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Preface

Hodgkin lymphoma is one of the best curable malignancies both in adult and pediat-
ric oncology. Today, more than 80% of all patients can be cured with risk-adapted
treatment including chemotherapy and radiotherapy. This progress is largely due to
the development of multiagent chemotherapy more than 40 years ago and the improve-
ments in radiotherapy. Since then, this fascinating disease has been in the focus of
scientific and clinical research. Major more recent achievements were the definite
proof that Hodgkin lymphoma is a true malignancy despite its peculiar histology with
the Hodgkin and Reed-Sternberg cells derived from “crippled” B-lymphocytes.
Establishing immortal cell lines from patients with end-stage disease initiated a vari-
ety of different research activities into the pathophysiology, immunology, and treat-
ment. The discovery of the Ki-1 antigen that was expressed in high density on H-RS
cells substantially improved the prognostic precision since nearly all malignant cells
in Hodgkin lymphoma tissue are strongly expressing this antigen, which was later
designated to the CD30 cluster. Monoclonal antibodies against this antigen were not
only being successfully used for immunophenotyping but also exploited therapeuti-
cally. After a number of nonsuccessful clinical trials with antibody constructs or fully
human monoclonal antibodies targeting CD30, this story now seems to come full
circle with the advent of an anti-CD30 antibody—drug conjugate that has given
remarkable responses in end-stage Hodgkin lymphoma patients.

Due to the substantially improved prognosis and the generally young age of
patients affected, Hodgkin lymphoma has also become a model to study long-term
effects of successful radiotherapy and chemotherapy. Today, more patients die from
treatment-related long-term toxicity than from uncontrolled Hodgkin lymphoma. We
must thus very carefully balance our attempts to further improve disease control with
the need to keep the risk of long-term consequences as low as possible. In addition,
there are also a number of relevant physical and psychosocial issues that need to be
further exploited including the risk of infertility, and fatigue. Fortunately, after more
than 20 years of standstill, we now experience the development of new-targeted treat-
ment also for patients with Hodgkin lymphoma. This hopefully might result in more
individualized and less toxic treatments for our patients.

This book should give you an overview on past and current achievements in the
area of Hodgkin lymphoma with a special emphasis on late effects and new treatment
options. We would like to express our sincere gratitude to all those who have contrib-
uted to this project.

Cologne and Stanford, October 2010 Andreas Engert
Sandra Horning
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Abbreviations

CI Confidence interval
COX  Cyclooxygenase
EA Early antigen

EBNA Epstein—Barr nuclear antigen
EBV  Epstein—Barr virus

HL Hodgkin lymphoma

HLA  Human leukocyte antigen
HRS  Hodgkin Reed—Sternberg

IL Interleukin

M Infectious mononucleosis
OR Odds ratio

RR Relative risk

SEER Surveillance, Epidemiology, and End Results
SES Socioeconomic status

UsS United States

UVR  Ultraviolet radiation

VCA  Viral capsid antigen

Hodgkin lymphoma (HL) is a relatively rare malig-
nancy, occurring in the United States (US) at approxi-
mately 1/20th the rate of lung cancer, and 1/7th the rate
of non-Hodgkin lymphoma in 2006 [1]. Yet, it has
inspired a high degree of scientific interest because of
the heterogeneity of its clinical presentation and behav-
ior, with some aspects characteristic of malignancy but
others recalling an infectious process; the complexity
of its histology, including the infrequent malignant
Hodgkin Reed-Sternberg (HRS) cell in an otherwise
normal reactive infiltrate, and the variability of cell
surface markers [2]; and its unusual occurrence in chil-
dren and young adults, in whom it is one of the most
common cancers [1], as well as in older persons.
Motivated by these characteristics and MacMahon’s
seminal papers on the epidemiology of HL in 1957 and
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1966 [3, 4], epidemiologists have worked to disentan-
gle the complexity of this disease so as to arrive at a
clear understanding of its pathogenesis and etiology.
However, even as findings from this research have
helped elucidate some aspects of HL etiology, they
have continued to reveal significant epidemiologic het-
erogeneity across patient groups that recalls the dis-
ease’s clinical and pathologic complexity. This
heterogeneity complicates the interpretation of epide-
miologic research conducted for HL as a single entity
and perhaps challenges the classification of what is
currently categorized as HL. Indeed, in 1999, HL was
split into two main groups — classical HL, which com-
prises the majority of the subtypes, and lymphocyte-
predominant HL, an uncommon disease considered a
B-cell lymphoma despite HRS cell presence [5].
Regardless, the central feature of classical HL epide-
miology is the very consistent observation of heteroge-
neity in its occurrence and risk factors.

Therefore, this chapter will provide an overview of
the epidemiology of HL with particular attention to its
etiologic heterogeneity. It will do so for several areas
of established relevance: incidence patterns, timing of
exposure to common infections, the role of Epstein—
Barr virus (EBV), familial aggregation and heritability,
altered immune function, and selected lifestyle prac-
tices. Where possible, it focuses on classical HL.

1.1 Incidence Patterns

HL has a low and relatively stable incidence with a slight
male excess. Worldwide, estimated age-adjusted inci-
dence rates for 2002 were 1.2 and 0.8 per 100,000 males
and females, respectively [6]. Over time, HL incidence
has changed minimally in the US: cancer registry data
showed a nonsignificant 0.01% annual percent decrease
in incidence rates between 1975 and 2006, in stark con-
trast to the significant and rapid 3.6% annual percent
increases in non-Hodgkin lymphoma rates between 1975
and 1991 [1], years encompassing the AIDS epidemic.

1.1.1 Heterogeneity of Incidence Patterns

When examined across relatively homogeneous popu-
lation groups, HL incidence follows complex patterns.

Rates vary internationally: estimated 2002 incidence
rates ranged from 2.3 and 1.9 per 100,000 males and
females in more developed regions, to 1.0 and 0.5 per
100,000 males and females in less developed regions [6].
Moreover, rates in the US were 3.2 and 2.4 per 100,000
males and females (based on 5,037 and 3,820 cases),
whereas rates in China were 0.2 and 0.1 per 100,000,
respectively (based on 1,690 and 720 cases) [6]. The lat-
ter international difference alludes to additional incidence
variation by race/ethnicity. Indeed, within the US, aver-
age annual age-adjusted incidence rates per 100,000 for
2002-2006 were 3.1 in non-Hispanic Whites (hereafter
referred to as Whites), 2.5 in Blacks, 2.3 in Hispanics,
and 1.3 in Asians [7]. Despite the temporal stability of
HL incidence in the US overall and for Whites, rates in
Asians increased significantly at 3.3% annually since
1992 [1], suggesting additional group-specific influences
on disease occurrence.

Arguably, the hallmark of HL epidemiology is its
variation in occurrence by age at diagnosis. The appear-
ance of the disease in young as well as older persons
was first noted in 1902 by Dorothy Reed, for whom the
HRS cell was named in part, when she wrote, “The dis-
ease occurs in more than half the instances in early life;
probably the majority of cases are in children” [8]. In
1966, MacMahon described the young-adult incidence
peak as ““...a distinct bump, almost as though a separate
group of cases with a symmetrical age distribution
around age 25-29 had been superimposed on the basic
lymphoma pattern” [4]. Figure 1.1 shows that this

Rate per 100,000
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Fig. 1.1 Average annual incidence rates of Hodgkin lymphoma

(HL) per 100,000 persons by age group, 2002-2006, United
States [7]
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Fig. 1.2 Average annual incidence rates of Hodgkin lymphoma
(HL) per 100,000 persons by age group and race/ethnicity,
2002-2006, United States [7]

bimodal curve was still apparent in US data for 2002—
2006 [7]. However, while the bimodal curve remains a
defining epidemiologic feature of HL, its shape varies
substantially by race, geography, time, sex, and tumor
characteristics. Figure 1.2 shows that the young-adult
peak in the same US data was most pronounced in
Whites, intermediate in Blacks, and lowest in Hispanics
and Asians [7]. In 1971, Correa and O’Conor showed
by compiling international data that the magnitude
of the young-adult peak was directly correlated with
regional economic status [9]. Updating this analysis in
1995, Macfarlane et al. determined that this correlation
had weakened as international economic differentials
narrowed over time [10]; indeed, rates in young adults
have risen in populations experiencing improved stan-
dards of living, as noted in Singapore over time [11]
and in comparisons of Asians in Asia to those who
migrated from Asia to the US [12] and Canada [13].
Nevertheless, the age-specific social-class gradient
persists both internationally [14] and within the US.
Figure 1.3 illustrates how rates based on population-
based cancer registry data for the 3,794 HL patients
diagnosed in California from 1988 to 1992 varied with
neighborhood socioeconomic status (SES) for young
but not older adults [15]; these gradients further differed
by racial/ethnic group, being strongest for Hispanic and
Asian females (Table 1.1).

The age-specific variation in HL incidence rates
also differs by sex. Despite an overall male excess,
HL is more common in young women than men

—— High

==== Medium

5 Low

Rate per 100,000

0-4 10-14 20-24 30-34 40-44 50-54 60-64 70-74 80-84

Age at diagnosis (years)

Fig. 1.3 Average annual incidence rates of Hodgkin lymphoma
(HL) per 100,000 persons by age group and tertile of neighbor-
hood socioeconomic status, 1988-1992, CA [15]

diagnosed at ages 20 through 34 years — an uncommon
pattern in cancers — but consistently more common
in older men than women, typical of malignant dis-
ease (Fig. 1.4) [7]. Furthermore, increases in rates of
young-adult HL. over time were more pronounced in
women than men in Connecticut [16], and in Singapore
after 1995 [11]. HL rates also differ markedly by rec-
ognized histologic subtypes overall and across ages
(Fig. 1.5) [7]. Nodular sclerosis HL, the most com-
mon subtype (average annual age-adjusted incidence
rate of 1.6 per 100,000 in the US in 2002-2006 [7]),
primarily affects young adults. In contrast, mixed
cellularity, the next most common subtype (average
annual age-adjusted incidence rate of 0.3 per 100,000
in the US in 2002-2006 [7]), has a slight young-adult
peak and rates that rise with older age. The positive
associations of neighborhood SES with HL inci-
dence in Californian young adults noted in Fig. 1.3
occurred primarily for the nodular sclerosis histo-
logic subtype [15].

Thus, the descriptive epidemiology of HL clearly
illustrates variation in its incidence across a range of
demographic factors and tumor characteristics. While
some clustering of characteristics (e.g., young-adult
HL primarily comprising the nodular sclerosis sub-
type) suggests etiologically distinct subgroups of HL,
the inconsistency of many such associations (e.g., the
occurrence of mixed cellularity HL in some young
adults) prevents the clean assignment of subcategories
of HL based on these characteristics.
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Fig. 1.4 Average annual incidence rates of Hodgkin lymphoma

(HL) per 100,000 persons by age group and sex, 2002-2006,
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Fig. 1.5 Average annual incidence rates of Hodgkin lymphoma
(HL) per 100,000 persons by age group and histologic subtype,
2002-2006, United States [7]

1.2 Timing of Exposure
to Common Infections

From his early observations of epidemiologic het-
erogeneity in HL by age, MacMahon proposed an
infectious etiology for young-adult HL [4]. Noting
similarities between HL and paralytic polio, prior to
the availability of the polio vaccine, in the way that
their incidence increased with age in young adults,

Gutensohn and Cole proposed that HL at these ages
resulted from late infection with a common agent
[17]. This “delayed-infection” hypothesis was sup-
ported by three lines of evidence: (1) the association
between social class and HL rates described above
and elsewhere [15, 17-20], and a twofold or greater
increased risk of HL in young adults with a higher
personal SES and educational level [17, 21-26],
which suggested that environmental conditions reg-
ulating exposure to infections impacted disease risk;
(2) the increased HL risk in young adults associated
with having an early birth order, coming from a
small family, having a more highly educated mother,
and, more recently, not attending nursery school [22,
25, 27-31], which suggested a role of protected
childhood environments and thus reduced or delayed
exposure to infectious agents; and (3) the consistent
finding of an approximately threefold elevated risk
of HL in young adults reporting a history of infec-
tious mononucleosis (IM) [32-39], a manifestation
of primary EBV infection occurring in adolescence
or young adulthood rather than childhood (the more
usual age at infection).

1.2.1 Heterogeneity of Effect

The hypothesis that timing of infection relates to HL
development itself arose from the observation of age
variation in HL incidence, and subsequent research
has borne it out. In the 1970s, Gutensohn et al. found
differences across broad age groups in the direction of
some childhood environment associations [25, 40, 41].
In young adults (ages 15-39 years), HL risk was asso-
ciated with having fewer siblings, living in a single-
vs. multiple-family house, and having better educated
parents, whereas in children (ages 0-14 years) and
older adults (ages 55 years and older), risk increased
with measures of more rather than fewer social
exposures in childhood. These age differences in risk
patterns, supported by numerous later studies [22, 27—
29, 31], were interpreted to suggest three etiologic
forms of HL - childhood, young-adult, and older-
adult — an important initial paradigm of HL epidemi-
ology. In recent case—control studies, many of the
previously reported childhood social-class risk fac-
tors have not been associated with HL risk [24, 30,
36, 42], suggesting that temporal demographic



S.L. Glaser et al.

changes, such as decreasing family size, may have
altered some of the childhood exposures most rele-
vant to the development of HL [24, 30].

1.3 Role of Epstein-Barr
Virus

The inference from the IM-HL association that EBYV,
a ubiquitous B-lymphotropic oncogenic virus that
establishes latent infection [43], might have a direct
role in HL etiology has been supported by serologic
and tumor findings. After HL patients were noted to
have elevated anti-EBV titers compared to controls
(e.g., [44]), Mueller et al. were the first to demonstrate
that EBV titers were altered before HL diagnosis, with
patterns that suggest viral reactivation and enhanced
replication (relative risks (RR) of HL with elevated
levels of IgG and IgA antibodies against viral capsid
antigen (VCA) of 2.6 (90% confidence interval (CI)
1.1-6.1) and 3.7 (95% CI 1.4-9.3), respectively, and
with elevated levels of IgG antibodies against Epstein—
Barr nuclear antigen (EBNA) and early antigen (EA)
diffuse component of 4.0 (95% CI 1.4-11.4) and 2.6
(95% CI 1.1-6.1), respectively) [45]. These findings
are consistent with defective immunological surveil-
lance and control of infection with EBV leading to
viral reactivation and, potentially, a higher risk of
B-cell transformation and the development of HL. In
the late 1980s, this possibility was further supported
by the detection in some HL tumors of EBV gene
products that were monoclonal and expressed by all
HRS cells, indicating infection prior to malignant
expansion [46]. However, contrary to expectation

from the epidemiologic evidence that EBV might be
an etiologic agent for all HL, the virus was found only
in a proportion of tumors.

1.3.1 Heterogeneity of Effect

The proportion of tumors with evidence of EBV (here-
after called EBV-positive) has been shown to vary
substantially by patient demographic and tumor char-
acteristics, providing strong evidence of the virus’
varying role across subsets of HL [47, 48]. Among
1,546 patients assembled from 14 international studies,
the percentages of tumors that were EBV-positive were
34 and 64% in developed and less developed countries,
23 and 70% for nodular sclerosis and mixed cellularity
histologies, 48 and 22% in males and females, 36 and
60-65% in Whites and most non-Whites, respectively,
and higher in children (57%) and older adults (52%)
than in young adults (32%) [47]. Similar differences in
associations of EBV and HL by age, sex, and race/eth-
nicity emerged in more uniformly collected popula-
tion-based data from 1,032 US cases (Table 1.2) [49]
and from 537 UK cases [50]. When compared to the
graphs in Fig. 1.5, the estimated incidence rate curves
for EBV-positive and EBV-negative HL in the UK
(Fig. 1.6) also show the close resemblance between
age-incidence curves for EBV-positive HL. and mixed
cellularity HL, and for EBV-negative HL. and nodular
sclerosis HL. Altogether, these descriptive differences
in EBV-positive and EBV-negative HL are consistent
with their being separate pathogenic entities.
Subsequent analytic research has supported the
hypothesis that EBV-positive and EBV-negative HL
have different pathologies. Studies to relate risk of

Table 1.2 Numbers of Hodgkin lymphoma (HL) cases and percentages with Epstein—Barr virus (EBV)-positive tumors by patient

Age group  White

age group, race/ethnicity, and sex, California regions, 1988-1997 [49]

Hispanic

(years) Males Females Males Females
N % EBV-positive N % EBV-positive N % EBV-positive N % EBV-positive
0-14 10  50.0 11 9.1 20 70.0 9 88.9
15-34 137  25.6 189 13.2 55 38.2 47 12.8
35-54 88 19.3 84 9.5 23 47.8 28 39.3
55+ 34 493 26 38.2 20 85.0 17 76.5
Total 304 299 352 17.1 118 53.4 101 37.6
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Fig. 1.6 Age-specific incidence rates of Hodgkin lymphoma
per 100,000 person-years and Epstein—Barr virus (EBV) tumor
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Northern England [50]

EBV-positive HL to a history of IM, a strong EBV-
related risk factor for HL in early studies, produced
mixed findings due, in part, to reliance on a self-
reported (and thus possibly inaccurate) history of IM
[30, 51-56]. However, in prospective data linking sero-
logically confirmed IM with HL diagnoses from a pop-
ulation-based cancer registry, Hjalgrim et al. observed
that IM was associated only with risk of EBV-positive
HL (estimated RR=4.0, 95% CI 3.4-4.5), with an esti-
mated median time from IM to HL of 4.1 years (95%
CI 1.8-8.3) [34]. Chang et al. showed that the antibody
response to EBV differed significantly between EBV-
positive and EBV-negative HL patients, with EBV-
positive patients more likely to be EBV carriers in
general and to have more prevalent and elevated EBV
antibody titers against both lytic and latent virus anti-
gens [57]. Together, these findings support an aberrant
immune response to EBV and thus abnormal immu-
nity in patients with EBV-positive HL, relative to
those with EBV-negative HL. Further, differences
have been identified in other risk factors for EBV-
positive and EBV-negative HL, as shown for selected
studies in Table 1.3. From the accumulated evidence,
Jarrett suggested that HL represents four disease enti-
ties: one in children, which is EBV-associated; one in
young adults with a history of late EBV infection
and EBV-positive tumors; one in young adults, which
is EBV-negative; and one in older persons, which is
EBV-associated [58].

1.4 Familial Aggregation
and Heritability

Genetic predisposition to HL is supported by substantial
evidence of family aggregation and, increasingly, associ-
ations with specific genes. Case studies have shown that
families of HL probands can have affected first-, second-,
and third-degree members with HL [59, 60]; other hema-
tologic malignancies [61-66] and solid tumors [67-70];
can share human leukocyte antigen (HLA) haplotypes
[71]; and can be consanguineous [67, 72] — all consistent
with an inherited predisposition to HL. HL risk was found
to be nearly 100-times higher in identical than fraternal
twins [73], indicating a substantially stronger effect of
shared genes than shared environment. Case—control and
cohort studies consistently have reported a threefold to
sevenfold increased risk of HL in first-degree relatives of
patients [66, 68, 72, 74-83] and familial associations with
other hematopoietic malignancies [75, 84-86]. Data from
linkages of population-based cancer and family record
registries, which are the least vulnerable to bias in studies
of family aggregation, have produced similar results [63,
87]. They also have shown a higher risk for siblings than
for parents of cases [63], a younger age at diagnosis for
familial than nonfamilial cases [87-89] (although possi-
bly due to various biases [90]), and an elevated occur-
rence of other lymphomas (particularly diffuse large
B-cell lymphoma [91]) and other malignancies [92], as
well as some autoimmune diseases (e.g., multiple sclero-
sis [93, 94]). Genetic predisposition to HL also is sug-
gested by the consistent observations of higher rates in
Jews and lower rates in Asians unexplained by differ-
ences in SES [12, 18, 24, 25, 30].

In affected families, analyses of candidate suscepti-
bility genes have implicated the HLA region of chro-
mosome 6 and polymorphisms of various cytokine
genes, as reviewed below. The single published genome-
wide association scan to date found strong linkage con-
sistent with recessive inheritance on chromosome 4p,
as well as on chromosomes 2, 4q, 7, 11, and 17 in 44
high-risk families [95].

1.4.1 Heterogeneity of Effect

Risk of familial HL and lymphoma related to HL has
been reported to vary by age, sex, and degree of
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Table 1.3 Risk factor patterns for Hodgkin lymphoma (HL) subclassified by tumor Epstein—Barr virus (EBV) status, selected studies
Risk factor Study Adjusted odds ratios (95% confidence intervals)
EB V-positive EB V-negative
HL vs. controls

Patient group

EBV-positive vs.
EBV-negative HL

HL vs. controls

Social class measures

Lower vs. higher [57]* All adults 0.8 (0.6-1.0)
education

Single vs. shared [53]° Young adult 4.0 (1.1-14.4) 1.0 (0.7-1.6)

bedroom, age 11 women

N of older siblings [36]° Young adults 0.77 (0.56-1.05) 1.01 (0.83-1.22) 0.65 (0.45-0.95)
(trend per sibling)

N of older siblings Older adults 1.35 (1.06-1.70) 0.84 (0.68-1.03) 1.60 (1.12-2.29)
(trend per sibling)

EBYV infection

Elevated antibody [57]2 All adults 3.6 (1.4-8.7)

to VCA

Anti-EBNA-1: 3.2 (1.1-9.0)
Anti EBNA-2 <1.0

M [36]¢ Young adults 3.96 (2.19-7.18) 1.36 (0.81-2.26) 2.68 (1.40-5.12)
Years since IM: 1-4 11.86 (3.10-45.3) 0.41 (0.04-3.75)

Smoking

>10 packs of [57]* All adults 1.8 (1.1-3.0)
cigarettes during life

Ever vs. never [157]¢ All adults 1.62 (1.08-2.43) 1.13 (0.86-1.49)

Current vs. never 2.36 (1.51-3.71) 1.43 (1.05-1.97)

aN=95 EBV-positive HL cases, 303 EBV-negative HL cases (OR adjusted for age, sex, education level)

"Ages 19-44: N=24 EBV-positive HL cases, 187 EBV-negative HL cases; ages 45-79: N=13 EBV-positive HL cases, 44 EBV-
negative HL cases (OR for EB V-positive HL vs. controls adjusted for age, race/ethnicity, Catholic religion, ever smoking, childhood
household size, birth order, bedroom sharing at age 11, number of playmates at age 8; OR for EBV-negative HL vs. controls adjusted
for age, race/ethnicity, Catholic religion, lactation, birthplace, living in a rented family home at age 8, childhood household size,
birth order, bedroom sharing at age 11, number of playmates at age 8)

‘Ages 18-44: N=85 EBV-positive HL cases, 253 EBV-negative HL cases; ages 45-74: N=57 EBV-positive HL cases, 104 EBV-
negative HL cases (OR adjusted for age, gender, country, history of IM, maternal education)

IN=95 EBV-positive HL cases, 303 EBV-negative HL cases (OR adjusted for age, sex, education level, smoking status, elevated
VCA IgG and IgA, and EA IgA, and EBNA-1:EBNA-2<1.0)

cAges 18-74: N=142 EBV-positive HL cases, 357 EBV-negative HL cases (OR adjusted for age, gender, country, number of younger
and older siblings, history of IM, mother’s age at subject’s birth, maternal education, subject’s education, family history of hematopoi-
etic cancer)

familial relationship. In linked Swedish registry data,
Goldin et al. found the risk of HL higher for families of
probands vs. controls under 40 years (RR=4.25, 95%
CI1.85-9.77) than those older than 40 years (RR =2.56,
95% CI 0.90-7.25) [63]. Other studies found higher
risks of familial lymphoma for HL patients younger
than 60 years at diagnosis [84] and for offspring diag-
nosed under age 50 years [96]. Studies also noted
higher HL risk for male relatives of patients, particu-
larly brothers; for same-sex siblings; and for siblings

compared with parents of cases [63, 78, 87, 97, 98].
Horwitz et al. proposed that the same-sex concordance
of HL in families suggested a susceptibility gene in the
pseudoautosomal regions of the sex chromosomes [99,
100], but these patterns also are consistent with a role
for shared environmental exposures in familial aggre-
gation of HL and other lymphomas. Anecdotal reports
have identified multiplex families with EBV-positive
HL [101]; however, tumors in familial cases do not
appear consistently to be concordant for EBV [60].
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1.5 Immune Function

A role for immune function in HL pathogenesis is
anticipated, as HL is a B-cell malignancy character-
ized by immune dysregulation and, within the tumor,
by a reactive inflammatory infiltrate and abnormal
cytokine expression [2]. Indeed, the etiologic impor-
tance of immune function has been demonstrated
directly by associations of HL risk with diseases
involving immune dysregulation or inflammation, with
serum cytokine profiles, and with polymorphisms of
immune-function genes. In fact, the strongest risk fac-
tors reported for HL include HIV infection (which
depletes T-helper cell populations), iatrogenic immu-
nosuppression posttransplantation, and autoimmune
conditions, as described below.

