independently associated with a higher risk of subsequent RS. Based on previous reports

suggesting an association between IGHV4–39 family usage and higher risk of RS (Rossi, et

al 2009b), we explored the rate of RS in the 29 patients with IGHV 4–39 in our cohort.

IGHV4–39 gene usage was present in 0/14 (0%) RS patients compared to 29/797 (3.6%)

non-RS patients (p=1.0). Stereotyped B-cell receptors have also been reported to be

associated with higher risk of RS (Rossi, et al 2009b). Stereotyped receptors were found in

6/14 (43%) RS patients in our cohort as compared to 119/797 (15%) non-RS patients

(OR=4.2, 95% Confidence Interval (CI) (1.5, 12.5), p=0.01), confirming this observation.

This translated into a rate of RS of 5% (6/125) for patients with stereotyped receptors as

compared to 1% (8/686) for those without. When evaluating the time to RS, the risk was

greater in the cases with stereotyped receptors compared to those without (HR=4.8, 95% CI

(1.6, 13.8), p=0.0004).

Treatment of CLL and Risk of Richter Syndrome

After median follow-up of 4 years, 578 (35%) patients received treatment for CLL. RS

occurred prior to CLL treatment in 17 (46%) patients and after treatment of CLL in 20

(54%) patients. Except for a higher proportion of ZAP-70 expression (73% vs. 27%, p=0.04)

in RS patients who received prior CLL therapy compared to RS patients who did not receive

CLL therapy, there were no significant differences between these two groups. Table II

shows the association between treatment of CLL with purine analogues, alkylating agents

and monoclonal antibodies and subsequent development of RS (based on univariable

analysis). Exposure to a combination of purine analogues and alkylating agents (odds ratio

[OR]= 3.26, 95% C.I. =1.67–6.37, p-value=0.0003) was associated with an increased risk of

RS. In contrast, exposure to single-agent purine nucleoside analogue, single-agent alkylating

agent and monoclonal antibody therapy alone were not associated with a higher risk of RS.
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Characteristics of Richter Syndrome Patients

The characteristics of patients with RS (n=37) at the time of transformation included the

following: the median age was 65 years (range, 29–88 years), median WBC was 8.9 × 109/L

(range, 0.6–118), median platelet count was 188 × 109/L (range, 11–569), and serum lactate

dehydrogenase (LDH) was >1.5 times the upper limit of normal in 20/35 (54%) patients

with available data. Although EBV in-situ hybridization studies were performed on 11

samples, EBV was detected in only 1 (9%) patient. The majority of patients (26/37, 70%)

received R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone)

as initial therapy for RS. Other treatments included CHOP (n=2); ESHAP (etoposide,

cytarabine, cisplatin and methylprednisolone) (n=1); R-HyperCVAD (rituximab,

cyclophosphamide, vincristine, doxorubicin and dexamethasone) (n=1); R-DHAP

(rituximab, cytarabine, cisplatin and dexamethasone) (n=1); R-CEPP (rituximab,

cyclophosphamide, etoposide, procarbazine and prednisone) (n=1); RICE (rituximab,

ifosfamide, carboplatin and etoposide) (n=1); ProMACE-CytaBOM (cyclophosphamide,

doxorubicin, etoposide, bleomycin, vincristine, methotrexate and prednisone) (n=1) and

unknown (n=1). Two patients (5%) died before the start of definitive therapy. Only 5 (14%)

patients were ultimately able to undergo SCT: 3 (8%) autologous SCT, 1 (3%) allogeneic

SCT and 1 (3%) autologous SCT followed by an allogeneic SCT. The most common reasons

for patients not to proceed to SCT were as follows: failure to achieve response to treatment

(n=10, 31%), co-morbid health conditions (n=10, 31%) and age >70 years (n=4, 13%).

Survival of Richter Syndrome Patients

The median OS after development of RS was 2.1 years (Figure 2A). As of last follow-up, 17

(46%) patients with RS had died. Causes of death were: progressive DLBCL (n=10),

treatment-related complication (infection, n=4) and other/unknown (n=3). Patients who were

treated for their CLL prior to development of RS had a worse OS compared to those patients

who did not receive therapy (1 year vs. 3.3 years, p= 0.03, Figure 2B). The OS of all patients

with RS using the prognostic score described by Tsimberdiou and colleagues is shown in

Figure 3. Median survival in the low, intermediate, and high-risk groups were not reached,

2.1, and 0.5 years, respectively. The unadjusted hazard ratios (HR) and their corresponding

confidence intervals (CI) for these three groups of patients are as follows: high-risk vs low-

risk HR=13.7 (95% CI: 3.3–56.9), p=0.0003; and intermediate-risk vs low-risk HR=1.9

(95% CI: 0.6–6.4), p=0.30. No difference in survival was observed when the intermediate

risk patients were sub-classified as low-intermediate or intermediate-high by the RS score.