1.5.1 Immunodeficiency
Disorders and HIV

Risk of HL is strongly increased in persons with primary
immune deficiencies [102] and with acquired immune
deficiency following HIV infection or bone marrow
transplantation [103]. From large linkages of US popula-
tion-based AIDS and cancer registries, risk of HL in HIV-
infected populations was estimated at 11.5-fold (95% CI
10.6-12.5) higher than in the general population, with
greater risks for the mixed cellularity (RR=18.3, 95% CI
15.9-20.9) and lymphocytic depletion (RR=35.3, 95%
CI 24.7-48.8) histologic subtypes [104]. Compared to
HIV-unrelated HL, HIV-HL is clinically more aggressive,
portends poorer survival, and is almost uniformly EBV-
positive [105]. Among HIV-infected persons, risk of HL
varies by the degree of immunodeficiency, with rates
higher for those with CD4 cell counts of 150-199 cells/
uL than for those with fewer than 50 cells/uL [106]. This
implies that risk of HL is greater with moderate than with
severe immunodeficiency. Accordingly, HIV-HL rates
have increased since the introduction of highly active
antiretroviral therapies in 1996 [107], presumably because
of related improvements in average CD4 counts. In one
study of patients who had bone marrow transplantation,
the incidence of HL was estimated at nearly 15-fold
higher than expected (standardized incidence ratio=14.8,
95% C13.9-32.9) [108].

1.5.2 Autoimmune Conditions

HL risk is increased in persons with autoimmune dis-
eases. Although such evidence is impacted by the often-
small sample sizes given the rarity of these conditions,
and by the possibility of reverse causality [109], a large
Scandinavian database linking disease registries showed
that risk of HL (n=9,314 cases compared with 37,069
controls) was increased twofold for systematic autoim-
mune disease overall, with significantly elevated ORs
ranging from 2 to 5 for rheumatoid arthritis, systemic
lupus erythematosus, Sjogren’s syndrome, and sarcoi-
dosis [110]. In 1,155 HL cases over age 67 years at diag-
nosis from the Surveillance, Epidemiology and End
Results (SEER)-Medicare data and controls from the
Medicare files, HL risk was similarly elevated among
those with a history of lupus, scleroderma, or rheuma-
toid arthritis [111]. The positive association between
autoimmune disease and HL risk irrespective of age
may be explained by a number of mechanisms. These
include autoantigen-mediated chronic B-cell stimula-
tion, leading to the emergence of a malignant clone
(perhaps further enabled by acquired resistance to apop-
tosis in autoimmune disorders) [112], immunosuppres-
sive treatment for autoimmune disorders, and shared
environmental and/or genetic risk factors for both auto-
immunity and HL [109]. Evidence of immunologic dif-
ferences between EBV-positive and EBV-negative HL
suggests that risk associations with autoimmune disor-
ders also may differ by tumor EBV status, but studies to
date have not examined this possibility.

1.5.3 Inflammation

Cytokines, which are produced by HRS cells and believed
to act as autocrine growth factors and maintainers of the
tumor inflammatory infiltrate [2], have been linked to
HL risk through observations of elevated serum/plasma
levels of interleukin (IL)-2 [113]; IL-6 [114—116], includ-
ing before treatment [114, 117]; IL-10 [118, 119]; IL-12
[113]; CC chemokine ligand (CCL)117 and CCL22
[120]; and inflammatory marker YKL-40 [114].

A role for chronic and perhaps, subclinical, inflam-
mation in HL etiology was suggested by reduced risks
of HL with routine aspirin use (OR=0.60, 95% CI
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0.42-0.85) in a large US case—control study [121] and
with >2 vs. <2 prescriptions of low-dose aspirin
(OR=0.7, 95% CI 0.5-1.2) in a prospective nested
case—control study in linked Danish cancer registry and
prescription databases [122]. Aspirin may exert a pro-
tective effect by triggering HL cell death through inhi-
bition of the transcription factor NF-xB [123, 124],
which helps regulate the expression of immune, inflam-
matory, and apoptotic genes, and is constitutively acti-
vated in and required for survival by HRS cells
[125-128]. Aspirin also may protect against HL through
its irreversible binding to the active site of cyclooxyge-
nase (COX)-1 and -2 [129], potent mediators of inflam-
mation and tumor growth that are overexpressed in HL
[130, 131].

1.5.4 Immune Gene Polymorphisms

The highly polymorphic HLA system, which plays a
role in infection control by encoding cell-surface mole-
cules that present antigenic peptides to T-cells [132], has
been associated with HL risk for decades [59, 133—-135].
Early research linked HLA serologic types Al, BS, BS,
and B18 to HL risk [136]. In family studies, various HLA
class II polymorphisms, including the DRB5-0101 allele,
the haplotype DRB*1501-DQA1%0102-DQBI1*0602,
and a TAPI allele, were associated with HL risk [134]. In
population studies, HL risk has been related to various
HLA genotypes, with considerable patient subgroup
specificity as described in Sect. 1.5.5 below. While the
findings regarding HLA generally suggest recessive
inheritance and additional genetic and environmental
factors [71, 133, 137, 138], it is unclear whether the
identified associations involve true susceptibility alleles
or reflect the strong linkage disequilibrium in the HLA
region [139].

Among cytokine genes, several single nucleotide
polymorphisms in /L6 have been associated with HL
risk [140], including a promoter region polymorphism
(rs1800795, 174G>C) in young adults [115]; other
associations were detected with polymorphisms in
ILIRI (involved in activation of NF-xB) and IL4R
(expressed on HRS cells) [140]. Cozen et al. found
ILI12 +1,188A>C associated with elevated risk for HL
in 90 case twins vs. 90 convenience controls (OR=2.9,
95% CI 1.1-7.30) [113]. Several common polymor-
phisms in IL10 have been linked to risk of HL [119],

with the association of the —1,082 GG genotype pos-
sibly restricted to EBV-positive cases [141]; further,
IL-10 plasma levels were elevated for individuals
homozygous for ILI0 promotor alleles —592 and
—1,082 [119]. A single nucleotide polymorphism in
NFKBI was recently associated with increased risk of
HL (11585215 GG vs. AA: OR=35, 95%
Cl22-57, P, ,=1.7x10"), as were NFKBI haplo-
types (Pg]nbal=6.0x 10721 [142].

1.5.5 Heterogeneity of Effects

The impact of some aspects of immune function on
risk of HL appears to be relatively unvaried across
patient subgroups. The lack of variation in the associa-
tions of aspirin use and the related NFKBI polymor-
phism with HL risk by age group, sex, and tumor EBV
status suggests that inflammation represents an essen-
tial underlying component of HL pathogenesis [122,
142]. For autoimmune disease, the associated risk of
HL appeared stronger for the mixed cellularity subtype
in a subset of Swedish HL patients (N=9,314) for
whom histologic subtype information was available
[110]. Baecklund et al. found that the risk of HL with
rheumatoid arthritis did not vary by tumor histologic
subtype or EBV presence [143]. However, all of these
analyses were limited by relatively low statistical
power for stratified analyses, which may also explain
the apparent lack of heterogeneity.

For associations of HL risk with HLA genotype,
findings consistently have revealed heterogeneity. In
race-specific analysis, risk was found to be increased
for HLA class II DPB1*0301 in Whites [144—147] but
decreased for DPB1*0201 [144] and for DPB1*0401
in Asians using population-stratified controls [145].
DPB1%0301 associations were further restricted to
nodular sclerosis HL in one study [148] and to EBV-
positive tumors in young adults in another [149]; the
risk association with a TAP] allele was limited to the
nodular sclerosis subtype [134]. Evaluating the entire
HLA region, Diepstra, Niens, and colleagues identified
associations that were dependent on EBV tumor status:
for EBV-positive HL, risk was significantly elevated
with specific class I A microsatellite markers (D65265,
D6S510) [150] (ORs of 6.0, 95% CI 1.7-22.1, to 9.8,
95% CI 2.7-34.9, for seven SNPs), whereas for EBV-
negative HL, it was associated with one class III marker
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(D6S273) [151]. Subsequent work detected associa-
tions of HLA-A*01 with increased risk and HLA-A*02
with decreased risk of EBV-positive HL, and signifi-
cantly lower prevalence of HLA-A*02 patients among
152 EBV-positive patients (35.5%) than 322 EBV-
negative patients (50.9%) [152]. As HLA-A molecules
present EBV peptides to T-cells, it is feasible that SNPs
with low affinity for EBV and thus an inefficient
immune response could be linked to risk of EBV-
positive HL [132, 151]. Observations linking risk of
IM in young adults with various class I polymorphisms
(including markers D6S510 and D6S265) strengthen
support for a role for management of EBV infection in
the etiology of EBV-positive HL [153].

1.6 Selected Life-Style and
Environmental Risk Factors

1.6.1 Smoking

In a 2002 study of men, Briggs et al. reported a near-
doubling of HL risk with current cigarette smoking,
with significant dose-response effects for intensity and
duration of exposure, and risk highest for the mixed
cellularity subtype (OR=3.4, 95% CI 1.8-6.4) [154].
Subsequent case—control and cohort studies consis-
tently have found risks elevated for current smoking
[52, 57, 155-162] and, in some studies, limited to the
mixed cellularity subtype [154, 156]. Three studies
also found the elevated risk restricted to EB V-positive
tumors (which are often of mixed cellularity histology)
[156, 157, 162]; Hjalgrim et al. reported a significant
doubling of risk of EBV-positive HL irrespective of
patient age or tumor histologic subtype but with the
effect apparently stronger in males than females [157].
Tobacco smoke may impact HL pathogenesis through
its associated immunosuppression [163], especially
that permitting reactivation of latent EBV infection.

1.6.2 Alcohol Consumption

Moderate alcohol consumption has been associated
repeatedly with reduced risk of HL. Five case—control
studies from various countries reported a significant

halving of risk of HL for drinkers at most levels of
total alcohol intake [22, 155, 160, 164, 165], while
four others reported nonsignificantly protective or null
associations [158, 162, 166, 167]. Few of these studies
had sufficient numbers of cases to assess level of drink-
ing by relevant HL subtypes, although one study
reported null associations for both EBV-positive and
-negative disease [162]. However, because most of
these studies used nondrinkers as reference groups,
their findings may be biased by the well-reported phe-
nomenon of prediagnostic “alcohol-related pain” [168]
that could have led to voluntary cessation of alcohol
consumption. A prospective cohort study that was able
to measure alcohol consumption prior to HL diagnosis
reported protective (albeit statistically insignificant)
effects of alcohol similar to those reported by case—
control studies [159]; however, this study used non-
drinkers as opposed to lifetime abstainers as a reference
group. Alcohol could influence lymphomagenesis
through its established immunologic effects [169].

1.6.3 Ultraviolet Radiation Exposure

Increased exposure to ultraviolet radiation (UVR) may
decrease risk of HL. A large, population-based case—
control study in Sweden and Denmark detected a con-
sistent inverse association, with significant inverse
dose-response trends, between risk of HL and UVR
exposure, as measured by sunbathing habits, sunburn
history, sun vacations abroad, and solarium visits
[170]. Grandin et al. found that having phenotypic fea-
tures that may be associated with reduced sun expo-
sure (i.e., fair complexion or a high propensity to
sunburn) increased HL risk [171]. Likewise, a European
case—control study reported that increasing skin sensi-
tivity to sun exposure was associated with elevated risk
of HL [172]. However, the latter two studies did not
find a significant association of HL risk with artificial
sun lamp use [171, 172], frequency of outdoor activi-
ties [171], or non-working days during childhood or
adulthood [172]. Nevertheless, the OR estimates of
association with outdoor activities and non-working
days were below 1.0, whereas the associations with
school/work days were above 1.0, consistent with a
protective effect of UVR exposure. The putative
inverse association between UVR exposure and HL
risk may be a consequence of activation of vitamin D



14

S.L. Glaser et al.

production by UVR [173]. Evidence supports a protec-
tive effect of vitamin D against HL. development,
including the fact that it promotes differentiation and
inhibits proliferation of lymphoma cells in vitro [174]
and maintains homeostasis of normal B cells [175].

1.6.4 Body Size and Physical Activity

HL patients have been found to be significantly heavier
at birth and heavier and taller as children than controls
matched on age, sex, and social class [176]; some stud-
ies also noted HL patients were taller in adulthood [25,
177, 178], but others did not [159, 179-181]. Adult
height could be associated with HL risk because of bet-
ter nutrition [182, 183], which, like HL risk, is likely
related to higher childhood socioeconomic status [184,
185], common genetic determinants [95, 148, 150,
182], or promotion of nascent HL tumors in taller per-
sons by higher circulating levels of insulin-like growth
factors and other growth hormones [182, 186]. Obesity
has been associated with a nearly two [180, 182] to
threefold [181, 187] increased risk in men but not in
women [181, 187-189], although one study found a
nonsignificant association in both sexes [159]. The
stronger relationship between obesity and HL risk in
men may be a result of their greater tendency to vis-
ceral adiposity [181]. Larger birth weight and higher
levels of body mass index were associated with
increased HL risk in young-adult women but reduced
risks in older women [178]. Larger body size could
influence risk of HL by triggering higher levels of the
cytokine IL-6 [115], insulin resistance, compensatory
hyperinsulinemia, or increased production of growth
factors, including estrogens [190].

1.6.5 Parity

The change in gender patterns of HL incidence from
female-dominated in young adulthood to male-domi-
nated in later adulthood suggests that reproductive
events or their correlates might contribute to the declin-
ing risk of HL in women vis-a-vis men after their early
20s [20, 191]. One registry-based study in Norway
identified a significant inverse relationship between
HL risk and parity in young-adult women, with an RR

of 0.46 among women with 3+ births compared with
nulliparous women [192]. Subsequent studies described
a slight to moderate decrease in HL risk with higher
parity, with some finding a more protective apparent
effect in women of reproductive age [21, 193-196].
These data, and findings of lower HL risk with nurs-
ing, exogenous hormone use, and a history of endo-
metriosis [197], suggest an effect of steroid or other
hormones on HL pathogenesis, possibly through influ-
ences on regulation of immune system development or
function.

1.7 Summary

The epidemiology of HL provides consistent evidence
of a disease with complex pathogenesis, as illustrated
by the distinctive patterns of its incidence rates and
risk profiles by age, race/ethnicity, sex, economic level,
and tumor characteristics. From MacMahon’s early
observations, efforts to interpret and summarize these
heterogeneous findings have resulted in models of
multiple-disease etiologies, with the most recent
hypothesis proposing four diseases based on integra-
tion of two primary determinants of heterogeneity —
age and tumor EBV status [58]. However, efforts to
further understand possible etiologic pathways have
been hampered by two challenges. One is the relatively
recent observation that some markers of childhood
social class initially predictive of risk no longer are
associated with HL [24, 30]. This change leaves few
established risk factors for HL, especially for the larg-
est subgroup of patients, i.e., young adults with EBV-
negative HL [198]. Moreover, those factors shown to
strongly impact risk (e.g., HIV infection) have low
population prevalence, and few novel ones have been
identified. Thus, epidemiologic research into the etiol-
ogy of HL currently is without strong leads, especially
for EBV-negative young-adult disease.

The other challenge to advancing the epidemiology
of HL, rooted in its heterogeneity, is the problem of
conducting adequately powered studies in meaningful
patient subgroups of this relatively uncommon disease.
To date, research points to the importance for HL eti-
ology not only of age and tumor EBV status, but also
of histologic subtype, genetic predisposition, and envi-
ronmental exposures. To be informative, therefore,
epidemiologic studies must be large enough to examine
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and disentangle the joint contributions of these factors
to HL development.

The accumulated epidemiologic evidence points to
HL as an uncommon outcome in susceptible individu-
als of immune dysfunction provoked by early and con-
current environmental exposures. Beyond this,
however, our understanding of HL etiology remains
poor. To meet the ultimate public health goal of dis-
ease prevention, epidemiologic research into HL. must
be focused in novel directions and involve study popu-
lations of substantial size in order to address its etio-
logic heterogeneity.
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Abbreviations

BART BamHI A rightward transcripts
cHL Classical Hodgkin lymphoma
EBER EBV-encoded small RNAs
EBNA EBV nuclear antigen

EBV  Epstein—Barr virus

HHV  Human herpesvirus

HL Hodgkin lymphoma

HLA  Human leukocyte antigen

HRS  Hodgkin and Reed-Sternberg
LMP  Latent membrane protein
MCV  Merkel cell polyomavirus

MV Measles virus

SNP  Single nucleotide polymorphism
TTV  Torque teno virus

2.1 Introduction

Hodgkin lymphoma (HL) is a heterogeneous condi-
tion. Seminal papers published in 1957 and 1966 sug-
gested that HL in younger and older adults had different
etiologies and further suggested an infectious etiology
for young adult HL [1, 2]. Subsequent epidemiological
studies provide broad support for these hypotheses [3,
4]. Data linking young adult HL with a high standard
of living in early childhood and lack of child—child
contact suggest that delayed exposure to common
childhood infections may be involved in the etiology
of this group of cases [5, 6]. There is now compelling
evidence that a proportion of cases of HL are associ-
ated with the Epstein—Barr virus (EBV). Paradoxically,
older adult and childhood cases of HL are more likely
to be EBV-associated than young adult cases [7-9].
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In this chapter, I will review studies on viral involve-
ment in HL with a focus on classical HL (cHL), since
nodular lymphocyte predominance HL is considered a
separate disease entity. The association with EBV will
be discussed with an emphasis on recent data and find-
ings that support a causal role for EBV in this malig-
nancy. Studies investigating involvement of other
candidate viruses in this disease will be summarized.

2.2 Hodgkin Lymphoma
and Epstein-Barr Virus

EBYV is a gamma-herpesvirus with a worldwide distri-
bution [10, 11]. Over 90% of healthy adults are infected
by EBV and, following primary infection, the virus
establishes a persistent infection with a reservoir in
memory B-cells [12]. Although EBV is an extremely
efficient transforming agent, the virus is kept under
tight control by cell-mediated immune responses, and
both primary and persistent infection are usually
asymptomatic [11].

EBYV infection can be lytic or latent. Lytic infection
is associated with expression of a large number of
viral genes, production of progeny virus and death of
the infected cell; in contrast, latent infection is associ-
ated with expression of a small number of EBV genes,
persistent infection and growth transformation [11].
In B-cells transformed by EBV in vitro, six EBV
nuclear antigens (EBNA-1, -2, -3a, -3b, -3c, and LP;
also called EBNA-1-6) are expressed alongside three
latent membrane proteins (LMP1, LMP2A, and
LMP2B) [10]. In addition, noncoding viral RNAs are
expressed in all latently infected cells [10]. These
include two small nonpolyadenylated transcripts, the
EBERs, and a large number of viral microRNAs
derived from the BARTs (BamHI A rightward tran-
scripts) and the primary EBNA transcript [10, 13-16].
Expression of the full set of latent genes is known as
latency type III and is associated with transformation
of B-cells [10]. EBV gene expression in EBV-positive
lymphomas occurring in the context of immunosup-
pression frequently follows this pattern; however,
more restricted patterns of EBV gene expression are
also observed [11]. The EBNA-3 family proteins are
immunodominant and the other latent antigens elicit
only subdominant or weak cell-mediated immune
responses [17, 18]. The pattern of gene expression in

o

%

Fig.2.1 Epstein—Barr virus (EBV)-encoded small RNA (EBER)
in situ hybridization staining of EBV-positive Hodgkin and
Reed-Sternberg (HRS) cells. The characteristic staining pattern
is observed in the nuclei of HRS cells

EBV-associated malignancies most probably depends
on both the lineage and stage of differentiation of the
infected tumor cells and the host EBV-specific immune
response.

In EBV-associated HL, the Hodgkin and Reed-
Sternberg (HRS) cells are infected by EBV and the
infection is clonal, i.e., all the tumor cells are derived
from a single infected cell [19-22]. The virus is pres-
ent in all the HRS cells and EBNA-1, LMP1, LMP2A,
and 2B as well as the EBER RNAs and BARTS are
expressed; the remaining EBNAs are downregulated
[20, 22-25]. This pattern of gene expression is referred
to as latency type II [11]. EBV infection of HRS cells
can be readily demonstrated in sections of routinely
fixed, paraffin-embedded material using either EBER
in situ hybridization or LMP1 immunohistochemistry
(Fig. 2.1). Reagents for both assays are commercially
available.

2.2.1 EBV and the Pathogenesis
of Hodgkin Lymphoma

The molecular pathogenesis of HL and the origin of HRS
cells are described in detail in the following chapter 3.
Briefly, HRS cells have clonally rearranged immuno-
globulin genes with evidence of somatic hypermutation,
indicating a derivation from B-cells that have partici-
pated in a germinal center reaction [26, 27]. A pathogno-
monic feature of these cells is the global suppression of
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B-cell signature genes and inappropriate expression of
genes usually associated with other hemopoietic lineages
[28, 29]. Importantly, HRS cells do not express B-cell
receptors. Survival of germinal center B-cells normally
requires signaling through both B-cell receptors and
CD40; HRS cells must therefore have acquired a non-
physiological survival mechanism. Functional studies of
EBYV, and LMP1 and LMP2A, in particular, support a
role for the virus in HRS cell survival.

In 2005, three independent groups published data
showing that germinal center B-cells lacking B-cell recep-
tors could survive and be immortalized by EBV [30-32].
In elegant experiments, Mancao and Hammerschmidt
[33] later showed that this survival function was depen-
dent on LMP2A expression. A series of in vivo and
in vitro studies from the Longnecker laboratory have fur-
ther defined LMP2A function [34-36], and shown that
this viral protein can mimic an activated B-cell receptor
and provide a survival signal to B-cell-receptor-negative
B-cells [35]. LMP2A expression in B-cells also results in
downregulation of B-cell specific genes and induction of
genes associated with proliferation and inhibition of
apoptosis, a gene expression profile similar to that seen
in HL-derived cell lines [37]. Constitutive activation of
Notchl by LMP2A, and subsequent inhibition of E2A
and downregulation of EBF, two transcription factors
that regulate B-cell development, appear to be involved
in both survival signaling and transcriptional regula-
tion [34]. Thus, LMP2A is likely to play a key role in
both the survival and reprogramming of EBV-positive
HRS cells.

Survival of germinal center B-cells requires signal-
ing through surface CD40 as well as B-cell receptors.
LMP1 is an integral membrane protein that interacts
with several signal transduction pathways to activate
NF-«xB, Jun N-terminal kinase (JNK), and p38 mito-
gen-activated protein [38—42]. In this way, LMP1
mimics a constitutively active CD40 molecule,
although providing a more potent and sustained signal
[10, 11]. Activation of the NF-«B pathway, which is a
feature of HRS cells, leads to upregulation of anti-
apoptotic genes, including c-FLIP and XIAP, which
are likely to contribute to HRS cell survival [43-45].

The EBV genome is normally maintained as an epi-
some in infected cells, i.e., it does not integrate. The
EBNA-1 protein is responsible for maintenance of the
genome in an episomal form, and also for genome rep-
lication and partitioning during mitosis [10, 46].
EBNA-1 can also influence both viral and cellular gene

expression and appears to confer a B-cell survival
advantage, although the impact of EBNA-1 on onco-
genesisinvivoiscontroversial [ 10,47-50]. Interestingly,
in the context of HL, overexpression of EBNA-1 in vitro
leads to the appearance of multinucleated cells [49].
The precise function of the EBER transcripts is also
unclear but expression of these small RNAs appears
important for efficient EBV-induced B-cell growth and
transformation [10, 51].

The function of the BARTSs, which are expressed by
HRS cells, remained elusive for many years but recent
data show that these complex transcripts contain two
clusters of microRNAs [13-16, 23]. Expression of the
BART microRNAs has been most studied in relation to
nasopharyngeal carcinoma, an EBV-associated malig-
nancy that shares a similar pattern of EBV gene expres-
sion to cHL [13-16], and profiling of these transcripts
in cHL has not been reported to date. Little informa-
tion about the targets of these potent gene regulators is
currently available but they are likely to have an impor-
tant role in oncogenesis. In addition to encoding
microRNAs, EBV regulates the expression of cellular
microRNAs; EBV infection of primary B-cells leads
to a conspicuous downregulation of many microRNAs
with the notable exception of mIR-155, which is highly
expressed by both EBV-positive and -negative HRS
cells [52, 53].

2.2.2 Risk Factors for EBV-Associated
Hodgkin Lymphoma

It is clear that EBV is associated with only a propor-
tion of cHL cases, around one third in industrialized
countries [7, 8, 54]. EBV-associated cHL cases are not
randomly distributed among all cHL cases, and the
demographic features and risk factors for development
of EBV-positive and -negative HL show distinctive
features [7, 8]. Children (<10 years) and older adults
(50+ years) are more likely to be EBV-associated than
young adult cases (15-34 years) [8, 9, 54]. Among
EBV-associated cases, males predominate with a ratio
of approximately 2:1 whereas males and females are
more evenly represented among EBV-negative cases
[7, 54]. In developing countries, where childhood HL
is more common, a higher proportion of cases are
EBV-associated [7, 8]. Material deprivation is associ-
ated with an increased proportion of EBV-positive
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childhood cHL cases in industrialized countries, and
there is some evidence that this also holds true for
older adult cases [54, 55].

EBYV infection usually occurs in childhood, and in
many parts of the world there is almost universal infec-
tion by the age of 5 years. If infection is delayed until
adolescence, as is increasingly occurring in industrial-
ized countries, primary EBV infection manifests as
infectious mononucleosis in around 25% of individuals
[56]. Infectious mononucleosis is associated with an
increased risk of cHL, and this increase is focused in
EBV-associated cases [57-60]. The increased risk
appears short-lived with a median time interval between
infectious mononucleosis and HL of approximately 3—4
years [59, 60]. Thus, in both developing and developed
countries there appears to be a period following primary
EBYV infection, probably lasting several years, in which
risk of EBV-associated cHL is increased. On the basis
of the above data, we have proposed an extension of
MacMahon’s model of HL that divides cHL into four
subgroups on the basis of EBV-association, age at diag-
nosis, and age at infection by EBV (Fig. 2.2) [2, 61].
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Fig. 2.2 The four disease model of classical Hodgkin lym-
phoma (cHL). This model divides cHL into four subgroups on
the basis of EBV-association, age at diagnosis, and age at EBV
infection. Three groups of EBV-associated disease are recog-
nized: (1) a childhood disease, usually occurring below the age
of 10 years, which is more common in developing countries;
(2) a disease, most commonly seen in young adults, which occurs
following infectious mononucleosis; (3) a disease associated
with poor control of EBV infection, which is typified by the
older adult cases but can occur at other ages, particularly in the
context of immunosuppression. (4) Superimposed on these is a
single group of EBV-negative cHL cases, which accounts for the
young adult age-specific incidence peak seen in industrialized
countries. The incidence of each of these four disease subgroups
will determine the overall shape of the age-specific incidence
curve in any particular geographical locale

Racial and ethnic differences in proportions of
EBV-associated cHL suggest that genetic factors also
contribute to risk of developing EBV-associated cHL
[7, 62]. It is now apparent that there are strong asso-
ciations between human leukocyte antigen (HLA)
class I genes and EBV-associated cHL. HL was, in
fact, the first malignant disease to be associated with
HLA class I, and early studies showed that HLA-A1
was associated with increased susceptibility [63]. At
this time the association between EBV and HL was
not known and the increased risk associated with
HLA-A1 was modest [63]. Recent genotyping studies
investigating markers across the entire HLA region
initially revealed that microsatellite markers and sin-
gle nucleotide polymorphisms (SNPs) in the HLA
class I region were strongly associated with EBV-
positive cHL [64, 65]. The informative markers are in
linkage disequilibrium with HLA-A*01 and HLA-
A*02, and it was subsequently demonstrated that
HLA-A*01 is associated with an increased and HLA-
A*02 with a decreased risk of EBV-associated HL
[66]. Risk is independently associated with HLA-
A*01 and HLA-A*02, i.e., the increased risk associ-
ated with HLA-A*01 is not simply due to lack of
HLA-A*02, and is dependent on the copy number of
each of these alleles [67]. As a result, there is an
almost tenfold variation in odds of EBV-associated
cHL between HLA-A*01 homozygotes and HLA-
A*02 homozygotes [67]. Cytotoxic T-cell responses,
restricted through HLA class I, are critical for the
control of EBV infection, and HLA-A*02 is known to
present a wide range of peptides derived from EBV
lytic and latent antigens, including those expressed by
HRS cells [17, 18]. In contrast, there are no well-
characterized HLA-A*0l-restricted EBV epitopes
[68]. The described associations with HLA-A, there-
fore, seem biologically plausible. However, HLA-
A*01 is in strong linkage disequilibrium with
HLA-B*08, which is associated with immunodomi-
nant EBV-specific cytotoxic T-cell responses; there-
fore, the biological basis of the increased risk
associated with HLA-A*01 is not straightforward and
requires further investigation. Further work is also
necessary to determine whether the critical HLA-A-
restricted cell-mediated immune responses are
directed towards EB V-infected HRS cells, or whether
it is the control of persistent EBV infection, and the
host—virus equilibrium, which is all important. Given
the failure to expand and accumulate EBV-specific
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cytotoxic T-cells in cHL tumors, and the counterintui-
tive association between increased cytotoxic T-cells
and inferior outcome, the latter possibility appears
more likely [69-72].

As mentioned above, prior infectious mononucleo-
sis is associated with an increased risk of EB V-positive
HL [57-60]. Propensity to develop infectious mono-
nucleosis has been associated with the same genotypic
markers (microsatellites and SNPs) that were origi-
nally associated with EBV-positive HL, albeit with
lesser statistical significance [73]. It therefore appeared
possible that the association between infectious mono-
nucleosis and EBV-associated HL could result from
shared genetic susceptibility rather than a temporal
association. HLA class I typing of over 700 cHL cases,
with available self-reported history of infectious mono-
nucleosis, revealed that prior infectious mononucleo-
sis was independently associated with EBV-associated
HL after adjusting for the effects of HLA-A alleles
[67]. In addition, a statistically significant interaction
between prior infectious mononucleosis and HLA-
A*02 was detected; the effect of this was to abrogate
the increased risk of EBV-associated HL following
infectious mononucleosis in HLA-A*(02-positive indi-
viduals [67]. These results suggest that infectious
mononucleosis is associated with an increased risk of
EBV-associated cHL and that this risk is modified by
the EBV-specific cytotoxic T-cell response restricted
through HLA-A*02.

These data are consistent with the idea that there is
a window of time following primary EBV infection
when there is an increased risk of EBV-associated
HL. Genetic factors, specifically HLA-A genotype,
can modify risk and this most probably reflects the
strength and breadth of EB V-specific cytotoxic T-cell
responses. EBV-associated cHL patients have higher
numbers of EBV-infected cells than patients with
EBV-negative disease [74], and infectious mononu-
cleosis patients have very high numbers of circulating
EBV-infected B-cells, which decrease over time [75].
These findings suggest that the total number of EBV-
infected cells may be a critical determinant of risk of
EBV-associated cHL. If this is indeed the case, then it
would theoretically be possible to decrease the risk of
EBV-positive cHL by EBV vaccination or by treat-
ment of infectious mononucleosis. EBV-associated
cHL occurring in older adults most probably results
from reactivation of viral infection; in this situation it
is plausible that an age-related decline in immune

function is associated with an increased number of
EBV-infected B-cells.

2.2.3 EBV and Hodgkin Lymphoma:
A Causative Association?

In the absence of prevention of EBV infection, it is
difficult to prove that the association between EBV
and cHL is causal; however, consideration of the
viral, molecular, and epidemiological data provides
support for this idea. (1) In healthy individuals, EBV
infects 1-50 per million B-cells [76]. EBV is consis-
tently associated with a significant proportion of
cHL cases; therefore, it is unlikely that EBV is sim-
ply a passenger virus in an HRS cell that has arisen
from an EBV-infected B-cell transformed by other
mechanisms. (2) In EBV-associated cases, the viral
infection is clonal and all HRS cells are infected.
Although EBNA-1 facilitates both synchronous rep-
lication of the viral episome with cellular DNA and
genome partitioning, this process is not 100% effi-
cient [46]. If the virus is not required for mainte-
nance of the transformed phenotype, one would
expect to see a gradual loss of viral genomes from
the tumor cells. (3) LMP1 and LMP2A have plausi-
ble biological function in the pathogenesis of cHL,
as described above. (4) Crippling mutations of immu-
noglobulin genes have been described in a quarter of
cHL cases but almost all of these cases have been
EBV-positive [77]. This suggests that EBV is
required to rescue HRS cells (or precursors) that
have destructive mutations of their immunoglobulin
genes. (5) Deleterious mutations of the TNFAIP3
gene, a negative regulator of NF-xB, are much more
frequent in HRS cells from EBV-negative compared
to EBV-positive cases (see Chap. 3) [78]. Likewise,
mutations of the gene encoding the NF-«B inhibitor,
Ix-Ba, have been described only in EBV-negative
cases [79-82]. This suggests that HRS cells in EBV-
negative cHL have developed alternative strategies
to constitutively activate NF-xB. (6) EBV-associated
cHL cases share risk factors for disease develop-
ment, which are distinct from those associated with
EBV-negative cHL. (7) Development of EBV-
associated cHL is temporally related to primary EBV
infection in some cases [59, 60].
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2.2.4 EBV and the Clinicopathological
Features of Hodgkin Lymphoma

Although differences in the molecular pathogenesis of
EBV-associated and nonassociated cHL are emerging,
the phenotypic expression of both processes appears
remarkably similar. Mixed cellularity HL cases are sig-
nificantly more likely to be EBV-associated than nodu-
lar sclerosis HL cases [7, 8]. In most series, around
60-70% of mixed cellularity HL cases are associated
with EBV, compared to ~25% of nodular sclerosis HL
cases [7, 8]. Despite these differences, it is clear that
“barn door” nodular sclerosis HL. cases can be EBV-
positive, and so the lack of a complete correlation
between histological subtype and EBV status is not sim-
ply due to the criteria used in histological subtyping of
cHL. In industrialized countries, nodular sclerosis is
more common than mixed cellularity HL., and in our
experience the majority (just) of EBV-positive cases are
in fact nodular sclerosis HL and not mixed cellularity
HL. Gene expression profiling has been successfully
applied to the study of HRS cells [28, 29]. Although no
systematic comparison of EBV-positive and -negative
cases has been reported thus far, there is no evidence that
expression profiles of the two groups of cases cluster
differently (Ralf Kuppers, personal communication).
Early studies investigating clinical outcome in rela-
tion to EBV status in cHL appeared conflicting but a
more consistent picture is now emerging [83-86]. Among
young adult cases, aged 15-34 years, there appears to be
no significant difference in overall survival by EBV sta-
tus. In contrast, EBV-positivity is associated with inferior
outcome among older adult cases, aged 50 years or over.
It is not clear whether this difference is related to the dis-
ease process itself or whether it is a reflection of the
underlying co-morbidity or immune dysregulation that
potentially predisposes to EBV-associated cHL. Further
studies investigating this issue and alternative treatment
options in EBV-positive older patients are required.

2.3 Non-EBV-Associated
Hodgkin Lymphoma Cases

As mentioned above, young adult cHL cases are the
group of cases least likely to be associated with EBV and
yet it s for these cases that there is most epidemiological

evidence pointing to viral involvement. Early studies
reported consistent associations between young adult
HL and correlates of a high standard of living in early
childhood [87]. Recent studies have generally not
detected associations with the same social class vari-
ables and this probably relates to secular changes in
living standards; however, one study observed an
increased risk of young adult HL in individuals with
<1 year of preschool attendance [5, 60]. Together, the
data suggest that diminished social contact in early
childhood is associated with an increased risk of this
disease. From this it is inferred that young adult HL
may be associated with delayed exposure to a common
childhood infection. Interview and questionnaire data
generally support the idea that young adult HL patients
have experienced fewer common infections in child-
hood [57, 88].

It has frequently been suggested that EBV is
involved in all cases of HL but uses a hit-and-run
mechanism in “EBV-negative” cases. This possibility
is very difficult to exclude but the available data indi-
cate that this mechanism cannot account for all cases
in which EBV is not detected. Importantly, not all
cases are EBV infected; in fact, we found that EBV-
negative cHL cases in the 15-24 year age group were
more likely to be EBV-seronegative than age-matched
controls [89]. In addition, there is no evidence for
retention of fragments of integrated EBV genomes in
“EBV-negative” HL biopsies [89, 90].

We therefore believe that another viral agent is
involved in EBV-negative HL. This agent is likely to
be a virus that infects many people early in life; there-
fore, candidate agents include herpesviruses and
polyomaviruses. These are discussed in further detail
below. The Anellovirus genus, which includes Torque
teno virus (TTV) and related viruses, also fit these
criteria. zur Hausen and de Villiers [91] have sug-
gested that TTVs and TTV-like viruses could play a
role in the development of leukemias and lymphomas
that are associated with a “protected childhood envi-
ronment.” In their model, it is postulated that TTVs
and related anelloviruses increase the risk of chromo-
somal abnormalities and that anellovirus load is
increased in individuals who have experienced fewer
infections. TTVs have been detected in HL [92-94];
however, further knowledge of these extremely com-
mon and genomically diverse viruses is required
before their potential involvement in HL can be
evaluated.
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2.3.1 Hodgkin Lymphoma and
Herpesviruses Other than EBV

At present, there are eight known human herpesviruses
(HHVs), including EBV (officially HHV-4). With the
exception of herpes simplex virus 2 and HHV-8, all are
widespread in distribution and most adults are infected.
Like EBV, HHV-8 is a gamma-herpesvirus that is asso-
ciated with human lymphomas, but there is no evi-
dence that this virus is associated with cHL [95-97].
The a-herpesviruses, herpes simplex virus 1 and vari-
cella zoster virus, have also not been detected in HL
biopsies [96]. In contrast, genomes of the B-herpesvi-
ruses, human cytomegalovirus, HHV-6, and HHV-7
have been detected in HL tumors using sensitive
molecular assays. Schmidt et al. [97] detected human
cytomegalovirus genomes by PCR in 8/86 HL biop-
sies, although smaller case series failed to identify this
virus in tumor samples [96, 98—100]. HHV-7 has been
detected in 20-53% of HL biopsies by PCR [96-98];
however, using Southern blot analysis, which is much
less sensitive than PCR but would still be expected to
detect a virus present in all HRS cells, negative results
have been obtained [101]. There is, therefore, no evi-
dence that HHV-7 is directly involved in HL
pathogenesis.

HHV-6 deserves special mention because serologi-
cal studies have shown that HHV-6 antibody titers and,
in some studies, seroprevalence are higher in HL cases
than controls [102-104]. Furthermore, we found that
young adults with non-EBV-associated HL had higher
titers of HHV-6 antibodies than age-matched cases
with EBV-associated disease (unpublished results).
HHV-7 antibody titers were similar in the two groups
of cases suggesting a specific association between
HHV-6 and cHL. HHV-6 has been consistently detected
in HL biopsies using PCR, with detection rates varying
from 12.5 to 79% [96-98, 105-107]; however, studies
of reactive lymph nodes have reported similar detec-
tion frequencies [98, 107]. There is no evidence from
in situ hybridization and immunohistochemical studies
that the virus is localized to HRS cells [107-109], and
Southern blot studies have largely been negative fol-
lowing exclusion of cases with integrated HHV-6 [95,
104, 107, 110]. Current data do not, therefore, favor a
direct role for HHV-6 in disease pathogenesis. It
remains possible that HHV-6 is a marker for another
virus that is associated with HL. The ability of HHV-6
to integrate into chromosomal DNA also suggests

novel mechanisms in which this virus could interact
with the host genome and contribute to oncogenesis
[110, 111].

In order to search for novel members of the herpesvi-
rus family, we and others have designed degenerate
PCR assays that amplify herpesvirus polymerase and
glycoprotein B gene sequences [96, 112]. The primer
sequences in degenerate assays are derived from well-
conserved peptide motifs in amino acid sequences of
proteins; therefore, these assays should have the ability
to detect genomes from known and currently unknown
viruses [113]. Using herpesvirus polymerase assays we
did not detect novel herpesviruses in HL tumors although
the assays had sufficient sensitivity to detect EBV in
EB V-associated cases, and to pick up HHV-6 and HHV-7
sequences in a significant minority of cases [96].

2.3.2 Polyomaviruses and
Hodgkin Lymphoma

There are currently five known human polyomavi-
ruses, namely JCV, BKV, KIV, WUV, and Merkel cell
polyomavirus (MCV or MCPyV) [114-116]. JCV and
BKYV were discovered almost 40 years ago but the lat-
ter viruses have all been discovered since 2007 with
the advent of modern molecular techniques for virus
discovery. Recent seroprevalence studies suggest that
the majority of adults are infected by BKV, KIV, WUV,
and MCV and a significant minority (35-39%) are
infected by JCV [117-119]. Infection generally occurs
in early childhood, with infection by JCV occurring
slightly later than infection with the other viruses
[117]. MCYV is detectable in around 80% of Merkel
cell carcinomas and is the only human polyomavirus
to be unambiguously associated with a specific malig-
nancy [115, 120]; however, other polyomaviruses
clearly have oncogenic potential.

Using sensitive quantitative PCR assays, we found
no evidence of JCV or BKV genomes in 35 cHL biop-
sies [121]. Hernandez-Losa et al. [98] detected JCV in
1/20 and BKV in 2/20 cHL samples using a multiplex,
nested PCR. Similarly, Shuda et al. [122] detected
MCYV in only 1/30 HL samples examined by quantita-
tive PCR. To date, there have been no reports on KIV
or WUV prevalence in adult cHL samples. Degenerate
PCR assays based on conserved sequences in the
T antigen and structural proteins of polyomaviruses
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have been applied to the study of HL [121, 123]. Volter
et al. [123] examined five cases of HL using a degener-
ate PCR assay based on the viral VP1 protein but did
not detect any evidence of polyomavirus infection. We
examined 35 cases of cHL, including 23 EBV-negative
cases, using three degenerate polyomavirus assays
based on the large T antigen and, similarly, obtained
negative results [121]. The latter assays were designed
before the discovery of KIV, WUV, and MCV; sequence
alignment suggests that the assays would be able to
detect KIV and WUV but not MCV. Overall, these
results provide no evidence for polyomavirus involve-
ment in the pathogenesis of cHL but it remains possible
that an unknown polyomavirus has escaped detection
using the available assays.

2.3.3 Measles Virus and
Hodgkin Lymphoma

In 2003, Benharroch et al. reported an association
between measles virus (MV) and cHL [124]. They
subsequently reported that MV proteins were detect-
able by immunohistochemistry, using at least two anti-
bodies, in HRS cells from the majority of HL cases
[125]. MV RNA was also detected by RT-PCR and in
situ hybridization in a significant minority of the cases
examined [125]. Subsequent studies have failed to
confirm these associations [126, 127]. Our group found
no evidence of MV in 97 cHL cases examined by
immunohistochemistry and 20 cHL cases investigated
using RT-PCR [127]. Similarly, Maggio et al. found no
evidence of MV genomes or transcripts in HRS cells
microdissected from biopsies from 18 German and 17
Israeli HL cases [126]; the latter cases had previously
scored positive for MV antigens [125]. Epidemiological
studies have also failed to show that MV infection is a
risk factor for development of cHL; on the contrary,
the data suggest a mild protective effect of prior MV
infection [57, 88].

2.4 Conclusions

While the evidence suggesting a causal relationship
between EBV and a proportion of cHL cases appears
strong, current data do not show a consistent and

specific association between any virus and EBV-
negative HL. This does not exclude viral involvement.
HL is a notoriously difficult disease to investigate,
and virus discovery studies present particular chal-
lenges. The difficulty of obtaining large numbers of
highly enriched HRS cells has precluded the use of
certain techniques, such as representational differ-
ence analysis, in the analysis of HL [113]. Next gen-
eration sequencing methods have opened new avenues
for virus discovery and have led to the identification
of several novel viruses in the last few years [115,
116, 128]. Digital transcriptome subtraction [115],
the technique used in the discovery of MCYV, is now
being applied to the study of HL. It is likely that, in
the not too far distant future, complete sequencing of
HRS cell DNA will also be performed. These tech-
niques provide our best hope of discovering a new
virus in EBV-negative HRS cells. It is possible that
cellular mutations substitute for the functions of EBV
genes in EBV-negative HRS cells. Deleterious muta-
tions of inhibitors of the NF-kB pathway, including
genes encoding A20 and IkBa, appear to be present
in the HRS cells of many cases of EBV-negative HL
(see Chap. 5) [78-82], and it is possible that these
mutations substitute for LMP1. However, there is no
obvious link between these mutations and the epide-
miological features of cHL and involvement of
another virus still appears attractive. Identification of
a virus in EBV-negative cHL would open up possi-
bilities for disease prevention as well as novel thera-
peutic targets, and so it is important to resolve
whether, or not, such an agent exists. Exciting times
are ahead.
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3.1 Subclassification and Pathology

The history of Hodgkin lymphoma (HL) dates back to
the first half of the nineteenth century (see Chap. 1), and
it has also been an established view for quite some time
that HL comprises two different disease entities, namely
classical Hodgkin lymphoma (cHL) and nodular lym-
phocyte predominant Hodgkin lymphoma (LPHL) [1].
Both entities have in common that the neoplastic cell
population, which can be mononucleated or multinucle-
ated, makes up only a small percentage of all cells pres-
ent in an affected lymph node. However, morphological,
clinical, epidemiologic, and molecular evidence strongly
support the belief that the pathogenesis of these lym-
phomas is distinct enough to be considered separate
entities. From a diagnostic point of view, morphological
details and immunohistochemistry for a selected set of
markers almost always allow for a proper classification
of a given lymphoma into the group of LPHL or cHL,
the latter of which can be further subdivided into nodu-
lar sclerosis cHL (NSCHL), mixed cellularity cHL
(MCCHL), lymphocyte-depleted cHL (LDCHL), and
lymphocyte-rich cHL (LRCHL) [1]. The following sec-
tions summarize the key morphological aspects and
important immunohistochemical features of HL. For
clinical and epidemiologic parameters, please refer to
the respective other chapters of this book.

3.1.1 Nodular Lymphocyte Predominant
Hodgkin Lymphoma

Although the morphology of the tumor cell population
of LPHL can occasionally mimic Hodgkin and Reed—
Sternberg (HRS) cells of cHL, in most instances the
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tumor cells in LPHL, which are termed lymphocyte
predominant (LP) cells according to the new WHO
classification (previously called L&H cells, for lympho-
cytic and/or histiocytic Reed—Sternberg (RS) cell vari-
ants), carry one large nucleus that is often multilobated
(“popcorn cell”) (Fig. 3.1a). In contrast to classic HRS
cells, the number of nucleoli is increased, but they are
usually less prominent and less eosinophilic. LP cells
are found in a nodular or follicular background that is
dominated by small B lymphocytes that usually express
IgD, but a more diffuse growth pattern can also be
encountered, especially during progression. The follicu-
lar infiltration pattern is highlighted by the presence of
CD21-positive follicular dendritic cells that tend to form
a well-developed meshwork in the nodules.
Immunohistochemically, LP cells demonstrate a com-
plete B cell phenotype with expression of CD20, CD75,
and, frequently, CD79a (Fig. 3.1b; Table 3.1). Moreover,
the essential B cell transcription factors BOB.1 and
OCT-2 are usually positive, and the expression of BCL6
and activation-induced cytidine deaminase (AID) is well
in line with a germinal center (GC) derivation of the
tumor cells, although CD10 is generally negative [1-3].
The negativity of the tumor cells for CD30, CD15, and
Epstein—Barr virus (EBV) helps to distinguish LP cells
from HRS cells in cHL, although occasionally a weak
positivity for CD30 can be present in LP cells (Table 3.1).
Whereas in initial lesions small B cells dominate the
background, histiocytes and T cells may become more
prominent during the evolution of LPHL, to an extent
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Fig. 3.1 Nodular lymphocyte-predominant Hodgkin lymphoma
(LPHL). (a) HE-stained lymph node infiltrate showing multiple
characteristic, multilobated tumor cells — termed lymphocyte
predominant (LP) cells — in a background of small lymphocytes
and histiocytes (x400). (b) Strong CD20 expression in LP cells,

that LPHL. may be hardly distinguishable from T cell/
histiocyte-rich large B cell lymphoma (THRLBCL).
A prominent feature of LPHL, however, is the often
impressive rosetting of LP cells by T cells that belong to
the subset of follicular T helper cells and therefore
express CD57 and PD-1 [4-6].

3.1.2 Classical Hodgkin Lymphoma:
The HRS Cells

The characteristic tumor cell of cHL, the RS cell, is
large and contains at least two nuclear lobes or nuclei,
usually with a prominent nuclear membrane (Fig. 3.2a).
In contrast to LP cells in LPHL, the nucleoli of RS
cells are often eosinophilic. The mononuclear variant of
RS cells is termed the Hodgkin cell. However, the mor-
phological spectrum of the tumor cell population in
cHL can be broad and includes variants such as lacunar
cells and mummified cells. In general, the tumor cells in
cHL are called Hodgkin and Reed/Sternberg cells.
Immunohistochemically, the HRS cells stain positive
for CD30 (Fig. 3.2¢), and CD15 is coexpressed in the
majority of cases, occasionally with prominent staining
of the Golgi area of the tumor cell. However, CD15 is
negative in a significant proportion of cHL (20-25%)
and therefore not required to establish the diagnosis of
cHL [1]. CD45 is usually negative, as are the B cell
transcription factors BOB.1 and OCT-2. In the vast
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but also in reactive, small B cells in the background (x400).
Note that some of the tumor cells show rosetting by a CD20-
negative lymphocyte population. These cells are T cells that
often express the follicular T-helper cell marker PD-1
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Table 3.1 Genetic and phenotypic features of HRS and LP cells

Feature HRS cells LP cells
Phenotype
CD30 expression Yes Rare
CD15 expression Yes (~70%)*  No
B cell receptor No Yes
expression
Loss of most Yes Modest
B cell markers
Expression of germinal Rarely Yes
center (GC) B cell
markers (e.g., BCL6,
activation-induced
cytidine deaminase
(AID))
Expression of markers Frequently No
for non-B cells
(e.g., CD3, granzyme
B, CCL17)
Putative cell Defective, Germinal
of origin pre-apoptotic  center B cell
germinal
center B cell
EBYV positivity Yes (~40%) No
Signaling pathways
NF-xB activation Yes Yes
JAK/STAT activation Yes Yes
Aberrant expression Yes Yes (~40%)
of multiple RTKs (60-100%)
Genetic lesions
NFKBIA mutations Yes (10-20%) No
NFKBIE mutations Yes (~10%) n.a
TNFAIP3 mutations Yes (~40%) No
REL gains/amplifications  Yes (~50%) No
BCLG6 translocations Rare Yes (~50%)
JAK?2 gains/amplification  Yes (~30%) No
SOCS1 mutations Yes (~40%) Yes (~50%)

n.a. not analyzed; RTK receptor tyrosine kinase
“Numbers in brackets refer to the percentage of positive cases

majority of cases, the derivation of the tumor cells from
the B cell lineage is indicated by a nuclear positivity for
the B cell specific activator protein PAX5/BSAP, but the
staining is usually weaker compared to the staining
intensity in the small reactive B cell population in the
background of the infiltrate [7]. CD20 expression can
be observed in HRS cells in 30-40% of cases, but the
expression is frequently restricted to a subset of the
tumor cell population, and even within one HRS cell it
is of varying intensity in different parts of the cell mem-
brane. In comparison to CD20 expression, CD79a
expression is observed less frequently [8, 9]. An EBV

association, either demonstrated by immunohistochem-
ical staining for LMP1 (latent membrane protein 1;
Fig. 3.2d) or by EBER in situ hybridization, is found in
a significant proportion of cHL, but the frequency var-
ies considerably between different histological subtypes
and across geographical areas [1]. Whether cHL cases
exist with a bona fide derivation from the T cell lineage
is currently a matter of debate. Single cases have been
reported, in which a T cell receptor rearrangement could
be proven in the HRS cells [10, 11], but others argue
that such cases might represent only mimics of cHL
which are not to be included in a disease entity that —
based on fundamental principles of current lymphoma
classification schemes — is of B cell derivation [12].
HRS cells reside in a cellular background that varies
among the different histological subtypes of cH,L which
will be discussed in the following sections.