Discussion

We report the first cohort study evaluating the frequency and characteristics of RS in a large

sample of CLL patients seen at the time of diagnosis and followed prospectively. The rate of

biopsy-proven RS in this cohort of >1600 newly diagnosed CLL patients was approximately

0.5% per year (incidence at 5-years: 2.1%, and at 10-years: 4.8%). The rate of RS was

doubled in those patients who received treatment for their CLL (1% per year, incidence at 5-

years: 5.0%, and at 10-years: 15.2%). Risk factors for RS at the time of CLL diagnosis were

advanced Rai stage (III/IV), positive expression of ZAP-70, CD38 and CD49d, unmutated

IGHV, and either del(11q22.3) or del(17p13) on FISH. Although treatment of CLL increased
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the risk of RS, nearly half the patients developed RS prior to receiving any therapy for CLL.

In patients who received treatment for CLL, therapy that included a combination of purine

nucleoside analogues and alkylating agents was associated with a higher rate of RS.

Additionally, survival of RS patients who received therapy for their CLL was significantly

shorter than those who were untreated.

The median OS of all RS patients in our study was 2.1 years, but the range of 0.1 – 12.0

years suggests considerable variability. To determine if the prognosis of newly diagnosed

RS could be better predicted, we tested the validity of the MDACC scoring method

(Tsimberidou, et al 2006). To our knowledge, this is the second independent validation of

this model (Rossi, et al 2011) which could stratify patients into risk groups with widely

different median survival using simple and widely available clinical and laboratory

characteristics (high-risk patients: <1 year; low-risk patients: not reached; the difference

between intermediate-risk and low-risk was not statistically significant, possibly due to

limited sample size).

Data from case series of CLL patients referred to a transplant centre suggest that 40–50% of

patients with RS are ultimately able to proceed to SCT.(Tsimberidou, et al 2006) Such

analyses are limited by referral bias since treating physicians refer those patients they

believe are transplant candidates and have responded to initial therapy for RS. Although the

vast majority (35 out of 37 [95%]) patients in our cohort who developed RS were treated

aggressively with multi-agent chemotherapy, only 5 patients (14%) were able to proceed to

SCT. To the best of our knowledge, the data reported represent the first analysis of the

proportion of RS patients derived from a CLL cohort assembled at diagnosis who are

actually able to be treated with SCT. This information underscores the critical need to

develop better debulking therapies to make SCT accessible to more patients. Additionally, it

provides further impetus to develop novel treatment strategies that could improve survival

for RS patients who are not candidates for SCT due to age, performance status, or co-morbid

conditions.

How do these findings compare to other studies? In a retrospective analysis of

approximately 4000 patients referred to MDACC at various time-points in the course of

their CLL between 1975 and 2005, RS was diagnosed in 5.1% patients by clinical criteria, of

whom 3.7% had biopsy-proven RS (Tsimberidou, et al 2006). The median time to

development of RS was not reported. Mauro et al reported an RS incidence of 1.8% in a

cohort of 1011 CLL patients referred to their institution over a period of 10 years but did not

specify how many of these had biopsy-proven RS (Mauro, et al 1999). In a retrospective

Italian case series of 185 CLL patients, the actuarial incidence of RS at 10 years was 16.2%

(Rossi, et al 2008). An aggressive tissue excisional biopsy policy was thought to contribute

to the increased incidence observed in this later series. Our study enhances the

understanding of the incidence of RS by using a prospective cohort study design to follow

patients seen at the time of CLL diagnosis. In addition, all cases of RS in our cohort were

confirmed by biopsy. The RS incidence of 2.1% at 5 years is likely a more accurate estimate

of RS in patients with newly diagnosed CLL and is in keeping with other large studies.
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Over the last decade, traditional CLL prognostic factors such as Rai Stage, lymphocyte

doubling time and lymph node size have been supplanted with the use of novel biological

parameters including IGHV mutation status, expression of ZAP-70 and CD38, and

identification of genetic abnormalities by FISH. In a multivariable analysis analysing the

impact of clinical and biological risk factors for the development of RS in 185 CLL patients,

Rossi et al identified lymph node size ≥3 cm and adverse FISH category (absence of del13q)

as independent adverse prognostic markers at the time of CLL diagnosis (Rossi, et al 2008).