3.1.2.1 Nodular Sclerosis Classical
Hodgkin Lymphoma

In NSCHL, affected lymph nodes frequently show a
markedly thickened capsule and a nodular infiltrate
whereby individual nodules are surrounded by broad
collagen bands (Fig. 3.2b). HRS cells are present in a
background of small lymphocytes and other non-neo-
plastic cells such as histiocytes and eosinophils. The
number of HRS cells can vary significantly between
NSCHL cases and also within a single infiltrated lymph
node. Occasionally, HRS cells can form sheets that can
be associated with necrosis and an intense fibrohistio-
cytic reaction. Morphologically, HRS cells in NSCHL
often show a retraction artifact of the cytoplasmic mem-
brane that appears to be a consequence of formalin fixa-
tion, which has led to the term “lacunar cell variant” of
HRS cells. The immunohistochemical phenotype of HRS
cells in NSCHL as described above is the classic pheno-
type, however, association with EBV is less common as
compared to other cHL subtypes, especially MCCHL.

3.1.2.2 Mixed Cellularity Classical
Hodgkin Lymphoma

HRS cells in MCCHL usually have a classic morpho-
logical appearance and are scattered in a background that
can contain small lymphocytes, eosinophils, neutrophils,
plasma cells, and histiocytes. The infiltration pattern can



36

A. Rosenwald and R. Kiippers

Fig.3.2 Classical Hodgkin lymphoma (cHL). (a) Characteristic
Hodgkin and Reed-Sternberg (HRS) cells in a mixed back-
ground of small lymphocytes, histiocytes, and eosinophils in a
mixed cellularity cHL (MCCHL) (HE, x400). (b) Nodular scle-
rosis subtype of cHL that demonstrates thick collagen bands

be diffuse or vaguely nodular; sometimes, the lymph
node architecture and especially some B cell areas are
partially preserved leading to an interfollicular infiltra-
tion pattern. The characteristic features of other histo-
logic cHL subtypes (e.g., the formation of nodular
collagen bands) are absent and, thus, MCCHL is some-
times considered as the “wastebasket” of cHL. The EBV
association of HRS cells is the highest among all cHL
subtypes and can reach 75% [1].

3.1.2.3 Lymphocyte-Depleted Classical
Hodgkin Lymphoma

LDCHL is the rarest histological subtype of cHL (<1%
of cases) and probably the most problematic one to
define. It is characterized by an increased number of
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surrounding the nodular infiltrates (PAS, x20). (¢) CD30 expres-
sion in HRS cells (x400). (d) Immunohistochemical staining for
latent membrane protein 1 (LMP1) shows Epstein—Barr virus
(EBV) association of HRS cells (x400)

HRS cells present in the infiltrate and/or depletion of
small lymphocytes in the non-neoplastic background
population. In some cases, HRS cells are of anaplastic
appearance and in other cases, the background is com-
posed of extensive diffuse fibrosis. However, if the pat-
tern of fibrosis is nodular and therefore characteristic
of NSCHL, a given case should be classified as NSCHL,
regardless of whether there is a high number of HRS
cells. Since the definition of LDCHL has changed over
the past decades, some of the established clinical and
biological features appear outdated in the context of
the current definition. Moreover, with the increase in
knowledge and the development of additional immu-
nohistochemical markers, some of the cHL cases that
were previously assigned to the LDCHL category
would nowadays be included into borderline catego-
ries or even different entities [1].
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3.1.2.4 Lymphocyte-Rich Classical
Hodgkin Lymphoma

In LRCHL, the HRS cells are present in a lymphocyte-
rich background that can be nodular or, rarely, diffuse.
Often, B cell follicles are partially preserved with rec-
ognizable GC, and HRS cells can be found in expanded
mantle and marginal zones thus providing a B cell rich
background. HRS cells in LRCHL may resemble LP
cells in LPHL morphologically to such an extent that
they are indistinguishable from each other without
additional immunohistochemical characterization. It is
of significance that eosinophils and neutrophils should
be absent from the nodular infiltrates and may only be
found in low numbers in interfollicular zones and close
to vascular structures. The immunophenotype of the
HRS cells is classic, and an EBV association is occa-
sionally observed, though at a lower frequency com-
pared to MCCHL [1].

3.2 Differential Diagnosis

In most instances, the diagnosis of LPHL and cHL is
unambiguous on the basis of morphological, clinical, and,
especially, immunohistochemical features (Table 3.1).
However, a gray area between cHL and diffuse large B
cell lymphoma (DLBCL), specifically with primary
mediastinal large B cell lymphoma (PMBL), has long
been known, and the most recent WHO classification
introduced the category of “B cell lymphoma, unclas-
sifiable, with features intermediate between DLBCL
and classical Hodgkin lymphoma” [1]. It is important
to note that lymphomas falling into this category are
not considered a separate disease entity; rather, it was
felt that lymphomas in which there is a discordance
between morphological aspects of the infiltrate and the
expected immunophenotype should be labeled as
“intermediate” to allow a more precise definition of
biological and clinical features of these lymphomas in
the future. Frequently, these borderline lymphomas
presentwithlarge mediastinal masses. Morphologically,
they consist of large, pleomorphic B cells that grow in
a sheet-like pattern in a background of a fibrotic
stroma. A subset of the tumor cells may resemble
HRS cells, specifically the lacunar variant, and parts
of the infiltrate may correspond to the growth pattern
of cHL, particularly the nodular sclerosis subtype.
Immunophenotypically, there is often a preserved

expression program of cHL including expression of
CD30 and CD15, while markers of the B cell lineage
that are often downregulated in cHL, such as CD20
and CD79a, are equally expressed in the tumor cells
[1]. It is important to note that these gray zone lym-
phomas appear to be more common in male patients,
in contrast to NSCHL and PMBL that are more fre-
quent in females [13]. Clinically, these tumors may
behave more aggressively than NSCHL and PMBL; it
has to be determined in the future whether treatment
regimens for aggressive B cell lymphomas or for cHL
are more beneficial.

The differential diagnosis between cHL and Alk-
negative anaplastic large cell lymphoma (ALCL) of
T cell lineage can usually be resolved using an appro-
priate panel of immunohistochemical markers includ-
ing T cell, cytotoxic, and other markers. Problems
arise when morphological features favor cHL, but
tumor cells lack PAX5/BSAP expression while cyto-
toxic markers are expressed. As discussed above, it is
a matter of current debate whether such cases should
be grouped into the cHL category or diagnosed as
ALCL. Remarkably, a recent global gene expression
study revealed surprisingly few consistent differences
in the gene expression of HRS cells and Alk-negative
ALCL cells [14].

Finally, EBV-associated lymphoproliferations, e.g.,
in the context of a coexisting T cell non-HL as well as
EBV-associated DLBCL of the elderly, a subgroup of
DLBCL introduced in the new WHO classification [1],
can harbor HRS or HRS-like cells and therefore mimic
cHL [15]. Besides other morphological and immuno-
histochemical features and information on the clinical
setting, the pattern of EBV infection, determined by
LMP1 staining or EBER in situ hybridization, might
help to distinguish between these tumors.

3.3 Histogenesis of HRS and LP Cells

3.3.1 Cellular Origin of HRS and LP Cells

The unusual immunophenotype of HRS cells, which
does not resemble any normal hematopoietic cell, has
hampered the identification of the cellular origin of
these cells considerably. Moreover, only few cell lines
were available for detailed genetic studies, and the rar-
ity of the HRS cells in the tissue posed a problem for
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their molecular analysis. Finally, by microdissection of
HRS cells from tissue sections and single-cell poly-
merase chain reaction analysis of these cells, it was
clarified that HRS cells derive from B cells in nearly all
cases [16, 17]. This is because rearranged immuno-
globulin (Ig) heavy (IgH) and light (IgL) chain gene
rearrangements were detected in these cells. The detec-
tion of identical IgV gene rearrangements in the HRS
cells of a given HL case also established the monoclo-
nal nature of these cells, a hallmark of malignant can-
cer cells. With a few exceptions, somatic mutations
were detected in the rearranged V genes of HRS cells
[16-19]. As the process of somatic hypermutation,
which generates such mutations, is specifically active
in antigen-activated mature B cells proliferating in the
GC microenvironment in the course of T-dependent
immune responses [20], the presence of mutated IgV
genes in the HRS cells established their derivation from
GC-experienced B cells. A surprising finding was that
about 25% of cases of cHL showed destructive IgV
gene mutations, such as nonsense mutations or dele-
tions causing frameshifts that rendered originally func-
tional V region genes non-functional [16]. When such
mutations happen in normal GC B cells, these cells
quickly undergo apoptosis. On this basis, it was pro-
posed that HRS cells in these cases derive from pre-
apoptotic GC B cells that were rescued from apoptosis
because they harbored or acquired some transforming
events [16, 21]. It is important to note that crippling
mutations, such as those generating premature stop
codons, represent only a small fraction of disadvanta-
geous IgV gene mutations that cause apoptotic death of
GC B cells, and it is therefore likely that also most or
even all other cases of cHL are derived from pre-
apoptotic GC B cells. Even a few HL with unmutated
IgV genes may derive from these precursors, because
GC founder cells proliferating in GC become prone to
apoptosis before the onset of somatic hypermutation
activity [22]. The GC B cell origin of HRS cells was
further supported by the molecular analysis of compos-
ite lymphomas, composed of a cHL and a B cell non-
HL. Such cases are often clonally related and show an
intriguing pattern of shared as well as distinct somatic
V gene mutations [23-25]. This pattern supports the
assumption that both lymphomas were derived from
distinct members of a proliferating GC B cell clone.

A few cases of cHL appear to originate from T cells,
because T cell receptor gene rearrangements were
detected in some cases diagnosed as HL and expressing

some typical T cell molecules [10, 11]. However, it is
debated whether these are true HL (see above).
Remarkably, among HL cases with expression of one
or more T cell markers, the majority nevertheless
derives from B cells [10, 11].

The expression of multiple B cell markers by LP cells
of LPHL already indicated a B cell derivation of these
cells. Moreover, LP cells express several markers typi-
cally expressed by GC B cells, such as BCL6, AID, cen-
terin, and hGAL, and the cells grow in a follicular pattern
in close association with typical constituents of normal
GC, i.e., follicular dendritic cells and GC-type T helper
cells [2-5, 26, 27]. This pointed to a close relationship
between LP cells and GC B cells. This is indeed sup-
ported by the detection of clonally related and somati-
cally mutated IgV genes in these cells [17, 28-30]. As
opposed to cHL, the V genes are selected for function-
ality and a fraction of cases shows ongoing somatic
hypermutation during clonal expansion, a hallmark of
GC B cells [17, 28, 29]. Thus, these findings altogether
indicate a GC B cell origin of LP cells. A recent large-
scale gene expression profiling of isolated LP cells in
comparison to the main subsets of mature B cells has led
to a further specification of the derivation of LP cells by
showing that the gene expression pattern of LP cells
resembles that of GC B cells that have already acquired
some features of post-GC memory B cells [31].

3.3.2 Relationship of Hodgkin Cells
and Reed-Sternberg Cells and
Putative HRS Cell Precursors

The relationship of the mononucleated Hodgkin cells
to the multinuclear RS cells and the potential exis-
tence of HRS precursor cells has been a matter of
debate. Based on the “mixed” phenotype of HRS cells
and many numerical chromosomal aberrations in
these cells, it has been speculated that HRS cells as
such or, specifically, the RS cells may derive from cell
fusions. However, a detailed study of antigen receptor
loci revealed that HRS cells do not carry more than
two different alleles of these loci, which strongly sup-
ports the assumption that these cells do not derive
from cell fusions [32]. Several studies of HL cell lines
showed that the mononuclear Hodgkin cells give
rise to the RS cells, and that the latter have little pro-
liferative activity [33, 34]. This presumably happens
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through endomitosis, i.e., nuclear division without
cell division.

Another debated issue relates to the question whether
the CD30* typical HRS cells represent the entire tumor
clone in HL, or whether members of the HRS cell clones
exist among small CD30" cells. An initial study for
numerical chromosomal abnormalities indeed sug-
gested that such CD30- clone members might exist [35].
However, trisomies of chromosomes as studied in that
work are not a stringent clonal marker. Moreover, a
molecular analysis of EBV-positive HL cases for mem-
bers of the malignant clones among small, CD30- EBV*
B cells in the HL lymph nodes suggested that the small
EBV* B cells rarely, if at all, belong to the HRS cell
clones [36]. Recently, two HL cell lines were reported
to contain small subpopulations of CD20*CD3071g*
B cells coexpressing the stem cell marker aldehyde
dehydrogenase (ALDH) [37]. These cells had clono-
genic potential and gave rise to the typical HRS cells of
these lines. It is important to note that ALDH"" cells
were also detectable in the peripheral blood of most HL
patients, and it was reported that these cells were often
clonally related to the HRS cells [37]. However, the
clonal relationship between the HRS cells and ALDH""
peripheral blood B cells was not clearly shown [38], so
it remains to be clarified whether ALDH"¢" B cells
indeed represent precursors of the HRS cell clones.
A previous study using a highly sensitive PCR for HRS
cell-specific Ig gene rearrangements failed to detect
members of the HRS cell clone in the peripheral blood
or bone marrow of two HL patients [39].

3.4 Genetic Lesions

HRS cells have a much higher number of chromosomal
aberrations, including multiple numerical as well as
structural abnormalities, than most other lymphomas
[40]. However, it is still unclear whether this is mostly
a side-effect of some type of genetic instability, and
whether the expression of specific oncogenes or tumor
suppressor genes is recurrently affected by these
lesions. When the B cell origin of HRS cells became
clear, HRS cells were studied for the presence of chro-
mosomal translocations involving the Ig loci, as such
translocations are a hallmark of many B cell lympho-
mas. Fluorescence in situ hybridization (FISH) studies
indeed provided evidence for such translocations in

about 20% of cases, but most of the translocation part-
ners involved remain to be identified [41, 42]. In a few
cases, the translocation partners were BCL2, BCL3,
REL, BCL6, or MYC [41-44]. In LPHL, transloca-
tions of the BCL6 gene have been found in about 30%
of cases [45, 46]. These translocations can involve the
Ig loci, but also multiple other partners [47].

Due to the difficulty to analyze the few HRS and LP
cells for mutations in oncogenes and tumor suppressor
genes, only relatively few of such genes have been
analyzed so far in these cells. There was a major inter-
est to understand the apoptosis resistance of HRS cells,
but it turned out that mutations in the CD95 gene, an
important death receptor, as well as in members of the
CD95 signaling pathway (FADD, caspase 8, caspase
10) were rare or not found at all [48-50]. Likewise, no
mutations were found in the BCL2 family member
BAD, and also ATM lesions are very rare [S1-53]. The
TP53 tumor suppressor gene was mutated in less than
10% of cases where the exons of TP53 usually carry-
ing mutations were studied in isolated HRS cells
[54, 55]. However, recent studies of HL cell lines indi-
cate that HRS cells may additionally carry untypical
TP53 mutations and that the frequency of TP53 muta-
tions may therefore be higher than previously thought
[56]. MDM2, a negative regulator of TP53, frequently
shows gains in HRS cells, which might contribute to
impaired functions of TP53 in these cells [57].

HRS cells show constitutive activity of the NF-xB
transcription factor (see below), which is essential for
the survival of these cells. The mechanisms of this
activationwereoriginally notunderstood. Consequently,
members and regulators of this signaling pathway were
studied for genetic lesions (Table 3.1). Inactivating
mutations in the main NF-xB inhibitor NFKBIA
(IkBa) were found in about 10-20% of HL cases and
also in several HL cell lines (Fig. 3.3) [58-61]. One
study also detected mutations in another NF-kB inhib-
itor, NFKBIE (IkBg), in a few cases [62]. Moreover,
HRS cells frequently harbor genomic gains or amplifi-
cations of the REL gene [63-65], encoding an NF-xB
family member, and a correlation between such gains
and strong REL protein expression was found [66].
Also the IxB family member BCL3, which acts as a
positive regulator of NF-kB activity, is affected by
chromosomal gains or translocations in a small frac-
tion of cHL [67, 68]. Recently, somatic and clonal
inactivating mutations were found in the TNFAIP3
gene in about 40% of cHL [69, 70]. TNFAIP3 encodes



40 A.Rosenwald and R. Kiippers
EBV
infection BCMA TACI .
RANK (40%) CD40 Cytokine
receptor
~ \ '/ / \\ / / I JAK2 gains
\RIP|TRAF (30%)
TNFAIP3
i Alt ti
mutations | TNFAIP3 — l temative JAKISTAT
(40%) pathway pathway
Classical
NFxB IKKa)( KK (IKKa)(1KKa ) socst
pathway mutations
l STAT |STAT (40%)
NFKBIA and
NFKBIE mutations /\ /\
(10-20%)
@ Proteasomal
degradation
REL
amplification Cytoplasm
(40%) BCL3 gains or
translocations
rare
o @D

SO

)

STAT] STAT

I—>

Fig. 3.3 NF-kB and JAK/STAT activity in HRS cells. In the
classical NF-xB signaling pathway, stimulation of numerous
receptors leads via TNF receptor associated factors (TRAFs),
which are often associated with the receptor interacting protein
(RIP), to activation of the IKK complex, which is composed of
IKKa, IKKB, and NEMO. The IKK complex subsequently
phosphorylates the NF-kB inhibitors IxkBo and IxBe. This
marks them for ubiquitination and subsequent proteasomal deg-
radation. Thereby the NF-«kB transcription factors (p50/p65 or
pSO/REL heterodimers) are no longer retained in the cytoplasm
and translocate into the nucleus, where they activate multiple
genes. The signal transduction from TRAFs/RIP to the IKK
complex can be inhibited by TNFAIP3, which removes activat-
ing ubiquitins from RIP and TRAFs and additionally links ubiq-
uitins to these molecules to mark them for proteasomal
degradation. In the alternative NF-xB pathway, activation of
receptors such as CD40, BCMA, and TACI causes stimulation
of the kinase NIK, which then activates an IKKo complex.
Activated IKKa processes p100 precursors to pS2 molecules,
which translocate as active p52/RELB NF-kB heterodimers into
the nucleus. HRS cells show constitutive activity of the classical
and alternative NF-kB signaling pathway. This activity is prob-
ably mediated by diverse mechanisms, including receptor sig-
naling through CD40, RANK, BCMA, and TACI; genomic REL

amplification; destructive mutations in the TNFAIP3, IkBa., and
IxBe genes; and signaling through the EBV-encoded LMP1.
The role of CD30 signaling in HRS cells is controversially dis-
cussed. HRS cells may also harbor nuclear BCL3/(p50), com-
plexes, and in a few cases the strong BCL3 expression appears
to be mediated by genomic gains or chromosomal transloca-
tions. The JAK/STAT pathway is the main signaling pathway for
cytokines. Upon binding of cytokines to their receptors, mem-
bers of the JAK kinase family become activated by phosphoyla-
tion. The activated JAKSs then phosphorylate and thereby activate
STAT transcription factors. These phosphorylated factors homo-
or heterodimerize and translocate into the nucleus where they
activate target genes. Main inhibitors of the JAK/STAT pathway
are SOCS (suppressor of cytokine signaling) factors, which
function by binding to JAK molecules and inhibiting their enzy-
matic activity, and additionally by inducing proteasomal JAK
degradation. In HRS cells, STAT3, -5, and -6 are constitutively
active. Besides activation of cytokine receptors (e.g., IL13
receptor and IL21 receptor) through cytokines, activation of this
pathway is mediated by genomic gains of the JAK2 gene and
frequent inactivating mutations in the SOCS1 gene. The fre-
quency of genetic lesions and viral infections affecting NF-kB
or STAT activity in classical Hodgkin lymphoma (HL) cases is
indicated
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for the A20 protein, which is a dual ubiquitinase and
deubiquitinase that functions as a negative regulator of
NF-«B. It inhibits signaling from the receptor interact-
ing protein (RIP) and TNF receptor associated factors
(TRAF) to the IKK kinases, which are essential media-
tors of NF-xB signaling. TNFAIP3 mutations were
mainly found in EBV-negative cases. Nearly 70% of
EBV- cases carried TNFAIP3 mutations, indicating
that EBV infection and A20 inactivation are alterna-
tive pathogenetic mechanisms in HL [70]. As LMP1 of
EBY, which is expressed in EBV-positive HRS cells,
mimics an active CD40 receptor and signals through
NF-xB [71, 72], LMP1 may replace the role of A20
inactivation in EBV* HL.

As it was recently revealed that also the LP cells of
LPHL show strong constitutive NF-xB activity [31],
also these cells were studied for mutations in NFKBIA
and TNFAIP3, but clonal destructive mutations were
not found (Table 3.1) [73].

Genetic lesions were also found in members of the
JAK/STAT pathway, which is constitutively activated in
HRS and LP cells. In about 40% of cases analyzed,
both HRS and LP cells showed somatic mutations in
the SOCS1 gene, which encodes a main inhibitor of
STAT signaling (Fig. 3.3) [74, 75]. Furthermore, a frac-
tion of cHL cases show genomic gains or amplifications
of the JAK?2 locus, which encodes one of the kinases
activating the STAT factors (Table 3.1) [64, 76].

3.5 Deregulated Transcription Factor
Networks and Signaling Pathways

3.5.1 The Lost B Cell Phenotype

Early immunohistochemical studies already revealed
that HRS cells usually do not express typical B cell
markers, such as CD20, CD79b, or the BCR [9, 77-79].
This lack of expression of B cell markers was indeed
one of the reasons why the B cell origin of HRS cells
was not revealed until genetic studies for Ig gene rear-
rangements unequivocally demonstrated a B cell iden-
tity of these cells (see above). Gene expression profiling
studies of HRS cells in comparison to normal B cells
then showed that there is a global loss of the B cell
typical gene expression in HRS cells [80]. This down-
regulation involved all types of genes with important

functions in these cells, for example, cell surface recep-
tors (CD37, CD53), components of signaling pathways
(SYK, BLK, SLP-65), and transcription factors (PU.B,
A-MYB, SPI-B). Remarkably, however, HRS cells
have retained expression of molecules that are involved
in antigen-presenting functions and the interaction
with CD4* T helper cells. HRS cells usually express
MHC class II, CD40, CD80, and CD86 [80, 81]. This
indicates that an interaction with T helper cells is
important for HRS cell survival. In line with this view,
HRS cells are typically surrounded by CD40L express-
ing CD4* T cells [82].

We are now beginning to understand which factors
contribute to the lost B cell phenotype of HRS cells.
First, several transcription factors that positively regulate
the expression of multiple genes in B cells are down-
regulated, including OCT-2, PU.1, and BOB.1 [77, 78,
83]. Second, although E2A, a master regulator of the B
cell transcription program, is still expressed, HRS cells
also show deregulated expression of ID2 and ABF1 [84—
86], which bind to E2A and inhibit its function [85]. The
physiological role of ABF1 is poorly understood, but
ID2 is normally expressed in dendritic cells and natural
killer cells, and supports the generation of these cells
concomitant with suppression of B cell development
[87, 88]. Third, HRS cells express activated Notch-1,
which normally induces T cell differentiation in lympho-
cyte precursors and suppresses a B lineage differentia-
tion of such cells [89, 90]. Activation of Notch-1 is
probably caused by interaction with its ligand Jagged-1,
which is expressed by other cells in the HL microenvi-
ronment [90]. Moreover, HRS cells have downregulated
the Notch-1 inhibitor Deltex1 [89]. Fourth, STAT5SA and
STATSB are activated in HRS cells and have been
reported to induce an HRS cell-like phenotype in normal
B cells [91]. Constitutive active STATS induced expres-
sion of CD30 and of the T cell transcription factor
GATA3 in the B cells and led to downregulation of BCR
expression. Fifth, the downregulation of multiple B cell
genes in HRS cells is further mediated by epigenetic
mechanisms, as DNA methylation has been detected for
numerous such genes [92, 93]. Sixth, HRS cells express
several transcription factors that have important roles in
hematopoietic stem cells and early lymphoid precursors,
including GATA2, BMI1, RING1, and RYBP [94-97].
The expression of these factors may contribute to a “ded-
ifferentiated” phenotype of HRS cells.

Surprisingly, PAXS, the main B lineage commit-
ment and maintenance factor, is still expressed in HRS
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cells, albeit at reduced levels [7]. As many of its direct
target genes are not expressed, it is likely that PAX5
activity is inhibited. Notch-1 is a candidate for this inhi-
bition [89]. It may also be that PAXS target genes are
not expressed because other transcription factors needed
for the efficient expression of these genes are missing.

The downregulation of many B cell transcription fac-
tors that also suppress the expression of non-B lineage
genes, combined with the upregulated expression of
genes promoting expression of genes of other hematopoi-
etic cell types (e.g., Notch-1, ID2), not only explains the
lost B cell phenotype of HRS cells, but also the heterog-
enous expression of genes specifically expressed by den-
dritic cells, T cells, or other cell types. It is an intriguing
question whether the lost B cell phenotype of HRS cells
is related to their origin from crippled GC B cells.
Perhaps, due to the stringent selection of B cells for
expression of a functional BCR (a high-affinity one in
the GC), there is a selection in HRS cell pathogenesis
downregulating the B cell gene expression program to
escape the selectional forces that induce apoptosis in GC
B cells with unfavorable IgV gene mutations. However,
the lost B cell phenotype could also be a side-effect of so
far unknown transforming events.

3.5.2 Constitutive Activation
of Multiple Signaling Pathways

It is obvious that tumor cells need to activate and
deregulate signaling pathways and transcription fac-
tors that promote their survival and proliferation.
Nevertheless, it is striking how many of such pathways
are constitutively activated in HRS cells, and cHL
appears to be rather unique among lymphoid malig-
nancies in the extent to which multiple signaling path-
ways contribute to the survival and expansion of HRS
cells. It has already been mentioned above that HRS
cells show constitutive NF-xB activity. This activity is
essential for HRS cell survival [98], and is most likely
not only mediated by genetic lesions (see above), but
also by signaling through receptors. NF-kB factors of
both the canoncial pathway (p50/p65) and the non-
canonical NF-kB pathway (p52/RelB) are activated
(Fig. 3.3). HRS cells express the TNF receptor family
members CD30, CD40, RANK, TACI, and BCMA,
which activate NF-kB, and cells expressing the respec-
tive ligands are found in the HL microenvironment

[82, 99-103]. There are, however, conflicting data
about the role of CD30 in NF-xB activation [104, 105].
In EBV-positive cases of cHL, the virally encoded
LMP1 mimics an active CD40 receptor and hence also
contributes to NF-xB activation [106].

Another central signaling pathway, which is like
NF-«B activated both by genetic lesions as well as by
ligand-mediated receptor triggering, is the JAK/STAT
pathway (Fig. 3.3). This is the main signaling pathway for
cytokines. Activation of cytokine receptors causes activa-
tion of JAK kinases which in turn phosphorylate and
thereby activate STAT transcription factors. The phospho-
rylated STAT factors dimerize and then translocate into
the nucleus where they activate transcription of target
genes. HRS cells show activation of STAT3, STATS, and
STAT6 [91, 107-109]. The activation of STAT6 is at least
partly mediated by signaling through IL13. As HRS cells
express IL13 and its receptor, STAT6 activation can be
mediated through an autocrine stimulation loop [110,
111]. Signaling through the IL21 receptor contributes to
STAT?3 and STATS activation in HRS cells, which is also
enhanced by the NF-xB activity in the cells [91, 112,
113]. As mentioned above, STATS activity may contrib-
ute to the lost B cell phenotype of HRS cells. Inhibition of
STAT activity in HL cell lines resulted in reduced prolif-
eration of the cells, further supporting an important patho-
genetic role of this signaling pathway [107, 108, 110].

Receptor tyrosine kinases (RTK) are important reg-
ulators of cell growth, survival, and proliferation. In
multiple cancers, specific RTK are activated, often by
somatic mutations [114]. In contrast, HRS cells show
multiple activated RTK, and their activation does not
appear to be due to activating mutations but at least
partly to ligand-mediated stimulation [115]. RTK that
are often expressed in varying combinations in HRS
cells include PDGFRA, DDR2, EPHB1, RON, TRKA,
TRKB, and MET [115, 116]. The expression of most
of these is aberrant, as they are not expressed by nor-
mal GC B cells [115]. They are also usually not
expressed by other B cell non-HL, showing that this is
a specific feature of HL among B cell lymphomas
[115, 117]. Expression of multiple RTKs is most pro-
nounced in EBV-negative cases of cHL, suggesting
that EBV activates pathways in HRS cells replacing
the function of RTKs [118]. For PDGFRA and TRKA,
a growth-inhibitory effect has been shown upon their
inhibition in HL cell lines, giving a first indication that
the activity of RTKs is important for HRS cell prolif-
eration [115, 119].
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Signaling through various receptors is mediated by
the mitogen-activated protein kinase (MAPK)/ERK
pathway. In HRS cells, the serine/threonine kinases
ERK1, ERK2, and ERKS5 are activated [120, 121].
Inhibition of their activity has antiproliferative effects
on HL cell lines [121]. Signaling through CD30, CD40,
and RANK may contribute to the stimulation of this
pathway [121].

The transcription factor AP-1 acts as homo- or het-
erodimers of Jun, Fos, and ATF components. In HRS
cells, c-Jun and Jun-B are overexpressed and constitu-
tively active [122]. The overexpression of Jun-B is
mediated by NF-xB [122]. AP-1 induces many target
genes and promotes proliferation of HRS cells. Target
genes of AP-1 include CD30 and galectin-1, the latter of
which has immunomodulatory functions [123, 124].

Finally, also the phosphatidylinositol-3-kinase (PI3K)/
AKT pathway, which is a main promoter of cell survival,
shows activity in HRS cells [125, 126]. AKT is a serine/
threonine kinase that is activated in HRS cells, as evident
from its phosphorylated state and phosphorylation of
known target proteins [125, 126]. Inhibition of AKT in
HL cell lines causes cell death, suggesting an important
role of active AKT in HRS cell survival [125, 126].
PI3K may be activated in HRS cells by signaling through
CD30, CD40, RANK, and RTK.

While we have a relatively detailed insight into sig-
naling pathways active in HRS cells, less is known about
signaling pathways constitutively active in LP cells of
LPHL. However, LP cells also show a high constitutive
activity of NF-xB [31]. RTKs are partly also aberrantly
expressed by these cells [115], and activation of the
JAK/STAT pathway has been observed [74].

In conclusion, HRS cells are characterized by the
deregulated and constitutive activation of multiple sig-
naling pathways and transcription factors that contrib-
ute to the survival and proliferation of these cells. The
multitude of different stimulated pathways appears to
be rather unique among human B cell lymphomas.
Often, these pathways are activated by common mech-
anisms, and they may interact in numerous ways.

3.6 Antiapoptotic Mechanisms

With a presumed origin from pre-apoptotic GC B cells,
it is critical to understand through which mechanisms
HRS cell escape from apoptosis. A number of factors

contributing to HRS cell survival have already been
discussed in the previous section: constitutive activity
of NF-kB, STAT, PI3K, Notch1, AP-1, RTK, and ERK.
Several specific inhibitors of the two main apoptosis
pathways deserve specific mentioning. Although HRS
cells express the CD95 death receptor of the extrinsic
apoptosis pathway as well as its activating ligand, HL
cell lines are resistant to CD95-mediated death induc-
tion, suggesting a specific inhibition of this pathway
[127-129]. As mentioned above, this resistance is nei-
ther due to mutations in the CD95 receptor itself, nor
in its interaction partners FADD, caspase 8, or caspase
10. However, HRS cells show strong expression of the
CD95 inhibitor cFLIP (cellular FADD-like interleukin
1B-converting enzyme-inhibitory protein), and this
factor impairs CD95 signaling in HRS cells [127, 128].
Inhibition of the intrinsic (mitochondrial) apoptosis
pathway is probably mediated through strong expres-
sion of the anti-apoptotic factors BCLXL and XIAP
(X-linked inhibitor of apoptosis) [130, 131]. BCLXL
inhibits apoptosis at the level of the mitochondrial
apoptosis induction, whereas XIAP inhibits activity of
caspases 3 and 9, which are downstream executioners
of the mitochondrial apoptosis program. Although
HRS cells also express proapoptotic Smac, which can
inhibit XIAP, the cells show an impaired release of
Smac from the mitochondria into the cytoplasm [132].
As mentioned above, HRS cells express high levels of
the pro-apoptotic TP53 factor, but resistance to TP53-
mediated apoptosis appears to be rarely due to inacti-
vating mutations in the TP53 gene. An important factor
for the inhibition of TP53 activity is MDM2, which is
expressed at high levels in HRS cells [133]. The func-
tional role of MDM2 as an TP53 inhibitor in HRS cells
is supported by the fact that HL cell lines expressing
wild-type TP53 are rendered apoptosis-sensitive
toward pharmacological apoptosis inducers upon inhi-
bition of MDM?2 by its antagonist nutlin 3 [134, 135].
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4.1 Microenvironment

4.1.1 Hodgkin Lymphoma Subtypes

When discussing the microenvironment in Hodgkin
lymphoma (HL), it is important to recognize the differ-
ent HL subtypes described by the WHO classification
[1, 2]. In fact, the classical HL. (cHL) subtypes are
defined in large part by the composition of the reactive
infiltrate (Table 4.1). The most prevalent subtype is the
nodular sclerosis type that consists of a nodular back-
ground with thick fibrotic bands, usually with a thick-
ened lymph node capsule. In addition to the lacunar
type of Hodgkin/Reed—Sternberg (HRS) cells there is a
microenvironment consisting of T cells, eosinophils,
and histiocytes, with a variable admixture of neutro-
phils, plasma cells, fibroblasts, and mast cells. The
second most common subtype is mixed cellularity,
which is defined by the presence of typical HRS cells
and a diffuse infiltrate of T cells, eosinophils, histio-
cytes, and plasma cells, sometimes with the formation
of granuloma-like clusters or granulomas (Fig. 4.1).
Lymphocyte-rich cHL also comprises typical HRS
cells in a nodular or diffuse microenvironment and
small B and/or T lymphocytes dominating the back-
ground, sometimes with admixture of histiocytes.
Granulocytes are not a component in this subtype. The
rare lymphocyte depleted subtype harbors a high per-
centage of HRS cells in a background consisting of
fibroblasts and a low number of T cells. Nodular lym-
phocyte predominance (NLP) HL is considered a sep-
arate entity. The morphology may closely resemble
that of the nodular variant of the classical lymphocyte
rich subtype, both involving follicular areas with many
small B cells. However, the nature of the tumor cells
and the T cells is different. In the cHL subtypes, the
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Table 4.1 Composition of the microenvironment in different Hodgkin lymphoma (HL) subtypes

Subtype EBV (%) Background
Nodular sclerosis 1040 Nodular +fibrosis
Mixed cellularity 75 Diffuse
Lymphocyte rich 40-80 Nodular or diffuse
Lymphocyte depleted 80-100 Diffuse

(including HIV+)

Nodular lymphocyte 0 Nodular (+diffuse)
predominant

T cells Other cells

CD4 > CDS, Th2, Eosinophils, histiocytes,

Treg > Thl fibroblasts, B cells, mast cells,
(neutrophils)

CD4 > CDS, Eosinophils, histiocytes,

Th2,Treg > Th1 plasma cells, B cells

CD4 > CD8 Histiocytes

- Fibroblasts

Th2, CD57+ Treg,
CD4+/8+

Histiocytes, B cells

Fig.4.1 The microenvironment in classical Hodgkin lymphoma
(HL). Histology of a classical HL (mixed cellularity subtype). T’
tumor cell; L (T-)lymphocyte; H histiocyte; E eosinophil; N
neutrophil; P plasma cell. Hematoxylin and eosin staining

HRS cells are transformed B cells with an aberrant
postgerminal center cell phenotype, while in LPHL the
lymphocyte predominant (LP) cells are transformed
B cells with a germinal center cell phenotype. Likewise,
the T cells in cHL have features of paracortical T cells,
while those in LPHL are similar to germinal center
T cells [3, 4].

4.1.2 Epstein-Barr Virus

The presence of latent Epstein—Barr virus (EBV)
genomes in HRS cells appears to influence the compo-
sition of the microenvironment. Positive EBV status is
strongly associated with the mixed cellularity subtype
(~75% EBV+) and by definition is absent in LPHL.

Depending on the geographic locale, EBV is present in
the HRS cells in 10-40% in nodular sclerosis cases.
The percentage of EBV+ classical lymphocyte rich
cases is not very clear, but probably between 40 and
80%. EBV infects more than 90% of the world popula-
tion and establishes a lifelong latent infection in B
cells in its host. Potent cytotoxic immune responses
keep the number of EBV infected B cells at approxi-
mately 1/100,000 B cells and usually prevents EBV-
driven malignant transformation in immunocompetent
individuals. Accordingly, EBV-associated cHL cases
contain slightly more CD8+ cytotoxic T cells in the
reactive background compared to non-EBV-associated
cHL cases [5].

4.1.3 TCell Subsets in cHL

A unifying feature of the reactive infiltrate in virtually
all cHL subtypes is the presence of large amounts of
CD4+ T cells. Besides being widely distributed in the
background, these CD4+ T cells form a tight rosette
around the tumor cells. T cells within these rosettes
often have a distinct phenotype, different from the phe-
notype of the T cells that are located further away from
the cHL tumor cells (Fig. 4.2).

In general, CD4+ T cells can be divided into naive
(CD45RA+) and memory (CD45RO+) subsets depend-
ing on whether they have previously been stimulated
by antigen. A large subset of CD4+ T cells consists of
the so-called helper T (Th) cells; these cells play an
important role in helping other cells to induce an effec-
tive immune response. Th cells can be further divided
into ThO (naive), Th1 (cellular response), Th2 (humoral



4 Microenvironment, Cross-Talk, and Immune Escape Mechanisms 51

Fig. 4.2 Shaping the microenvironment in classical Hodgkin
lymphoma (HL). Immunohistochemistry of classical HL cases.
In the upper panel left, strong and specific staining of Hodgkin/
Reed-Sternberg (HRS) cells for chemokine CCL17 (TARC).

response), Th17 (IL-17 producing), and Treg (regulat-
ing other responses) cells. The Treg cells can be fur-
ther divided into Th3 (transforming growth factor-f3
(TGF-B)-producing), Trl (IL-10-producing), and
CD4+CD25+ Treg (originating from the thymus) sub-
populations. Some, but not all, Treg cells express the
transcription factor FoxP3.

The T cells in cHL consist mainly of CD4+ T cells
that have a memory phenotype (CD45R0O+) and express
several activation markers including CD28, CD38,
CD69, CD71, CD25, and HLA-DR, as well as markers
like CD28, CTLA-4, PD-1, and CD40L. However, these
T cells lack expression of CD26 [6]. This lack of CD26
expression is most striking in the areas surrounding
the tumor cells. CD26, dipeptidyl peptidase IV, regu-
lates proteolytic processing of several chemokines,
e.g., CCL5 (Rantes), CCL11 (Eotaxin), CCL22 (MDC)

This chemokine attracts CCR4+ lymphocytes (upper panel
right). A large proportion of reactive T cells are Treg cells, as
shown by positive staining for transcription factor FoxP3 (lower
panel left) and activation marker CD25 (lower panel right)

[7]. CD26 is also associated with adenosine deaminase
(ADA) and with CD45RO and when interacting with
anti-CD26 antibodies leads to enhancement of T cell
activation through the T cell receptor [8]. CD26 is pref-
erentially expressed on CD4+CD45RO+ cells and is
normally upregulated after activation. However, CD26
cannot be upregulated on the CD26-negative cells from
cHL lesions. In general, a high CD26 expression level
correlates with a Th1 subtype of cells.

The transcription factor expression pattern indicates
that the CD4+ T cells in cHL are predominantly Th2
(c-Maf) and Treg (FoxP3) [3, 9]. The CD4+CD26— T
cell subset in cHL has reduced mRNA levels of Thl-
and Th2-associated cytokines in comparison to the
CD4+CD26+ T cells from cHL and CD4+ T cells (both
CD26- and CD26+) in reactive lymph nodes [10].
Based on much higher mRNA expression levels of
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IL-2RA (CD25), CCR4, FoxP3, CTLA4, TNFRSF4
(0X-40), and TNFRSF18 (GITR) observed in the
CD4+CD26— T cells from cHL, it has been postulated
that these cells have a Treg phenotype (Fig. 4.2). In addi-
tion, mildly enhanced IL-17 levels can be observed both
in CD4+CD26- and CD4+CD26+ T cells from cHL in
comparison to the T cells from tonsil. Upon stimulation,
the CD4+CD26— T cells fail to induce expression of
cytokines, suggesting that the T cell population roset-
ting around the HRS cells or located in the direct vicin-
ity of the HRS cells have an anergic phenotype [10].
Immunohistochemistry for several Treg-associated mol-
ecules demonstrates that the rosetting T cells in cHL
express GITR, CCR4, and CD25, but not FoxP3.
Scattered FoxP3-positive cells are present in the infil-
trate but only rarely in the direct vicinity of the HRS
cells, and CTLA-4 shows a more diffuse presence [10].
Likewise, a small number of scattered IL-17-positive
cells can be found in the reactive infiltrate. Anergy in T
cells is normally induced by lack of costimulation
through CD80/CD86, activation by superantigens, or the
effect of cytokines like TGF-f and IL-10. The anergic
state in cHL is probably not caused by the lack of costim-
ulatory molecules since CD80 and CDS86 as well as sev-
eral other costimulatory molecules are highly expressed
on the HRS cells [11, 75]. However, the surrounding
lymphocytes express CTLA-4 as well as CD28, where as
TGF-p and IL-10 are frequently produced by HRS cells
and may cause anergy of the surrounding T cells.

Fig. 4.3 T cells in nodular lymphocyte predominant Hodgkin
lymphoma (HL). Immunohistochemistry of a case of nonclassi-
cal nodular lymphocyte predominant HL. A variable but usually
high amount of reactive T cells express CD57 and as in this case

4.1.4 T Cell Subsets in LPHL

The CD4+ T cells in LPHL resemble the CD4+ T cells
in cHL, regarding the expression of CD45RO, CD69,
CTLA4, CD28, PD-1, and lack of CD26. However,
these T cells do not express CD40L and a significant
proportion of the cells that immediately surround the LP
cells express CD57. Similar to the Th2 cells in cHL, the
rosetting cells in LPHL strongly express the Th2-
associated transcription factor c-Maf (Fig. 4.3; [3]).

Characterization of the CD4+CD57+ T cell subset
shows lack of IL-2 and IL-4 mRNA, but elevated inter-
feron-y (IFN-y) mRNA levels in comparison to CD57+ T
cells from tonsil. Stimulation of these cells fails to induce
upregulation of IL-2 and IL-4 mRNA levels [12], which
is similar to the lack of cytokine induction upon stimula-
tion of the CD26— T cells in cHL. The normal counter-
part of CD4+CD57+ T cells is found almost exclusively
in the light zone of reactive germinal centers. These
CD57+ T cells also lack CD40L expression. CD57 is
known as an activation marker but it has also been dem-
onstrated to be a marker for senescent cells. Senescence
is the phenomenon by which normal diploid cells lose the
ability to divide, normally after about 50 cell divisions.

In LPHL, a population of CD4+CD8+ T cells has
been reported in more than 50% of patients. The func-
tion of these cells in LPHL is currently unknown, but
in other settings these cells play immunoregulatory
roles [13].
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these cells can encircle the tumor cells (panel left). The CD57+
T cells also express transcription factor c-Maf, indicating a Th2-
type nature (panel right)
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4.1.5 Fibrosis and Sclerosis

The presence of bands of collagen surrounding nod-
ules and blood vessels are typical of the nodular scle-
rosis subtype. Several factors can induce the activation
of fibroblasts and the subsequent deposition of extra-
cellular matrix proteins. The Th2 cells in cHL might
provide a profibrogenic microenvironment by the
production of the Th2 cytokine IL-13. IL-13 is
expressed at a higher level in nodular sclerosis than in
mixed cellularity cHL. Moreover, also the percentage
of IL-13 receptor positive fibroblasts is increased in
nodular sclerosis cHL cases [14]. IL-13 stimulates
collagen synthesis in vitro and also stimulates the
production of TGF-f, another potent stimulator of
fibrosis. TGF-f can interact with basic fibroblast
growth factor (bFGF) to cause fibrosis in cHL. In a
mouse model for fibrosis, the simultaneous applica-
tion of TGF-B and bFGF causes persistent fibrosis
[15]. Since both TGF-B and bFGF are produced by
the HRS cells as well as the reactive background [16,
17], this can cause fibrosis in cHL. TGF-f and bFGF
are both produced more prominently in nodular scle-
rosis than in mixed cellularity cHL [18], which is
consistent with this concept. The third factor that
stimulates fibroblasts in cHL is the engagement of
CD40. CD40, a member of the tumor necrosis factor
receptor (TNFR) superfamily, can be upregulated on
fibroblasts by IFN-y, and its ligand CD40L is present
on activated T cells, mast cells, and eosinophils pres-
ent in the cHL microenvironment.

4.1.6 Eosinophils, Plasma Cells,
and Mast Cells

Presence of eosinophils in the reactive infiltrate can be
promoted by both IL-5, produced by Th2 cells, and by
IL-9. In cHL patients with eosinophilia in the periph-
eral blood, IL-5 and IL-9 have been reported to be
expressed by the HRS cells [19]. In addition, eosino-
phils are attracted to cHL tissues by the production of
the chemokine CCL11, especially in nodular sclerosis
cHL. CCL11 levels can be enhanced by the production
of tumor necrosis factor-o. (TNF-a) by the HRS cells,
which in turn can induce CCL11 production in fibro-
blasts. This process is specific for cHL since other

lymphomas with tissue eosinophilia show no expres-
sion of CCL11 [20]. HRS cells also produce CCL28
(MEC), and expression of CCL28 correlates with the
presence of eosinophils and plasma cells in cHL.
CCL28 attracts eosinophils by signaling through the
chemokine receptor CCR3 and attracts plasma cells
through CCR10 [21]. CCL5 is produced at high levels
by the reactive infiltrate in cHL and can attract eosino-
phils as well as mast cells. CCL5 and IL-9 may both
contribute to the attraction of mast cells in cHL [22].
The stimulation and recruitment of eosinophils in cHL
can be illustrated in staging bone marrow biopsies that
often show reactive enhancement of granulopoiesis
with many eosinophils, although there are no HRS
cells present in the bone marrow. Finally, IL-6 has
been shown to be produced by HRS cells in some cases
of cHL, and this may explain the presence of variable
amounts of plasma cells [23]

4.2 Cross-Talk Between HRS Cells
and Microenvironment (Fig. 4.4)

4.2.1 Clinical Findings

HRS cells shape their environment by attracting spe-
cific T cell populations that provide growth support-
ing factors and by suppressing an effective antitumor
response of the immune system. In patients with an
impaired immune response, cHL occurs more fre-
quently. After solid organ transplantation, there is a
small increase in the incidence of cHL that can largely
be attributed to EBV-positive cHL. HIV-infected
individuals have an approximate 10 times increased
risk of developing cHL [24]. In comparison to non-
HIV-associated cHL, these tumors are more often
EBV-associated, mixed cellularity, and lymphocyte
depletion subtypes and usually contain more tumor
cells. This indicates a functional defect in the immune
response, in particular to EBV, presumably caused
by the impairment of CD4+ T cells by HIV. On the
other hand, the importance of CD4+ T cells for sup-
porting the growth of HRS cells is also illustrated in
HIV-positive patients, because an increase in HIV-
associated cHL incidence has been observed after the
introduction of highly active antiretroviral therapy
(HAART) [25] (Fig. 4.4).
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Fig. 4.4 Schematic overview of the cross-talk between Hodgkin
Reed-Sternberg (HRS) cells and the microenvironment. Hodgkin
lymphoma tumor cells attract specific cell subsets by chemokines,

4.2.2 Factors Supporting Tumor Growth

It is likely that HL tumor cells originate from a precur-
sor B cell that has become addicted to activating and
growth-supporting stimuli during a deregulated immune
response. Many additional events are needed to account
for the highly deregulated malignant phenotype of HRS
and LP cells. Although the tumor cells attain multiple
alternative mechanisms to circumvent the dependence
on growth-stimulating signals from the reactive infil-
trate, they usually are not self-sufficient at the time of
diagnosis. This is reflected by the inability to grow cell
lines from primary HL cell suspensions.

IL-3 can function as a growth factor for B cells and
is produced by activated Th2 cells, mast cells, and
eosinophils. Its functions include protection against

IL-10

=3

Apoptosis

> Galectin-1

Eosinophil

Fibroblast

are dependent on growth factors, and use mechanisms of immune
suppression and immune escape. Arrows indicate stimulating
effects; the other lines indicate inhibitory effects

apoptosis and stimulation of proliferation. Most HRS
cells in cHL cases express the IL-3 receptor, and exog-
enous IL-3 promotes cell growth in cHL cell lines.
Costimulation of IL-3 with IL-9 results in further
enhancement of cell growth [26]. There is no evidence
for the production of IL-3 by HRS cells themselves, so
this signaling pathway depends on the reactive infil-
trate. IL-7 is most likely an autocrine as well as a para-
crine growth factor for HRS cells, since HRS cells
express both the IL-7 receptor and produce IL-7 [27].
Moreover, fibroblasts isolated from cHL tissue are also
able to produce IL-7 [28]. cHL cell lines produce very
little IL-7 themselves, but anti-IL-7 has some effect on
cell growth. Addition of IL-7 results in an increase in
proliferation and protection against apoptosis. Other
growth factors important for HRS cells are IL-9, IL-13,
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and, possibly, IL-6. IL-9 is expressed by the tumor
cells and not in the infiltrate, and the IL-9 receptor is
expressed on the tumor cells and mast cells. IL-9 sup-
ports tumor growth in cell lines and is an autocrine fac-
tor in cHL tissue [22]. IL-13 produced by HRS cells as
well as the surrounding T cells drives proliferation and
is mostly autocrine [29]. IL-6 is mainly produced by
the HRS cells and occasionally in the infiltrate [23]. In
general, IL-6 is found at higher levels in EBV+ cases
[30]. IL-6 might have an autocrine effect although neu-
tralizing antibodies have no effect on the growth of the
cHL cell lines.