Our study is one of the first to report on the risk of RS in a cohort of newly diagnosed CLL

patients where comprehensive prognostic markers are available. Unmutated IGHV, high-risk

FISH category [del(11q22) or del(17p13)], and positive expression of ZAP-70, CD49d and

CD38 were all associated with an increased risk of RS. These observations provide initial

insight into the biological characteristics of CLL cells that may be associated with an

increased risk of RS and merit additional studies.

The effect of CLL therapy on the future risk of RS remains a fundamental and unanswered

question. The Cancer and Leukaemia Group B (CALGB) 9011 study compared fludarabine,

chlorambucil or a combination of the two in previously untreated CLL and reported RS in

7% patients (Solh, et al). After a median follow-up of almost 10 years, the CALGB 9712

study which examined the administration of rituximab either concurrently or sequentially

with fludarabine therapy reported RS in 4% patients (Woyach, et al 2011). The rate of RS in

the CLL4 trial (Catovsky, et al) (fludarabine versus fludarabine and cyclophosphamide) and

CLL8 trial (Fischer, et al 2012) (fludarabine and cyclophosphamide versus fludarabine,

cyclophosphamide and rituximab) was 1.6% and 4.1%, respectively, although follow-up for

these trials is significantly shorter than the CALGB studies. These studies are unable to

determine whether the risk is primarily driven by the treatment itself or the biological

characteristics of CLL that predict a greater likelihood of requiring treatment in the first

place. Our study is unique in that we prospectively followed a large cohort of newly

diagnosed patients and studied the impact of both biological characteristics at diagnosis and

treatment exposure during the course of follow-up on the risk of RS. Exposure to the

combination of purine nucleoside analogues and alkylators was associated with an increased

risk of RS whereas risk did not appear to be increased in patients exposed to only one of

these drug classes.

Nearly half of the patients in this series developed RS before requiring initial therapy for

CLL. This indicates the underlying risk of developing DLBCL in CLL patients independent

of treatment. Although a small previous report of 20 patients suggested that up to 35% of

patients with IGHV4–39 gene usage ultimately experience RS,(Rossi, et al 2009b) we were

unable to confirm this observation. In fact, none of the 29 patients with IGHV4–39 gene

usage in our series experienced RS. Rossi et al also reported that 21/174 (14%) CLL patients

with stereotyped B-cell receptor developed RS compared to 18/579 (4%) patients with non-

stereotyped B-cell receptor.(Rossi, et al 2009b) Our study confirms these findings, although

only 6/125 (5%) CLL patients with stereotyped B-cell receptor developed RS in our series

compared to 8/686 (1%) patients who did not have a stereotyped B-cell receptor. Other

biological characteristics that may relate to risk of RS include shortened telomeres (Rossi, et

al 2009a), CD38 gene polymorphism (Aydin, et al 2008), and NOTCH1 mutation (Rossi, et
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al 2012), in addition to the parameters identified by us in this study. We suspect that a

combination of host characteristics, biology of the CLL B-cell clones, their interaction with

the tumor microenvironment and the treatments that are administered during the course of

the disease will influence risk of RS. Continued efforts to develop models that accurately

identify CLL patients at greatest risk for RS may allow tailoring of treatment strategies to

reduce risk (such as avoiding particular drugs that may increase risk in susceptible patients).

There are several limitations to our study. Since the new prognostic parameters were not

available during the entire study period, we were not able to study their impact on the rate of

RS in all patients. A number of treatment advances also occurred during the study period –

including the introduction of chemoimmunotherapy and the introduction of newer

monoclonal antibody therapies. Since only 37 cases of RS were identified, we had limited

ability to perform comprehensive modelling of several risk factors for RS. A number of

recent studies have also shown that the clonal relationship of the DLBCL to the underlying

CLL has critical prognostic implications in RS. Patients with clonally unrelated DLBCL

have survival similar to those with de novo DLBCL while cases where the DLBCL and CLL

are clonally related have significantly worse outcomes (Rossi, et al 2011). Unfortunately,

such information is not assessed outside of a research setting and is therefore not available in

our cohort.