HRS cells express several members of the TNFR
superfamily including CD30, which has been used as a
marker for cHL since the early 1980s. The CD30 ligand
(CD30L) is expressed on eosinophils [31] and mast cells
[32] that are present in the cHL infiltrate. Circulating
eosinophils in cHL patients also have increased expres-
sion levels of CD30L [31]. Binding of CD30L to CD30
causes enhanced secretion of IL-6, TNFa., lymphotoxin-
o, increased expression of [ICAM-1 and B7, and, possi-
bly, increased clonogenic growth and protection against
apoptosis [33]. Another TNFR expressed on HRS cells
is CD40. CD40 is generally found on B cells, and B
cells can be activated through CD40. In vitro rosetting
of activated CD4+ lymphocytes around HRS cells is
mediated through the CD40L adhesion pathway [34].
Engagement of CD40 is important for the prevention of
apoptosis. Similar to stimulation of CD30, stimulation
of HRS cell lines with CD40L causes enhanced secre-
tion of several cytokines and upregulation of costimula-
tory molecules [33].

4.2.3 Shaping the Environment

In addition to the production of several growth factors,
HRS cells also produce large amounts of chemokines
to attract specific beneficial or nonreacting cells. The
lack of CD26 on the T cells surrounding the HRS cells
may result in an incapability to cleave the chemokines
and thereby modulate the chemotaxic effects exerted
by the HRS cells. The attraction of a specific popula-
tion of cells is an important immune escape mecha-
nism exerted by the tumor cells.

The most abundant and cHL-specific chemokine is
CCL17 (TARCQ); it binds to CCR4 and CCR8 on Th2
cells, Treg cells, basophils, and monocytes. CCL17 is

highly expressed by HRS cells in the vast majority of
cHL patients and not in LPHL or non-Hodgkin lym-
phomas [35, 36]. CCL17 levels can be measured in
serum and are a sensitive and specific marker reflect-
ing cHL tumor burden [37, 38]. High expression levels
of CCL17 might explain the influx of lymphocytes
with a Th2- and Treg-like phenotype, and CCL17-
positive cases are indeed associated with a higher per-
centage of CCR4-positive cells (Fig. 4.2; [36, 39]). In
turn, Th2-type cytokines (IL-4, IL-13) can induce the
production of CCL17 by HRS cells. CCR4-positive
lymphocytes are found especially in the rosettes imme-
diately surrounding the HRS cells [10, 40]. CCL22 is
another chemokine that has a similar function as
CCL17. High CCL22 protein expression levels were
found in the cytoplasm of HRS cells in 90-100% of
cHL patients and also in tumor cells in the majority of
LPHL and non-HL patients [41-44]. CCL22 produc-
tion can also be stimulated by Th2 cytokines, IL-4 and
IL-13, and may serve to reinforce the attraction of Th2
and Treg lymphocytes, initiated by CCL17. Stimulation
of the IL-21 receptor on HRS by IL-21 activates
STAT3, which can induce CCL20 (MIP3a) produc-
tion. CCL20 in turn attracts memory T cells and Treg
cells [45]. HRS cells express both IL-21 and the IL-21
receptor, indicating presence of an autocrine signaling
loop. The expression of some chemokines is more pro-
nounced in EBV+ cHL (i.e., CXCL9 and CXCL10),
and perhaps as a result the composition of the reactive
background is somewhat different from that in EBV—-
cHL, with a slightly higher proportion of CD8+ T cells
in EBV+ cases.

In addition to attracting specific cell subsets by
chemotaxis, HRS cells also shape their environment
by inducing differentiation of specific T cell subsets
that are favorable for HRS cell survival and growth.
The expression of IL-13 by the HRS cells stimulates
differentiation of naive T cells to Th2 cells [29]. The
production of IL-7 by HRS cells and fibroblasts can
induce proliferation of Tregs [28]. Also, cHL cell lines
with antigen-presenting functions like KMH2 and
L428 have been shown to promote the differentiation
of Treg like cells in vitro (expressing CD4, CD25,
FoxP3, CTLA4 and GITR and producing large
amounts of IL-10). Interestingly, these cell lines can
also induce the formation of CD4+ cytotoxic cells
(expressing granzyme B and TIA-1) that can kill tumor
cells directly, suggesting that CD4+ CTLs have the
potential to attack tumor cells in vivo [46].
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4.2.4 Immune Suppression

Because normal B cells are professional antigen-pre-
senting cells, HRS cells are expected to present anti-
gens to the immune system, at least early in disease
pathogenesis. Indeed, most components of the HLA
class I and HLA class II antigen-presenting pathways
have been detected in the HRS cells at the time of diag-
nosis. However, at that time Th1 cells are not actively
attracted by the HRS cells and CD8+ CTLs are rela-
tively scarce. Moreover, HRS cells have gained the
capacity to prevent CTLs from attacking by producing
high amounts of the strongly immunosuppressive
cytokines TGF-f and IL-10. TGF-B is produced by
HRS cells in nodular sclerosis cHL [16, 17] whereas
IL-10 is more frequently found in EBV+ (mixed cel-
lularity) cHL [47, 48]. In normal cells, TGF-f} is pro-
duced in an inactive form, which can be activated by
acidification. TGF-f3 produced by cHL cell line L.428
is active at a physiological pH and has a high molecu-
lar weight [49]. The same high molecular weight form
of TGF-f can also be found in the urine of cHL patients
[50] indicating that in patients HRS cells are able to
produce the active TGF-3 form.

The Tregs that are present in the microenvironment
of cHL are highly immunosuppressive and contain Tr1
(IL-10 producing Tregs) as well as CD4+CD25+
Tregs. IL-10, cell-cell contact, and CTLA4 play a
main role in executing their immunosuppressive func-
tion [51]. In addition, HRS cells express galectin-1, an
animal lectin, which can cause apoptosis in activated T
cells, and contributes to the elimination of an effective
antitumor response in cHL [52]. HRS cells also express
FAS and the FAS ligand. There are some mechanisms
protecting the HRS cells from apoptosis induction,
such as FAS mutations in a small proportion of cases
and c-FLIP overexpression in all cases [53]. On the
other hand, activated Thl and CDS cells expressing
FAS would be driven to apoptosis by the FAS ligand
expression on the HRS cells. Also, HRS cells were
found to express PD-1 ligand whereas the rosetting
lymphocytes are PD-1 positive [54]. In EBV+ cHL,
the Thl-inducing cytokine IL-12 is expressed in T
cells surrounding the HRS cells, and its presence sug-
gests that these T cells have the potential to induce
antitumor activity [55]. However, an EBV-induced
IL-12-related cytokine called EBI3 can block this Th1
response and is produced by HRS cells [56]. Another

immune suppressive mechanism in EBV+ cHL might
be the release of anergy-inducing exosomes containing
the EBV latent membrane protein 1 (LMP1), galec-
tin-9, and HLA class II. These exosomes have been
shown in EB V-associated lymphoblastoid and nasopha-
ryngeal carcinoma cell lines; however, it is unknown
whether they are also secreted in EBV+ cHL [57].

4.3 Immune Escape
Mechanisms (Fig. 4.4)

4.3.1 Antigen Presentation

The importance of antigen presentation in the patho-
genesis of cHL has been suggested by the association
of specific HLA subtypes with increased cHL inci-
dence. cHL is more common in Caucasians as com-
pared to Asians and about 4.5% of cHL cases occur in
families [58, 59]. A three to sevenfold increased risk
has been observed in first degree relatives and siblings.
In monozygotic twins, the cotwin has an approximate
100-fold increased risk of developing cHL compared
to dizygotic twins [60]. From the 1970s, a number of
serological HLA types have been associated with the
occurrence of cHL. More recently, a genetic screen of
the entire HLA region showed a strong association
between the HLA-A gene and EBV+ cHL. This asso-
ciation was not present in EBV—- cHL [61, 62]. It can
be hypothesized that this association is related to insuf-
ficient presentation of EBV antigenic peptides. These
antigenic peptides most likely are derived from the
latency type II genes that are expressed in cHL, i.e.,
LMP1, LMP2, and EBV-related nuclear antigen 1
(EBNAL1). EBV partially escapes cytotoxic immune
responses by downregulating immunodominant latent
genes (EBNA2 and EBNA3). In addition, the glycine—
alanine repeat in EBNA1 largely prevents its presenta-
tion by HLA class I by blocking its degradation into
antigenic peptides through the proteasome [63].
However, subdominant immune responses to LMP2
and to a lesser extent LMP1 are present in the healthy
EB V-infected population [64]. In fact, adoptive immu-
notherapy in relapsed EBV-associated cHL has been
used in some small studies with success, although lim-
ited. In these studies, peripheral blood from cHL
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patients was used to create EBV-specific cytotoxic T
cell lines in vitro and these were reinfused. Some
objective responses were observed (3/11 and 5/6), with
better responses if the CTLs were specifically targeted
to LMP2 [65, 66] (Fig. 4.4).

Interestingly, the genetic association of the HLA-A
gene with EBV+ cHL is attributed to the presence of
the HLA-A*01 type and absence of the HLA-A*(02
type [67]. HLA-A*01 is known to have a low affinity
for LMP2- and LMPI-derived antigenic peptides,
while HLA-A*02 can present these peptides very well.
This suggests that EBV+ cHL is more likely to occur
after primary EBV infection if an individual’s set of
HLA class I molecules cannot properly present LMP2
and LMP1 to the immune system. In fact, the HLA
polymorphisms associated with EBV+ cHL have also
been shown to be related to the occurrence of infec-
tious mononucleosis [68]. Individuals who have had
infectious mononucleosis have a three times increased
risk of developing EBV+ cHL [69]. It is unknown to
what extent the HLA-A*01-associated increased risk
is due to an increase in latently EBV-infected B cells
(HRS cell “precursors™) or to decreased effectiveness
of antitumor cell immune responses.

4.3.2 HLA Expression

Paradoxically, HLA class I and class II expression by
HRS cells is usually retained in EBV+ cHL patients,
whereas in EBV— cHL patients these molecules are
frequently downregulated. Defects in the antigen-pre-
senting pathways are very common in solid malignan-
cies (HLA classI), as well as in many B cell lymphomas
(HLA class I and class II) and are an obvious mecha-
nism to escape from antitumor immune responses.
Especially downregulation of HLA class I is a com-
mon immune escape mechanism in EBV- cHL, with
less than 20% of cases still expressing cell surface
HLA class I on the HRS cells at the time of diagnosis
[70]. Different mechanisms are involved in this down-
regulation because immunohistochemistry has shown
complete absence of HLA class I or retention of HLA
class I heavy chains within the cytoplasm. This reten-
tion in the cytoplasm is usually accompanied by an
absence of 2-microglobulin expression, which is nec-
essary for HLA class I assembly and transport to the

cell surface. The different mechanisms may indicate
that downregulation of HLA class I is based on clonal
selection by continuous cytotoxic immune responses.
This may be related to the presence of antigenic pep-
tides that are related to malignant transformation or
disease progression. However, downregulation of HLA
class T generally induces activation of natural killer
(NK) cells. These cells contain HLA class I specific
inhibitory receptors and are sparse in the reactive infil-
trate of cHL. The inhibitory receptors can also be
engaged by a nonclassical HLA class I like molecule
known as HLA-G. In about two thirds of HLA class I
negative cHL cases, the HRS cells indeed express
HLA-G [76]. Besides NK cell inhibition, HLA-G
might also induce Treg cells and inhibit cytotoxic T
cell responses.

4.3.2.1 HLA Class | Expression

In contrast to EBV—- cHL, 70-80% of EBV+ cHL
patients show cell surface expression of HLA class |
and B2-microglobulin at the time of diagnosis. This
expression is usually particularly strong in mixed cel-
lularity subtype cases [5, 70]. Upregulation of HLA
class I and HLA class II expression has been attributed
to LMP1, but the function of this upregulation is enig-
matic, since it should make latent EB V-infected B cells
more susceptible to immune recognition. In fact, in
primary lytic EBV infection, HLA class I and HLA
class II antigen-presenting pathways are strongly
inhibited by EBV proteins. BNFL2a prevents peptide
loading of HLA class I molecules by inhibiting the
transporter of antigenic peptides (TAP). Viral IL-10
also downregulates the expression of TAP1. In addition,
viral IL-10 downregulates the low molecular protein
bli/LMP2, which is a subunit of the immunoproteasome
(not to be mistaken for the EBV LMP2 protein). BGLF5
inhibits the synthesis of new HLA class I molecules and
BILF1 downregulates HLA class I at the cell surface
by inducing its endocytosis and subsequent lysosomal
degradation. HLA class II function is inhibited by
gp42/gH/gl., BGLFS, and viral IL-10 [71]. When the
virus goes into latent infection, these immune escape
mechanisms are no longer available. As the lytic gene
products are switched off, the expression and function
of HLA class I and class II are restored. Importantly,
the cHL-associated EBV latent gene products LMP1,
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LMP2, and EBNA1 are necessary for EBV-infected B
cells to go through the germinal center reaction. At
that time HLA class I and class II antigen-presenting
functions might also be essential for B cell survival. It
is generally accepted that HRS cells derive from ger-
minal center B cells and in EBV+ cHL it is likely that
the tumor cell precursor expresses LMP1, LMP2,
EBNAI1, HLA class I, and HLA class II.

4.3.2.2 HLA Class Il Expression

HLA class II cell surface expression on HRS cells is lost
in approximately 40% of all cHL patients. This absence
is weakly related to extranodal disease, EBV-negative
status, and absence of HLA class I cell surface expres-
sion. Lack of HLA class II expression has been associ-
ated with adverse failure free survival and relative
survival, and is independent of other prognostic factors
[70]. It can be hypothesized that antigen presentation in
the context of HLA class II is involved in recruitment
and activation of CD4+ T cells early in cHL pathogen-
esis. Under the influence of immunomodulating mecha-
nisms, these T cells are important in providing trophic
factors for HRS cells and also have a role in inhibiting
Th1 responses. In the initial stages of cHL pathogenesis,
HRS cells are probably highly dependent on the reactive
infiltrate and expression of HLA class II, but as the lym-
phoma develops this dependency may weaken because
of alternative trophic and immunosuppressive strategies.
Thus, downregulation of HLA class II without loss of
viability of HRS cells might occur when the HRS cells
have grown less dependent on the reactive infiltrate.
This is supported by the association of downregulation
of HLA class II with extranodal disease [70].

4.4 Prognostic Impact of the
Microenvironment

Several research groups studied the cHL reactive infil-
trate in relation to prognosis. Patients with a higher
degree of mast cell infiltration or with tissue eosino-
philia have an adverse failure free survival, probably
because the CD30L expression by these cell types is
advantageous to the HRS cells [31, 32].

Large numbers of Th2 cells in the microenviron-
ment, as determined by c-Maf expression, correlates

with improved disease free survival [9]. Also, increased
numbers of infiltrating Treg cells seem to correlate
with improved survival as this effect was observed in
two out of three studies [9, 72, 73]. Accordingly, a
high percentage of activated CTLs (CD8+/granzyme
B+ T cells) is a strong indicator of unfavorable clinical
outcome [74]. A high ratio of FoxP3 to CTL markers,
granzyme B [73] or Tia-1 [72], gives the best predic-
tive value for a good prognosis. These results are unex-
pected since in other malignancies the presence of
Tregs and the absence of CTLs is associated with
adverse prognosis. One explanation might be that HRS
cells are expected to behave more aggressively as they
develop a stronger independency from the reactive
infiltrate. In this situation a hostile microenvironment
is allowed because the HRS cells have acquired alter-
native immunoevasive strategies. This theory fits with
the adverse prognostic impact of absence of HLA class
II expression.

4.5 Conclusion

The microenvironment is a fundamental component of
the tumor mass and an essential pathogenetic factor in
cHL and LPHL. It supplies the tumor cells with growth
factors and inhibits antitumor immune responses. In
fact, it could be stated that “the infiltrate consists not of
‘innocent bystanders’ but of ‘guilty opportunists’” [22].
As the tumor cells and the reactive infiltrate grow up
together, there is an extensive cross-talk between these
two components. The tumor cells actively attract and
shape their environment for their own benefit and make
use of a number of mechanisms to fend off antitumor
immune responses.
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5.1 Presenting Manifestations

Hodgkin lymphoma can come to clinical attention in a
variety of ways. These include symptoms caused by a
growing mass, systemic symptoms that are presum-
ably cytokine induced, and a diagnosis can be made
incidentally as part of an evaluation for an unrelated
problem. By far the most common presentation of
Hodgkin lymphoma is enlargement of lymph nodes
that is typically painless and progressive. Although the
most common place for lymph nodes to be found is in
the neck and supraclavicular region, any lymph node
bearing area can be involved. Patients typically find
enlarged nodes above the clavicle and seek medical
attention when they do not regress, while physicians
are relatively more likely to discover lymph nodes in
other areas as part of a physical examination.
Mediastinal lymphadenopathy is a particularly com-
mon finding in young women with Hodgkin lym-
phoma. This might be found incidentally on a chest
X-ray or can be symptomatic. Although unusual,
patients with Hodgkin lymphoma can present with
superior vena cava syndrome, but chest pain or short-
ness of breath are more common symptoms caused by
a large mediastinal mass. Lymphadenopathy found
only below the diaphragm is more common in males
and in elderly patients. Mesenteric lymphadenopathy
is unusual in Hodgkin lymphoma. Retroperitoneal
lymphadenopathy can be painful, but is more com-
monly asymptomatic and found on a staging evalua-
tion or as part of the investigation to explain system
symptoms such as fever, night sweats, or weight loss.
Epitrochlear lymph node involvement is unusual in
Hodgkin lymphoma.

Hodgkin lymphoma can involve essentially any
organ in the body as either a site of presentation or by
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spread from lymphatic involvement. However, extran-
odal presentation of Hodgkin lymphoma is unusual.
The most common sites to be involved are the spleen,
liver, lungs, pleura, and bone marrow, although Hodgkin
lymphoma confined to these sites is rare. Hodgkin lym-
phoma can rarely present in unusual extranodal sites.
Primary CNS [1] and cutaneous [2] Hodgkin lym-
phoma are rare but well described. Perianal presenta-
tions are seen more commonly in patients with HIV
infection. Gastrointestinal system, bone, genitourinary
system, and other unusual sites are extremely rare but
have been described. Bone involvement can be seen
as an “ivory vertebrae” —i.e., a densely sclerotic verte-
brae [3].

By the far the most common systemic symptoms
that occur as the presenting manifestations of Hodgkin
lymphoma are fevers, night sweats, weight loss, pruri-
tus, and fatigue. These occur in a minority of patients
but can present diagnostic challenges. Hodgkin lym-
phoma is one of the illnesses that can cause fever of
unknown origin. Occasionally the fevers of Hodgkin
lymphoma occur intermittently with several days of
fevers alternating with afebrile periods. This is the
Pel-Ebstein fever [4, 5] that is rare but particularly
characteristic of Hodgkin lymphoma when it occurs.
The fevers of Hodgkin lymphoma typically occur in
the evening and often can be prevented with nonsteroi-
dal anti-inflammatory drugs such as naproxyn [6].

The presence of drenching night sweats (i.e., as
opposed to dampness of the head and neck) and unex-
plained weight loss are both characteristic of Hodgkin
lymphoma and, along with fever, are associated with a
poor prognosis. Pruritus can be the presenting manifes-
tation of Hodgkin lymphoma. Such patients sometimes
have severely excoriated skin and sometimes have been
diagnosed as having neurodermatitis. Patients who
present with refractory pruritus are often grateful to
find the explanation of their symptoms which usually
disappear with the initiation of therapy. As with other
lymphomas, fatigue can be an important, although
nonspecific, symptom and also usually improves with
therapy. There are many unusual, but well-described,
presentations for Hodgkin lymphoma. One rare but
very characteristic presentation is alcohol-induced pain
[7, 8]. The pain typically begins soon after drinking
alcohol and occurs primarily in areas of involvement
by lymphoma. The pain can be quite severe and last for
variable periods of time. Patients with the symptom
have often discontinued alcohol before the diagnosis of

Hodgkin lymphoma, and to elicit the symptom often
requires specific questioning by the physician.

Patients can present with Hodgkin lymphoma
involving the skin, but cutaneous abnormalities are
more often paraneoplastic phenomenon. These can
include erythema nodosum [9], icthyosiform atrophy
[10], acrokeratosis paraneoplastica [11], granuloma-
tous slack skin [12], nonspecific urticarial, vesicular,
and bullous lesions [13], and others.

A variety of other unusual presentations of Hodgkin
lymphoma have been reported. Patients can present
with nephrotic syndrome [14], the symptoms of hyper-
calcemia [15-17], and jaundice due to cholestasis with-
out involvement of the liver by the lymphoma [18, 19].

Hodgkin lymphoma rarely presents with a primary
tumor in the CNS causing the symptoms of a brain
tumor characteristic of the site of involvement. Other
neurological manifestations that can be present at the
diagnosis of Hodgkin lymphoma include a variety of
paraneoplastic syndromes. These include paraneo-
plastic cerebeller degeneration [20], which typically
presents with ataxia, dysarthria, nystagmus, and diplo-
pia. The symptoms may precede the diagnosis of
Hodgkin lymphoma by many months. Hodgkin lym-
phoma can, of course, present with spinal cord com-
pression from retroperitoneal and osseous tumors.
Other rare manifestations include limbic encephalitis
(i.e., which presents with memory loss and amnesia),
peripheral neuropathy, and others.

5.2 Physical Findings and
Laboratory Abnormalities

By far the most common physical findings in Hodgkin
lymphoma are enlarged lymph nodes that might be in
any lymph node bearing area. The lymph nodes are
typically firm (i.e., “rubbery”) and vary from barely
palpable to large masses. However, almost any aspect
of the physical examination can be made abnormal by
the presence of Hodgkin lymphoma. This might
include icterus, involvement of Waldeyer’s ring, find-
ings of superior vena cava syndrome, a sternal or
suprasternal mass from tumor growing out of the medi-
astinum, findings of a pleural effusion or pericardial
fusion, an intra-abdominal mass, hepatomegaly or
splenomegaly, skin involvement, and, rarely, cutane-
ous or neurological abnormalities.
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Almost any laboratory test can be abnormal at the time
of diagnosis of Hodgkin lymphoma, but certain tests are
characteristic and should be specifically evaluated.
Patients can have leukocytosis or leukopenia. Neutrophilia
and lymphopenia are sometimes seen, with the latter hav-
ing a poor prognosis. Eosinophilia can be found inciden-
tally before the diagnosis of Hodgkin lymphoma, and
Hodgkin lymphoma should always be included in the dif-
ferential diagnosis of unexplained eosinophilia [21]. In
some cases, the explanation of the eosinophilia is related
to production of interleukin-5 by the tumor cells [22, 23].

The most common hematological manifestation of
Hodgkin lymphoma is anemia. The most usual expla-
nation seems to be a normocytic anemia associated
with the presence of the tumor that resolves after ther-
apy. However, patients can also have autoimmune
hemolytic anemia [24] and a microangiopathic hemo-
lytic anemia as part of the syndrome of thrombotic
thrombocytopenic purpura.

Patients can present with thrombocytopenia for a
variety of reasons including hypersplenism and bone
marrow involvement. However, idiopathic thrombocy-
topenic purpura can be a presenting manifestation of
the disease [25].

Other rare hematological manifestations of Hodgkin
lymphoma have included autoimmune neutropenia
[26], hemophagocytic syndrome [27], coagulation fac-
tor deficiencies [28], and unexplained microcytosis
[29], and thrombotic thrombocytopenia purpura has
been seen rarely.

Routine chemistry screening should be done in
patients with Hodgkin lymphoma and might reveal
renal or hepatic dysfunction, protein abnormalities,
hypercalcemia, and hyperuracemia.

Elevated erythryocyte sedimentation rate and
C-reductive protein are frequently seen and have been
associated with a poor prognosis.

5.3 Pathologic Diagnosis: The Biopsy

The oncologist must be certain that the Hodgkin lym-
phoma diagnosis was based on an adequate biopsy
specimen that was examined using appropriate mor-
phologic and immunohistochemical criteria. Whole
lymph node excision is preferable for pathologic
examination. The pathologic diagnosis of Hodgkin
lymphoma is fully discussed in Chap. 4.

The site of biopsy must be determined with the
radiologist and surgeon. The largest abnormal periph-
eral lymph node should be excised. However, at cer-
tain sites such as the mediastinum, the removal of a
bulky lymph node (>5 cm) can lead to major surgery,
with a risk of complications or sequelae. Fairly often,
only a limited biopsy of the node is performed. On the
other hand, too small a lymph node may only be a
reactive hyperplasia. If a fluorine-18-deoxyglucose
positron emission tomography (FDG-PET-CT) has
been performed, the patient should be biopsied in the
most avid site to avoid a partially necrotic zone.

If there are only deep node lesions, the following
types of biopsy can be proposed.

A thoracoscopic or laparoscopic approach under
general anesthesia, with, if necessary, preopera-
tive localization to facilitate resection is now
widely used [30].

Image-guided core needle biopsy is increasingly
used and has a rising success rate of more than 90%
[31-33]. However, the method has the disadvan-
tage of only permitting relatively small biopsies,
although progress has been made with automated
guns and a coaxial technique. In addition, this type
of biopsy is capable of sampling several core speci-
mens with a single biopsy tract. Large-volume cut-
ting needles, ranging from 18 gauge to 14 gauge,
yield enough tissue for most immunochemistry
stainings and even for RNA extraction from frozen
tissue (Fig. 5.1). Moreover, this inexpensive proce-
dure, performed under local anesthesia, can easily
be done in a reference center outpatient clinic.

In an experienced center, a multidisciplinary approach
with skilled trained radiologists working in conjunc-
tion with experienced pathologists should immediately
start with image-guided core needle biopsy. In case of
failure, video-assisted surgery should be performed. In
most situations, open surgery can be avoided as a first
diagnosis procedure in the absence of peripheral lymph
nodes. Fine needle aspiration cytology should rnot be
used for diagnosis of Hodgkin lymphoma, but may
help in a screening procedure, before biopsy [34].
A second biopsy can be considered at five stages:

1. At initial diagnosis, when Hodgkin lymphoma is
diagnosed from a biopsy of an extranodal site, a
node biopsy is desirable to confirm the diagnosis,
unless the latter is considered unequivocal
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Fig. 5.1 Core needle biopsy for Hodgkin lymphoma with immunostainings for CD15 and CD30

2. When the amount of tissue is insufficient for
adequate immunostaining or molecular biology
studies

3. When, after functional imaging with a PET scan,
avidity is seen in a noncontiguous lesion, and
induces changes in stage and/or therapy

4. When the treatment is evaluated, especially in cases
of persistent avidity on PET scan

5. During follow-up, when a new lesion is seen on CT
scan, indicating a probable relapse

Several pathologic pitfalls or differential diagnoses
should be kept in mind.

Drugs such as phenytoin or antibiotics may cause
histologic changes within lymph nodes that may mimic
Hodgkin lymphoma, particularly the mixed cellularity
subtype. Other benign conditions like infectious mono-
nucleosis, lymphoid hyperplasia, or Castleman disease
may produce lymphadenopathy with histologic fea-
tures similar to those of Hodgkin lymphoma. In fact,
the distinction between different diseases, including
certain forms of non-Hodgkin lymphoma (NHL), has

In case of a second biopsy, the difficulties of sampling
artifacts should be taken into account, especially in
irradiated areas. In such situations, the anatomic loca-
tion very often requires a video-assisted surgical
approach or an image-guided core biopsy.

These procedures are less aggressive than tradi-
tional biopsy methods, and in conjunction with the use
of the PET scan, are significantly improving patient
management, as they provide more accurate defini-
tions of response and relapse.

been made clearer thanks to a better definition of the
entities by the WHO classification. T-cell-rich large
B-cell lymphoma is usually included in the differential
diagnoses of both nodular lymphocyte-predominant
Hodgkin lymphoma and classical Hodgkin lymphoma,
while anaplastic CD30-positive NHL may display
similar histology to that of classical Hodgkin lym-
phoma. Nevertheless, molecular studies require ade-
quate material, including frozen tissue in difficult
cases, and the role of the clinician is to make sure that
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the node to be analyzed is given to an experienced net-
work laboratory. If the clinical presentation of disease
is not typical for the given pathologic diagnosis, then a
review of the pathology by an expert hematopatholo-
gist should be considered, or even a second biopsy.

5.4 Staging Systems for
Hodgkin Lymphoma

The initial clinical evaluation and staging of patients
with Hodgkin lymphoma serve to confirm the Hodgkin
lymphoma diagnosis, determine the extent and distri-
bution of disease, evaluate the patient’s fitness for stan-
dard treatments, and provide prognostic information
(Table 5.1).

Several staging systems were developed very early
and modified according to the progress made in the
knowledge, imaging, and treatment of the disease. The
Ann Arbor Staging of Hodgkin disease was developed in
the 1970s, when radiotherapy was the main curative treat-
ment option, and was based on the tendency of Hodgkin
lymphoma to spread to contiguous lymph nodes [35].

Since the Ann Arbor staging, several significant
changes in the management of Hodgkin lymphoma
have taken place.

Table 5.1 Recommended studies for initial evaluation of
Hodgkin lymphoma

Mandatory for the
Cotswolds classification

Histology and
immunophenotyping
Individual and familial history,
clinical examination as per
Cotswolds recommendations
Blood counts and routine
workup: ESR, LDH, alkaline
phosphatase, albumin, liver
function, $2-microglobulin,
virology Chest radiograms:
CT of chest, abdomen, and
pelvis; bone marrow biopsy
if indicated

Recommended for FDG-PET-CT

disease assessment

Recommended for
toxicity assessment

Heart: ECG, MUGA, or
echocardiogram

Pulmonary: lung function tests
Thyroid and gonadal functions:
FSH, LH, and TSH (semen
analysis and sperm storage)
Psychosocial adaptation

The Cotswolds modification of the Ann Arbor stag-
ing system was introduced in 1989, to approve the use
of CT scanning for the detection of intra-abdominal
disease, to formalize a definition of disease bulk, and
to provide guidelines for evaluating the response to
treatment (Table 5.2) [36]. This staging classification
provides a basis for selecting the initial treatment and
has been widely adopted by most clinical trial groups.
Additional factors have been recognized (e.g., tumor
bulk and the number of sites of disease) that adversely
affect the prognosis of patients with a localized stage
treated by radiation alone. A prognostic factor score
for advanced Hodgkin lymphoma treated by chemo-
therapy has been worked out, based mostly on biologi-
cal parameters, including serum albumin <4 g/dL,
hemoglobin <10.5 g/dL, male sex, stage IV disease,
age >45 year, white cell count >15,000/mm?, and lym-
phocyte count <600/mm? [37].

These prognostic factors are used to define risk-
adapted therapy. However, as combined modality treat-
ment with modern chemotherapy has become standard
procedure for patients with early-stage disease, the risk

Table 5.2 Cotswolds modifications of the Ann Arbor staging

system
I Involvement of a single lymph node region or
lymphoid structure (e.g., spleen, thymus,
Waldeyer ring)
1T Involvement of two or more lymph node
regions on the same side of the diaphragm (the
mediastinum is a single site; hilar lymph
nodes are lateralized); the number of anatomic
sites should be indicated by a suffix (e.g., 113)
I Involvement of lymph node regions or
structures on both sides of the diaphragm
T, With or without splenic, hilar, celiac,
or portal nodes
1T, With para-aortic, iliac, and/or
mesenteric nodes
v Involvement of extranodal site(s)
beyond that designated E
Annotation:

A, no B-symptoms

B, fever, drenching sweats, or weight loss

X, bulky disease, >1/3 mediastinal widening at T5-6, or >10 cm
maximum dimension of nodal mass

E, involvement of a single extranodal site, contiguous or proxi-
mal to a known nodal site

CS clinical stage; PS pathologic stage

Reprinted from [36] with permission
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of relapse is reduced and some of these factors are no
longer associated with a high risk of relapse. In addi-
tion, computed tomography (CT) and fluorine-18-deox-
yglucose positron emission tomography (FDG-PET-CT)
are now routinely used for the staging and evaluation of
the early response to treatment. PET-CT provides reli-
able information on its efficacy.

5.5 Imaging Evaluation
of the Extent of Disease

Thanks to the progress and availability of imaging
techniques, it has been possible to improve the accu-
racy of clinical staging, so that invasive pathologic
procedures are no longer necessary. At present, the
established radiological technique for the diagnosis of
lymphomais computed tomography [38]. Investigations
should include posteroanterior and lateral chest radi-
ography. In some clinical trials, measurements of the
mediastinal mass (or the ratio of mass diameter to
chest dimensions) on chest X-ray correlated with the
prognosis and were used to assign treatment. A CT of
the neck, thorax, abdomen, and pelvis should be per-
formed. Intravenous contrast allows lymph nodes to be
distinguished from vessels seen in cross-section. As
the neck volume encompassed by modern involved-
field radiotherapy varies depending on the presence
and location of enlarged neck nodes at diagnosis, inad-
equate neck imaging may lead to unnecessary over-
treatment of the neck, if the radiation oncologist is
unable to determine the extent of disease prior to
treatment.

Although clinical staging based on peripheral lymph
node examination is usually straightforward, staging at
other sites can be problematic. Occasionally, CT imag-
ing may reveal unclear findings in the spleen or liver.
Spleen or liver enlargement does not always imply
involvement. Ultrasonography may occasionally be
required to rule out the presence of solid lesions, and
MRI may characterize liver abnormalities better when
CT findings are ambiguous.

However, the failure of CT to provide functional
information can impede the identification of disease in
normal-sized tissue [39]. An alternative to CT is FDG-
PET, which is based on the increased glycolysis of
cancer cells. This is visualized using the radioactive
glucose analog FDG, which after phosphorylation is

metabolically trapped within the cell. Thus, in addition
to CT, FDG-PET has become an established imaging
modality to stage, restage, and monitor therapy and
detect recurrent lymphoma. PET and CT, which
respectively supply metabolic and anatomic informa-
tion, are complementary, and interpretation of the PET
portion of the study is more accurate when the results
of PET correlate with those of CT [40, 41]. Therefore,
by 2000, integrated PET/CT systems were developed
which are now standard care.

The use of FDG-PET in conjunction with CT is
strongly recommended for the staging of Hodgkin
Ilymphoma patients [53], because it is more sensitive
than gallium imaging, and compared to CT-based
imaging alone, FDG-PET changes the stage in approx-
imately 25% of Hodgkin lymphoma patients. Most of
these changes result in upstaging, and often, in treat-
ment modifications. However, a major limitation of
studies of the value of FDG-PET in Hodgkin lym-
phoma staging is the absence of biopsy findings to
determine the discrepancies between CT and FDG-
PET findings. In clinical practice, it is preferable for
these two imaging modalities to indicate the same
stage of disease before proceeding with treatment.

It is important that imaging results be interpreted
within the framework of the known patterns of spread,
and other prognostic factors. A certain degree of varia-
tion in the size of mediastinal and hilar nodes is nor-
mal, but those measuring more than 10 mm on the
shortest cross-section can be considered abnormal.
However, although clearly abnormal findings on CT
scanning may be indicative of Hodgkin lymphoma,
there is a risk of false positives, particularly in the
abdomen, when interpreting these findings. Therefore,
when lymph nodes in the 15- to 20-mm range are seen,
further evaluation by FDG-PET-CT is warranted.

As previously stated [36], the 1989 Cotswolds
modification to the Ann Arbor staging system explic-
itly indicated that involvement of extralymphatic tis-
sue on one side of the diaphragm due to the direct
extension of nodal disease should be staged according
to the nodal volume, with an associated extranodal (E)
designation [36]. This was determined on the basis of
data indicating that patients with this presentation had
a better prognosis than patients with stage IV disease,
and it was implied that their prognosis was comparable
to that of patients with disease confined to the lymph
nodes [36]. However, treatment of this presentation
should be confined to a tolerable radiation field and the
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delivery of radical but safe irradiation doses. Substantial
variations in stage assignment have nevertheless been
demonstrated among patients with extranodal involve-
ment, specifically as regards the distinction between
stage IV and early-stage extranodal disease. Thus,
even experienced oncologists vary in their stage assign-
ment of patients with nearby but discontinuous extran-
odal involvement [42]. However, the involvement of
two or more noncontiguous extranodal sites should
typically be considered indicative of stage IV disease.
The use of risk-adapted treatment with chemotherapy
has reduced the importance of such factors.

The definition of bulk has varied considerably in
the literature. For the mediastinum, the most widely
accepted definition involved measuring the greatest
transverse diameter of the mediastinal mass on a stan-
dard posteroanterior chest radiograph and dividing it
by the maximal diameter of the chest wall at its pleu-
ral surfaces, usually at the level of the diaphragm or
alternatively, at the T5-6 interspace (Cotswolds
approach). A ratio exceeding one third (1:3) was con-
sidered bulky, and a negative feature among patients
treated with RT alone or chemotherapy alone. There
are no widely accepted criteria for the definition of
bulk using measurements obtained from CT scans: the
Cotswolds Committee recommended that to constitute
bulk, a nodal mass must be greater than 10 cm in
diameter [36], whereas in recent and ongoing trials,
bulk was defined as confluent nodal masses greater
than 7 cm [43].

5.6 Clinical Evaluation During Therapy

Clinical evaluation during treatment is an important
component of the individualization of treatment inten-
sity. Re-evaluation should be made prior to each cycle
of chemotherapy, to monitor the resolution of lymph-
adenopathy, and identify acute toxicities that may
require changes in treatment. If palpable lymphade-
nopathy was not present when treatment started,
images should be obtained after every two or three
cycles of chemotherapy.

A rapid early response to initial therapy is increas-
ingly recognized as a favorable prognostic factor
among Hodgkin lymphoma patients and is being stud-
ied as a means to guide the overall intensity of a course

of treatment. Response can be evaluated by CT, or bet-
ter still, FDG-PET CT, after two or three cycles of che-
motherapy. Performing PET early during treatment
has also proved to be prognostically important and has
been incorporated into the response criteria. Thus, a
recent meta-analysis demonstrated that for low- to
intermediate-risk Hodgkin lymphoma patients, PET
may be a good prognostic indicator after a few cycles
of standard chemotherapy [44].

Recommendations by several authors suggest that
PET should be carried out just before the next cycle of
therapy, and within 4 days previously [45]. Midtreatment
PET has been tested in recent and ongoing randomized
clinical trials to determine the duration or type of treat-
ment, including salvage therapy in the disseminated
stage. However, it is not yet quite clear whether chang-
ing the treatment radically changes the outcome.

5.7 Definition of the
Response to Treatment

Prior to 1999, response criteria for malignant lym-
phoma varied among study groups and cancer centers.
Therefore, an international working group (IWG)
comprising experts in the evaluation of NHL published
a set of guidelines to standardize response criteria for
NHL [46]. Although these guidelines were open to
various interpretations and did not include PET evalu-
ation as part of their assessment strategy, they were
widely adopted by clinicians and regulatory bodies.
However, an increase in the widespread use of FDG-
PET for response assessment has prompted a need to
re-evaluate and update the IWG criteria. For this pur-
pose, an international harmonization initiative was set
up to incorporate the rapid advances in FDG-PET
technology that have occurred in the past 5 years into
guidelines for performing and interpreting FDG-PET
in malignant lymphoma including Hodgkin lymphoma,
both in clinical trials and standard practice [47, 48].
For most cooperative groups, the updated Cheson cri-
teria have replaced the Cotswold criteria for assessing
the response to therapy (Table 5.3).

One of the main criticisms of the 1999 guidelines
relating to the interpretation of an unconfirmed com-
plete response (CRu) is the definition of a residual
mass. One of the advantages of PET is that it can
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Table 5.3 Summary of the new Cheson guidelines for positron emission tomography/computed tomography

Response

New Cheson criteria including PET [ ], PET

positive if uptake >mediastinum (lesions >2 cm),

CR Disappearance of all detectable disease
LN >1.5 cm must decrease to <1.5 cm
CRu LN >1.5cm
SPD decrease >75%
Indeterminate bone marrow
PR SPD regressed >50%
SD SPD decrease <50% but no
progressive disease
PD/relapse New lesion

SPD increase >50% from nadir of any LN

>local background (lesions <2 cm)

CR, CRu, PR, or SD by IWG criteria and PET
completely negative; BMB negative

No longer exists

CR, CRu, PR by IWG criteria, and PET positive in at
least one previously affected site

SD by IWG criteria and PET positive in previously
affected sites

PD by IWG criteria and PET should be positive on
the new or increased lesion if >1.5 cm

BMB bone marrow biopsy; CR complete response; CRu unconfirmed complete response; CT computed tomography; /WG interna-
tional working group; LN lymph nodes or nodal masses; PD progressive disease; PET positron emission tomography; PR partial
response; SD stable disease; SPD sum of the products of the greatest diameters

distinguish between a viable tumor, and necrosis or
fibrosis in residual disease [49]. In this connection, a
retrospective study carried out by Juweid et al. demon-
strated that the integration of PET into the IWG crite-
ria increased the number of confirmed complete
responses (CRs), thus eliminating the need for the
CRu category [50]. That is why, the revised criteria
state that in routinely FDG-avid lymphomas such as
diffuse large B-cell lymphoma and Hodgkin lym-
phoma, all patients with a negative PET are classified
as CR, regardless of the presence of a residual mass on
CT. In cases where PET shows the presence of residual
disease (i.e., in PET-positive patients), the patient is
considered to exhibit a partial response, stable disease,
or progressive disease on the basis of the response
shown by CT, and the CRu category is eliminated
(Table 5.1) [47].

In patients with advanced-stage disease who are
treated by chemotherapy alone, the response should be
assessed 1 month after the completion of treatment, on
the basis of clinical findings and of the same imaging
investigations as those that gave abnormal results at
presentation (typically CT and PET). However, as
false-positive PET scans may occur shortly after RT,
repeat imaging should be done later for patients treated
by combined therapies, provided they are clinically
well. If there is any doubt about the response to treat-
ment, they should be re-evaluated. Note that after the
completion of treatment, regression of disease may be

slow, and a residual fibrotic mass may still be visible
on a chest radiograph or CT images.

5.8 Complete Remission

The patient has no clinical, radiologic, or other evi-
dence of Hodgkin lymphoma. Changes due to the
effects of previous therapy (i.e., radiation fibrosis)
may, however, be present.

The category (CRu) has been eliminated from the
updated response criteria and now denotes patients
whose remission status is unclear, because they dis-
play no clinical evidence of Hodgkin lymphoma, but
some radiologic abnormality that persists at a site of
previous disease. In this respect, it is generally recog-
nized that imaging abnormalities may persist follow-
ing treatment, and do not necessarily signify active
disease [51].

This definition of unconfirmed or uncertain remis-
sion is still helpful in the absence of FDG-PET, when
reviewing a clinical case. However, it must be borne in
mind that after mediastinal RT, thymic rebound, reac-
tive lymph node hyperplasia, or subclinical radiation
pneumonitis may lead to abnormalities on FDG-PET
[52]. To avoid false-positive interpretations, some
authors recommend that FDG-PET re-evaluation
should be delayed until 3 months after the completion



5 Clinical Evaluation

73

of mediastinal RT, although the characteristic appear-
ance of post-RT lung changes occurring before 3
months can usually be distinguished from lymphoma
by experienced nuclear radiographers [53].

The inclusion of PET in the new response criteria
and the removal of CRu have simplified the manage-
ment of lymphoma patients by removing some of the
limiting factors of CT, which include the size of lymph
nodes that indicates involvement, the differentiation of
unopacified bowel from lesions in the abdomen and
pelvis, inability to distinguish viable tumor from
necrotic/fibrotic lesions after therapy, and the charac-
terization of small lesions. However, even though PET
has eliminated many of the limitations attributed to
CT, it has several disadvantages, including limited
resolution, inaccurate localization of the abnormali-
ties, and physiologic variations in FDG distribution.
PET and CT are therefore complementary, and conse-
quently a combined PET/CT examination, when avail-
able, should become part of clinical practice, rather
than choosing either PET or CT separately [54].

5.9 Partial Remission

Partial remission is defined as a decrease of at least
50% in the sum of the products of the largest perpen-
dicular diameters of all the measurable lesions. This
would include patients with an abnormal but improved
PET scan. Other manifestations of disease (e.g.,
B-symptoms) should also improve. As described
above, re-imaging and/or re-biopsy to detect persistent
active disease should be aggressively undertaken if the
results can be expected to have a marked effect on
treatment decisions (e.g., if the patient is a candidate
for aggressive salvage therapy).

5.10 Progressive Disease

Progressive disease is defined as an increase of 25% or
more in the size of a least one measurable lesion, the
appearance of a new lesion, or the recurrence of
B-symptoms that cannot be otherwise explained.
Most lymphoma patients will become PET negative
after two to three cycles of standard chemotherapy,
and response assessments based on the new Cheson

criteria are proving to be robust and highly predictive
of outcome [55, 56]. However, false-positive lesions
occur more frequently at earlier time, particularly with
intensified treatment schedules, and preliminary results
indicate that the accuracy of PET differs, depending on
the treatment given.

5.11 Follow-Up Management

The manner in which patients are evaluated after com-
pleting treatment may vary according to whether treat-
ment was administered in a clinical trial or clinical
practice, or whether it was delivered with curative or pal-
liative intent. In a clinical trial, uniformity of reassess-
ment is necessary to ensure comparability among studies
with respect to the major end points of event-free sur-
vival, disease-free survival, and progression-free survival.
Good clinical judgment, careful recording of history, and
thorough physical examination are the most important
components of patient monitoring after treatment. To
obtain the necessary clinical indications, additional test-
ing at follow-up visits should include blood count and
serum chemistry, including measurement of lactate dehy-
drogenase and other blood parameters, and imaging stud-
ies. Persistent elevation of the sedimentation rate, while
not a diagnostic criterion of active Hodgkin lymphoma,
indicates the need for very close surveillance [57].

There is no evidence to support the need for regular
surveillance CT scans, because the patient or physician
identifies the relapse in more than 80% of cases with-
out imaging studies [58].

Once therapy, restaging, and response assessment
have all been completed, follow-up guidelines vary, but
most of them recommend that patients be seen at inter-
vals of about 3 months during the first and second years
after therapy, 4-month intervals in the third year, 6-month
intervals in the fourth and fifth years, and annually there-
after. Few Hodgkin lymphoma recurrences occur after
5 years. The frequency and type of radiologic imaging
during follow-up should primarily be based on the initial
sites of disease and the risk of relapse [59].

Although some clinicians perform routine CT re-
imaging in asymptomatic patients, the results of three
studies suggest that the yield of routine imaging in
asymptomatic patients is low [60—62].

FDG-PET has also been suggested as a potential
tool for the detection of relapse. In a prospective study
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of 36 Hodgkin lymphoma patients, the authors found
that routine FDG-PET correctly identified all the five
relapses that occurred following treatment [63]. However,
the false-positive rate was 55%, 6/11 patients with abnor-
mal FDG-PET did not have their relapse confirmed, and
2/5 of the relapsed patients developed symptoms shortly
after relapse detection by FDG-PET, so that the benefit
of this imaging was unclear.

5.12 Conclusion

The careful and accurate clinical evaluation of patients
with Hodgkin lymphoma from presentation to follow-
up in remission has a significant impact on treatment
outcome. The ability to perform an excellent history
and physical, and knowledge regarding when, where,
and how to perform laboratory evaluations, images, and
biopsies are necessary for excellent care.
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6.1 Introduction

Hodgkin lymphoma (HL) is a highly curable disease,
with more than 90% of patients still alive and 80%
considered cured 6 years after treatment [1]. These
rewarding results have been obtained by a combination
of factors influencing treatment outcome in different
ways. These can be briefly summarised: (a) an increas-
ing accuracy of staging procedures; (b) different treat-
ment strategies tailored to well-defined categories of
patients with a different risk of treatment failure; (c) a
peculiar neoplastic tissue architecture, different from
the one of more frequent lymphoma subtypes such as
diffuse large B-cell lymphoma (DLCBL) or follicular
lymphoma (FL); and (d) a high chemosensitivity and
radiosensitivity of the tumour.

Perhaps no other haematologic tumour has been the
object of such accurate staging definitions as HL,, using
a wide array of radiology, nuclear medicine or even
surgical procedures, ranging from chest X-ray to stag-
ing laparotomy [2]. Computerised tomography (CT) is
the cornerstone procedure for staging and response
assessment. However, as CT uses size criteria to distin-
guish between normal and malignant tissue, it cannot
detect involved nodes under a certain size. Moreover,
response assessment with CT uses changes in tumour
size as the main criterion. But tumour shrinkage takes
time, and since a residual HL mass can take years after
treatment to disappear, CT does not provide an early
assessment of therapy response [3]. This challenge is
met by functional imaging, which is dependent on
tumour metabolism rather than anatomy.

HL is considered one of the most chemosensitive
haematological neoplasms, but the biological mecha-
nism for this phenomenon is unclear. A possible
explanation could be found in the peculiar neoplastic
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architecture of the tumour: only a few scattered neo-
plastic cells (Hodgkin and Reed-Sternberg cells),
accounting for less than 1% of the total cell count of
the neoplastic tissue, are surrounded by a population
of seemingly non-neoplastic mononuclear bystander
cells [4]. The production of chemokines by tumour
cells is possibly responsible for this organisation of
the neoplastic architecture. The Hodgkin and Reed-
Stenberg (HRS) cells produce the chemokines thymus
and activation-regulated chemokines (TARC-CCL7)
and macrophage-derived chemokines that selectively
recruit CCR4-expressing cell subsets, including
eosinophils, histiocytes, macrophages, plasma cells,
and Th2 and Treg lymphocytes, which are all readily
detected at tumour sites. There is convincing evi-
dence that forced expression of CCR4 in these cells
provides them with the capacity to migrate towards a
TARC gradient, so that the functionality of this
receptor is not restricted to the subset of T cells in
which it is physiologically expressed [5]. These cells
are metabolically very active and are in turn respon-
sible for the production of chemokines that enables
them to recruit accessory cells and ensure HRS cell
immortalisation. Chemotherapy can switch off the
chemokine production of HRS cells, and preliminary
observations have shown that serum TARC levels
predict therapy response in HL patients [6]. Positron
emission tomography (PET) using [18F]-fluoro-2-
deoxy-D-glucose (FDG) has emerged as a reliable
tool to assess chemosensitivity when performed very
early during standard-dose adriamycin, bleomycin,
vinblastine and dacarbazine (ABVD) treatment in
HL patients [7]. FDG-PET detects the metabolic
silencing of the neoplastic tissue induced by chemo-
therapy, and likewise the persistence of a small
chemoresistant clone with a high metabolic activity.
Such early assessment of treatment response makes
new therapeutic options possible, with treatment tai-
lored to the individual patient that may potentially
lead to higher cure rates with less overall toxicity.
Several clinical trials exploring the role of early PET-
response-adapted therapy have been initiated world-
wide [8].