In summary, our study shows that the rate of biopsy-proven RS in a cohort of consecutive

patients with newly diagnosed CLL was 0.5% per year (incidence at 5-years post CLL

diagnosis: 2.1%). The median time to development of RS after CLL diagnosis was 1.8 years

and median OS after development of RS was 2.1 years. Exposure to the combination of

purine nucleoside analogues and alkylating agents was associated with substantial increased

risk of RS. Only 1 in 7 CLL patients with RS was able to receive SCT, and newer treatment

approaches are needed. A combination of simple laboratory and clinical characteristics can

predict survival after development of RS.
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Figure 1.
Rate of Richter syndrome in the entire cohort (black solid line). Rate of Richter syndrome in

those who received CLL treatment (red dashed line, initiation of CLL treatment considered

time zero)

Parikh et al. Page 12

Br J Haematol. Author manuscript; available in PMC 2014 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Parikh et al. Page 13

Br J Haematol. Author manuscript; available in PMC 2014 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
A: Overall Survival of all patients with Richter Syndrome

B: Overall Survival of RS patients who received prior therapy for CLL compared to those

who did not
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Figure 3.
Overall Survival of all Richter syndrome patients according to the RS score

*: RS score as described by Tsimberidou et al. Each of the following characteristics at the

time of diagnosis of RS gets one point: ECOG performance status of 2–4, LDH >1.5×

normal, PLT <100, Tumour size >5 cm and >1 prior therapy for CLL. Patients are then

assigned to one of three risk groups based on their calculated RS score: 0 or 1, low risk; 2 or

3, intermediate risk; 4 or 5, high risk.
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Table I

Comparison of baseline characteristics at the time of CLL diagnosis between patients who later develop

Richter syndrome versus those who do not

Characteristic RS
n (%)

No RS
n (%)

p-value

Number of Patients 37 1604

Median Age, years (range) 61 (21–85) 64 (25–97) 0.19

Sex (male) 29 (78) 1047 (65) 0.09

Median white cell count (×109/L) (range) 14.8 (2.6–415.5) 13.9 (0.5–732.1) 0.85

Median absolute lymphocyte count (×109/L) (range) 9.1 (0.7–386.4) 8.4 (0.0–673.5) 0.79

Median absolute B-cell count (×109/L) (range) 14.3 (1.4–378.3) 7.0 (0.0–666.7) 0.02

Median haemoglobin (gm/dL) (range) 13.5 (6.8–16.0) 13.9 (4.9–17.9) 0.11

Median platelets (×109/L) (range) 190 (71–493) 199 (4–1229) 0.43

Median beta-2 microglobulin (mg/L) (range) 3.1 (1.2–13.1) 2.3 (0.9–21.7) 0.02

Rai Stage Low (0) 10 (27) 822 (52) <0.001

Intermediate (I, II) 19 (51) 683 (43)

High (III, IV) 8 (22) 89 (6)

Missing 0 10

ECOG Performance Status 0 27 (73) 1394 (87) 0.02

1–2 10 (27) 192 (11)

3–4 0 (0) 14 (1)

IGHV Mutation Status Mutated 5 (24) 531 (56) 0.003

Unmutated 16 (76) 419 (44)

Missing 16 654

IGHV 4–39 usage Yes 0 29 1.0

No 14 797

Missing 23 778

Stereotyped B-cell receptor Yes 6 119 0.01

No 8 678

Missing 23 807

ZAP-70 Negative 8 (42) 664 (65) 0.02

Positive 11 (58) 333 (35)

Missing 18 607

CD49d Negative 3 (23) 512 (69) 0.0004
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Characteristic RS
n (%)

No RS
n (%)

p-value

Positive 10 (77) 227 (31)

Missing 24 865

CD38 Negative 12 (43) 957 (71) 0.001

Positive 16 (57) 387 (29)

Missing 9 260

FISH category Nil 6 (21) 282 (25) <0.001

13q- 3 (11) 455 (41)

Trisomy 12 6 (21) 214 (19)

11q- 6 (21) 95 (8)

17p- 7 (25) 48 (4)

Other 0 (0) 13 (1)

Missing 9 497

Abbreviations Used: ECOG: Eastern Oncology Co-operative Group; IGHV immunoglobulin heavy chain variable gene; FISH: fluorescence in-situ
hybridization
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