Functional imaging includes a large number of
nuclear medicine procedures as well as certain applica-
tions of magnetic resonance imaging (MRI). However,
apart from relatively rare exceptions (bone scintigra-
phy, leukocyte scintigraphy in infected patients, lung

scintigraphy), only gallium-67 scans and FDG-PET
had a clearly defined role in the management of HL.

6.2 Gallium Scan

6.2.1 Staging

In 1969, Edwards and Hayes first proposed the poten-
tial use of gallium-67 (“’Ga) citrate as a tumour tracer
for HL [9]. Johnston studied 248 HL patients staged at
baseline with gallium-67 scan and conventional radio-
logical methods such as CT scan and lymphangiogra-
phy [10]. Overall positive, negative and equivocal
results were found in 56, 35 and 9% of the 1,308 nodal
sites. Moreover, the accuracy of gallium scan and
lymphangiography was evaluated in a subset of 149
patients undergoing staging laparotomy. Sensitivity
and specificity were 45 and 83%, respectively; positive
and negative predictive values (PPV and NPV) were
70 and 63%, respectively. A lower sensitivity was
found in lymphocyte predominant disease than in clas-
sical HL. Andrews and Hagemeister, both using planar
scintigraphy, evaluated the sensitivity in different
affected nodal areas: overall, sensitivity was higher for
superficial and mediastinal lesions (48-91%), and
lower for abdominal nodes (47 and 48%) [11, 12].
Later on, several studies have investigated the role of
high-dose gallium scan and the role of single-photon
emission computed tomography (SPECT) as an imag-
ing technique. However, moving from 3-5 mCi
(50 nCi/kg) to 7-10 mCi (120 pCi/kg) did not increase
specificity (98 and 98%, respectively) nor sensitivity
(64 and 66%, respectively) [12]. SPECT imaging
slightly improved sensitivity from 78 to 85%, leaving
the specificity unchanged (97 and 98%, respectively)
[13]. However, in another study, sensitivity increased
from 66 to 96% due to a higher detection of mediasti-
nal and retroperitoneal nodes [14].

6.2.2 Chemotherapy Response

For post-treatment evaluation with gallium scans, high
doses of Gallium-67 citrate (8—10 mCi) and the use of
SPECT are essential [13]. Two crucial aspects of
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chemotherapy response have been studied: (1) the
assessment of a residual mass and (2) the prediction of
disease-free survival (DFS) and overall survival (OS).
It is well known that up to 64—80% of the patients have
a residual mass after treatment of a bulky HL, despite
a good response to therapy as shown by conventional
restaging modalities [15]. Gallium scintigraphy
should be performed at least 3 weeks after the end of
treatment, to reduce both false-positive and false-neg-
ative results. Gallium-67 is a viability tracer and is
taken up by viable tumour masses after therapy, as
proven by biopsy [16]. The persistence of gallium
uptake in a residual mass has been proven to predict
both DFS and OS, with a specificity of 95% and sen-
sitivity of 60-96%, depending on the region of per-
sisting disease [17]. Treatment outcome has been
efficiently predicted in HL by end-treatment gallium
scan: for DFS the NPV was 84% and the PPV 80%
(Front 1992). Similar results have been obtained by
King in a cohort of 33 HL patients: NPV 92% and
PPV 90% [18]. However, when the NPV post-therapy
gallium scan was calculated according to stage, it
was 92.4% for patients with stage I-II disease and
64.5% for patients with stage III-1V disease [19].

6.2.3 Chemosensitivity Assessment

In the beginning of the 1980s, in the pre-CT scan era,
the early therapy response assessment with Gallium
scans after three cycles of MOPP chemotherapy was
already considered an important prognostic tool [20,
21]. A decade later, Front demonstrated that gallium
scans, performed after a single cycle of chemotherapy,
predicted final treatment outcome accurately in a cohort
of HL patients [22]. The NPV was very high; 22/24
patients with a negative scan remained in sustained
complete response. The PPV was 57%; however, only
seven patients had a positive interim
Chemosensitivity assessment with gallium scans has
been done also in patients with relapsing HL. for whom
salvage treatment with high-dose chemotherapy and
autologous stem cell transplantation (ASCT) is planned.
In a cohort of 174 patients with recurrent/refractory
HL, gallium scan has been done after salvage chemo-
therapy with ESHAP (etoposide, methylprednisolone,
cytarabine, and cisplatin) or ASHAP (doxorubicin,

scan.

methylprednisolone, cytarabine, and cisplatin) just
before ASCT. Thirty two of forty three (74%) patients
with a positive gallium scan and 36/131 (24%) with a
negative scan showed treatment failure [23].

6.2.4 Follow-Up

Early diagnosis of HL recurrence is a very difficult
task. So far only physical examination has shown an
adequate sensitivity (80%), but unfortunately this
method is limited to the superficial nodes [24]. Very
few reports have been published on the role of sur-
veillance gallium scan in the follow-up of HL patients.
In a mixed cohort of 68 patients affected by aggres-
sive B-cell lymphoma and HL, Front et al. evaluated
the overall accuracy of gallium scan for detecting
residual disease, when the scan was performed after
an average of 8.7 months from diagnosis. The sensi-
tivity and specificity were 95 and 89%, respectively
[25]. In this cohort of patients, scintigraphy antici-
pated the diagnosis of recurrence by a median of 6.7
months. The authors stressed the role of gallium scan
in detecting occult disease in the abdomen in 10
patients where physical findings, ultrasonography and
CT scans were negative.

Despite its clinical usefulness in certain situa-
tions, gallium scanning is a laborious and time-con-
suming procedure, with relatively high radiation
doses. Gallium scans have largely been replaced by
FDG-PET, as they have no clear advantages over this
method.

6.3 FDG-PET in Clinical Management
of Lymphoma

6.3.1 Basic Principles of PET

PET is a functional imaging modality based on mea-
surements of events related to the decay of positron-
emitting radioactive nuclides. These nuclides have
excess protons which transform to neutrons under the
emission of positrons (f*-decay). The positron ran-
domly travels 2—3 mm in the tissue before it annihilates
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via collision with an electron and hereby emits two
photons (each 511 keV) at an angle of almost 180°.
The photons are registered by the ring of scintillation
detectors in the PET scanner. Two 511 keV photons
registered simultaneously (or within a very narrow
time frame) by two opposing detectors are considered
a coincidence event originating from positron annihila-
tion. A PET scanner holds several thousands of scintil-
lation detectors organised in detector rings. The
detector rings are often separated by leaded ring colli-
mators (2D mode) in order to limit sources of noise in
the PET images. Data acquisition can be either static
or dynamic, and the data generated provide both quan-
titative information and images. The spatial resolution
of PET is typically around 5 mm, limited by the num-
ber of detectors and by the random travel of the posi-
tron [26]. The unstable positron-emitting isotopes
used in PET are produced by fusion of stable nuclei
with other particles. This is possible in a cyclotron, in
which the electrical repulsion between particles is
overcome by accelerating particles up to 30% of the
speed of light with a beam towards the target [27]. A
radiochemistry laboratory is needed to attach the iso-
topes to relevant tracer molecules. The most common
PET isotopes molecules are 1O, BN, !'C and '°F [28].
PET tracers of relevance to oncology target glucose
metabolism, hypoxia, blood flow, proliferation, amino
acid transport, protein synthesis, DNA synthesis,
apoptosis and specific receptors.

Fusion PET/CT scanners incorporate the hardware
of high-resolution CT and PET into one scanner, so
that PET and CT as well as fusion images are obtained
in one scanning session. PET/CT scanners have been
available commercially since the late 1990s and very
few single-modality PET scanners are sold now. PET/
CT has obvious advantages over PET, including better
anatomical localisation as well as easier distinction
between pathological findings and normal physiologi-
cal uptake [29].

6.3.2 The FDG Tracer

The glucose analogue 2-[18F]fluoro-2-deoxyglucose
(FDG) is the most versatile and widely used PET tracer,
and it is estimated that FDG-PET accounts for 90% of
all clinical PET studies. The use of FDG in tumour
imaging is based on Warburg’s finding that cancer cells
show accelerated glucose metabolism [30]. FDG is

transported into the cell via glucose transporter mole-
cules (GLUT 1-5), which are overexpressed in cancer
cells [31-33]. In the cell, FDG is phosphorylated by
hexokinase to FDG-6-phosphate, which does not cross
the cell membrane. Due to the low levels of glucose-6-
phosphatase in cancer cells and the inability of FDG-6-
phosphate to enter glycolysis, the tracer is retained in
the cancer cells [34]. Generally, the uptake of FDG is
related to the number of viable tumour cells [35, 36],
but dependent on a number of physiological factors
including regional blood flow, blood glucose level, and
tissue oxygenation [37, 38]. FDG uptake is very high in
HL, but since the HRS cells only make up a small frac-
tion of the tumour volume, the surrounding cells are
probably accountable for the increased FDG metabo-
lism. FDG is far from tumour-specific and accumulates
in a range of non-malignant tissues, such as brain, heart
and kidneys. Furthermore, activated inflammatory cells
take up FDG, which can cause false-positive results in
cancer imaging studies [39, 40]. This is obviously
important since HL patients frequently experience
infections, but also because chemotherapy and radio-
therapy induce inflammatory responses in the tumour
cells and the surrounding tissue. An increased tracer
uptake is seen in response to the early phase with very
low uptake shortly after therapy [41, 42]. FDG is
administered by intravenous injection.

6.3.3 Staging

Early reports on FDG-PET for lymphoma imaging were
published more than 20 years ago [43]. Since most lym-
phomas showed FDG avidity, a number of studies have
followed, investigating the properties of FDG-PET in
the primary staging of both HL and NHL. As it would
be unethical and laborious to biopsy every suspected
focus, the lesions were generally not validated by histo-
pathological analysis. Discrepancies between CT and
FDG-PET were later assessed at follow-up, considering
all available clinical data and allowing the clinical
course to eventually determine a standard of reference
for analysis of diagnostic accuracy. Such a reference
standard is far from optimal, but probably the best that
can be achieved. Especially the early studies of FDG-
PET for staging of malignant lymphomas were per-
formed in a retrospective fashion involving mixed
lymphoma populations who were scanned at different
times during the course of treatment. The general
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impression from these investigations, regardless of
technical differences in scanning protocols and experi-
mental approach, was that FDG-PET had a very high
diagnostic sensitivity [44—54]. In both HL and aggres-
sive NHL, FDG-PET detects more disease sites, nodal
as well as extranodal, than conventional imaging meth-
ods, resulting in a higher sensitivity, and leading to sig-
nificant upwards stage migration [44-66]. FDG-PET
seems to be at least as sensitive as blind bone marrow
biopsy [46, 66—68]. Later studies have focused on indi-
vidual lymphoma subtypes, thus respecting the very
variable nature of this heterogeneous group of
diseases.

Studies focused on HL have found a very high sen-
sitivity for nodal staging, especially for the detection
of peripheral and thoracic lymph nodes. The increased
sensitivity apparently does not come at the expense of
a significantly decreased specificity. FDG-PET also
detects extranodal disease more sensitively than con-
ventional methods, both in the bone marrow and in
other organs (Fig. 6.1).

FDG-PET has a consistent, large influence on the
staging in HL, with upstaging of approximately 15-25%
of patients, and downstaging in only a small minority of
patients. This leads to a shift to a more advanced treat-
ment group in approximately 10% of patients [55-66].
The tendency towards upwards stage migration is

visible on CT, but the PET
clearly revealed a splenic -
lesion that disappeared after
the first chemotherapy cycle
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important, as HL is a disease where early and advanced
stages are treated very differently. However, early stage
HL patients have an excellent prognosis and are at the
same time at high risk of serious treatment-related late
morbidity and mortality. With this in mind, the use of
FDG-PET for staging of HL should be accompanied by
steps to reduce the intensity of therapy to early stage
patients in general, and such steps should be taken in
the setting of clinical trials.

Almost 100% of all newly sold PET scanners are
integrated PET/CT scanners and the dual-modality
scanner is rapidly replacing single-modality scanners in
most centres. A few studies have looked specifically at
the value of FDG-PET/CT as compared with CT and/or
FDG-PET in the lymphoma staging. FDG-PET/CT is
found to be more accurate for staging than both FDG-
PET and CT, with an equal sensitivity and a better spec-
ificity. FDG-PET/CT has less of a tendency towards
upstaging of patients than PET alone; in fact FDG-PET/
CT correctly downstages a number of patients com-
pared with both CT and FDG-PET. FDG-PET/CT has
fewer false-positive findings than FDG-PET alone,
especially in the deep nodal regions of the abdomen and
the mediastinum, a fact probably owed to the improved
distinction between malignant and non-malignant FDG
uptake (intestinal uptake, brown fat, muscle uptake,
etc.) [64, 69].
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6.3.4 Early Assessment
of Chemosensitivity

Seventy to eighty percent of the HL patients show nor-
malisation of the FDG-PET scan after two courses of
ABVD [3, 70]. However, very similar findings have
been reported as early as after one single cycle [71], or
even 7 days after the very first chemotherapy adminis-
tration [72]. Non-neoplastic cells show an impressive
FDG avidity, resulting in a positive baseline scan in
100% of the HL cases, but their metabolic activity and
chemokine production are apparently shut down after
two courses of chemotherapy. This phenomenon occurs
in normal-size but also bulky nodes, in spite of a persist-
ing mass, as tumour shrinkage takes time and depends
on several factors in the host. The paradoxical phenom-
enon of a persisting mass without evidence of a viable
neoplastic tissue has been called “metabolic complete
remission” [73, 74], and accounts for the high overall
accuracy of interim-PET scan in predicting treatment
outcome in HL patients. Non-neoplastic micro-environ-
ment cells are metabolically very active at baseline.
They are shut down in chemotherapy-responsive patients,
but they are responsible for the persisting FDG uptake in
chemoresistant refractory disease [75]. This situation is
quite different in DLBCL. In DLBCL, neoplastic cells
make up 85-99% of the nucleate cells. Their prolifera-
tive fraction is very high, sometimes up to 90%. The
persisting FGD uptake could be the balance between
cell kill by chemotherapy and cell re-growth [76].
Interim FDG-PET scan performed very early during
treatment has shown a high overall accuracy as it pre-
dicts treatment outcome in more than 90% of the
patients. In a retrospective analysis of 88 patients
scanned after two or three cycles of ABVD-like che-
motherapy for HL, Hutchings et al. found a 5-year PFS
of 39% in the PET-positive group compared with 92%
in the PET-negative group [77]. These results were
later confirmed in prospective studies by Hutchings
et al. [3], Zinzani et al. [78] and Gallamini et al. [70],
the latter study focusing on advanced HL patients
alone. In all three studies, almost all (94-100%) of the
patients who were PET-positive after two cycles of
ABVD had refractory disease or relapsed within two
years, while all the early PET-negative patients entered
a good remission and very few later relapsed (~6%).
More recently, Terasawa et al. systematically reviewed
all the studies so far published on this issue and reported

a sensitivity for HL patients ranging between 43 and
100% and a specificity ranging between 67 and 100%
[7]. In all reviewed studies, the authors confirmed the
prognostic role of early FDG-PET in predicting treat-
ment outcome and concluded that it is useful and reli-
able for assessment of the treatment response. In a joint
Italian and Danish study, the 2-year progression-free
survival for early PET-negative and -positive patients
was 95 and 12%, respectively. Early interim FDG-PET
emerged as the only independent prognostic factor for
prediction of treatment outcome, thus eliminating the
importance of the pre-therapeutic risk index, the inter-
national prognostic score (IPS) [79] (Fig. 6.2).

Recent studies have raised concerns that the PPV of
early FDG-PET may be lower in patients treated with
the more dose-intensive BEACOPPesc regimen (bleo-
mycin, etoposide, doxorubicin, cyclophosphamide,
vincristine, procarbazine, prednisone) than in patients
treated with ABVD [80-82].

Eight to ten percent of the patients who undergo
early interim FDG-PET show a persisting, faint FDG
uptake, most often in a site where a bulky tumour was
recorded at baseline. This area of persisting FDG
uptake, labelled minimal residual uptake (MRU), was
defined as low-grade uptake of FDG, just above back-
ground, in an area of previously noted disease [77].
The significance MRU is unknown, but it is probably a
consequence of the inflammatory tissue reaction to the
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Fig. 6.2 Kaplan—Meier plot showing the progression-free sur-
vival according to the International Prognostic Score (IPS)
Group and positron emission tomography results after two
cycles of ABVD. (From [80] with permission)
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cytolytic effect of the chemotherapy, with an unspe-
cific FDG uptake by inflammatory cells infiltrating the
neoplastic lesion [42]. The prognosis of MRU+ patients
seems to be similar to the one observed in patients with
an early negative scan, and for these reasons it has
been proposed that MRU+ patients should be consid-
ered as early PET negative.

Two questions concerning the ideal time for early
interim FDG-PET scanning are still unanswered: (1) What
is the ideal timing of FDG-PET after chemotherapy
administration? (2) What is the ideal number of chemo-
therapy cycles before the early interim FDG-PET scan?
In mice undergoing FDG-PET, the FDG uptake by
reactive inflammatory macrophages was minimal
14 days after chemotherapy administration [42]. In a
review of the published experience of interim FDG-PET
early during treatment, Kasamon et al. [83] concluded

Baseline

that the optimal time for performing interim PET during
chemotherapy ranged between 7 and 14 days after che-
motherapy. The answer to question (2) could depend on
the aggressiveness of the tumour and the efficacy of the
chemotherapy. Hutchings et al. found no prognostic dif-
ference between FDG-PET performed after two and
four cycles of chemotherapy for HL [3]. In a small
cohort of 20 HL and NHL patients, lagaru et al. [84]
found that FDG-PET obtained at two and four cycles
both correlated well with end-of-treatment response.
Furthermore, standardised uptake value (SUV) reduc-
tion from the baseline value did not differ significantly
in scans performed at two and four cycles. In HL, there
is most evidence for the use of FDG-PET after two
courses of chemotherapy, but promising preliminary
reports point towards an equally high predictive value as
early as after one cycle [71] (Fig. 6.3).

After 2 cycles o

Fig. 6.3 Early PET-response to ABVD chemotherapy. This patient with stage IIA disease has marked FDG uptake at baseline. After
both one and two cycles of therapy, FDG distribution is normal although there is only a partial remission on CT
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6.3.5 Treatment Response Assessment

From 1999 to 2001, several reports in the literature
demonstrated the high sensitivity and specificity of
FDG-PET in tumour response assessment. In a recent
accurate meta-analysis from 13 studies on 408 HL
patients, upon exclusion of other studies not fulfilling
the minimal requirements for review (full ring of
CT-PET, adequate follow-up, definition of the refer-
ence test), Zijlstra and colleagues [85] were able to
demonstrate a pooled sensitivity and specificity of PET
in defining treatment outcomes of 84 and 90%, respec-
tively (Fig. 6.4).

As a consequence, FDG-PET was proposed as a
determining tool for the definition of treatment
response, and it has been integrated into the most
recent definitions of CR, PR, stable or progressive
disease by the International Workshop Criteria on
treatment response in lymphomas [86]. Recent publi-
cations report on the clinical consequences of these
new criteria. The concept of CRu has been abandoned,

and patients defined in CR or CRu at the end of treat-
ment had an identical outcome; patients in PR had a
progression-free survival similar to the ones in stable
or progressive disease [87]. Therefore, the number of
false-negative results obtained with the new response
criteria is much smaller than the number of false-pos-
itive results obtained with the old ones, thus sparing a
significant number of patients from unnecessary
treatment.

Despite the good response to therapy, treatment of HL
results in residual mass in up to 64—80% of the patients,
as shown by conventional restaging modalities [15, 88].
Since the study by Jerusalem et al. [89], many reports
focused on the role of FDG-PET for post-treatment eval-
uation of a residual mass in lymphoma. Quite recently,
Terasawa et al. [90] systematically reviewed all the stud-
ies published so far on this issue, and reported a sensitiv-
ity for HL patients ranging between 43 and 100%, and a
specificity ranging between 67 and 100%. FDG-PET has
been proposed as determinant for the decision to deliver
consolidation radiotherapy in cases of single residual
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Fig.6.4 (a) Sensitivities and 95% confidence intervals for stud-
ies assessing the diagnostic accuracy of FDG-PET in patients
with Hodgkin lymphoma. (b) Specificity and 95% confidence

intervals for studies assessing the diagnostic accuracy of FDG-
PET in patients with HD. The diamond represents the 95% CI of
the pooled estimate. (From [85] with permission)
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mass persistence at the end of chemotherapy, and its role
has been proven essential [91, 92].

6.3.6 PETin Radiotherapy Planning

In the treatment of HL, radiotherapy is used in a com-
bined modality setting. Extended fields developed for
single-modality treatment have been replaced by more
and more conformal fields designed for combined
modality treatment, encompassing the initially macro-
scopically involved tissue volumes in early stage dis-
ease and bulky masses and/or residual masses after
chemotherapy in advanced disease [93-96]. These
changes have led to dramatic reductions in the volume
of normal tissue being irradiated and similar reductions
in the risk of serious late effects of radiotherapy. But
such modern therapy also demands a higher accuracy of
the imaging procedures used for treatment planning. As
FDG-PET has been shown to be more accurate for stag-
ing of HL, it is by implication also more precise in
defining the initially involved regions which are intended
to be irradiated in patients with early stage disease. No
diagnostic modality has 100% sensitivity and specific-
ity, so the delineation of the lymphoma volume must be
based on a combination of all the diagnostic informa-
tion available of both anatomy and physiology of the
disease [97, 98]. Therefore, treatment planning using a
combined FDG-PET/CT scan is preferable [99].

In the primary treatment of early stage HL, chemo-
therapy is most often the initial treatment followed by
radiotherapy. In this situation the initial lymphoma vol-
ume seen on the pre-chemotherapy FDG-PET/CT scan
must be contoured on a planning CT scan done after
chemotherapy. Image fusion may then be employed
later on to allow pre-chemotherapy images to be com-
bined with the post-chemotherapy planning CT, thus
aiding the accurate delineation of the initially involved
volume on the planning CT. If PET is to be used to its
full potential in this situation, pre-chemotherapy PET/
CT should be acquired with the patient in the same
position as the position which will later be used for
radiotherapy. In advanced disease, radiotherapy is used
less frequently and usually only to residual disease. In
this situation, FDG-PET/CT may help in discriminat-
ing between a residual mass with viable lymphoma
cells and a residual mass consisting only of fibrotic
tissue. However, FDG-PET cannot detect microscopic

disease, and it is not clear whether the target volume
for irradiation in this situation should be only PET-
positive lesions or whether it should also include CT
positive but PET-negative areas.

Relatively limited clinical data are available on the
role of FDG-PET in target definition for the planning
of radiotherapy for HL [100, 101]. Where extended
field irradiation is still used, the impact of FDG-PET is
not expected to be very large since additional involve-
ment found on FDG-PET will often be included in the
large treatment fields anyway [102, 103]. But with
modern, more conformal radiotherapy, changes due to
FDG-PET are significant [104-106].

A likely future development is respiratory gated
PET/CT-guided radiotherapy (Fig. 6.5). This technique
makes mediastinal masses appear smaller and better
defined. When radiotherapy is delivered with a similar
respiratory gated technique, the technique can be used to

Normal PET/CT

Fig. 6.5 Respiratory gated PET/CT. The above panel shows a
cross-sectional conventional PET/CT image of a female patient
with mediastinal disease. The CT images are acquired at a ran-
dom point during the respiratory cycle, and the PET images are
acquired over 3—5 min and thus represent a summation of many
breath cycles. The below panel shows the respiratory gated PET/
CT images, acquired during maximum inspiration using a voice-
guided, laser-controlled breath hold technique. The mediastinal
mass appears smaller and better defined while the lungs are
more inflated than in the normal PET/CT situation . (Courtesy of
Loft and Pedersen, Copenhagen University Hospital)
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refine and reduce radiotherapy fields and margins, and to
minimise the damage to the lungs.

6.3.7 PET for Response Prediction
Before High-Dose Salvage Therapy

Standard or high-dose second-line chemotherapy fol-
lowed by ASCT is considered the standard treatment
for relapsing or primary resistant HL [107, 108]. The
only significant prognostic factors were the duration of
response to first-line chemotherapy and the status of
the disease at transplant or, in other words, the chemo-
sensitivity assessment before ASCT. A review of the
published literature points towards a high predictive
value of pre-transplant FDG-PET [109]. Some reports
include a mixture of NHL and HL patients, while oth-
ers focus exclusively on HL. In general, the predictive
value is higher in HL than in NHL, and the PPV is
higher than the NPV [110-115] (Table 6.1).

In particular the PPV ranges between 91 and 43%,
while the NPV between 90 and 46%. These wide-range
fluctuations are mainly due to the presence of a wide
array of NHL subtypes that, as already known, display
different FDG avidity [116, 117]. The role of FDG-PET
in this setting is unclear, and there is no evidence to sup-
port a less than curative strategy in patients who achieve
a suboptimal metabolic response to induction therapy.

6.3.8 PET for Follow-Up

The value of surveillance procedures during follow-up
in lymphoma patients achieving a CR after treatment is
still a matter of debate. Generally, HL tends to recur in

Table 6.1 Prognostic value of FDG-PET prior to ASCT

sites of disease at baseline, with a preference for bulky
tumour sites [118]. By contrast, aggressive B-cell lym-
phomas tend to recur both in sites involved at baseline
and in new sites [24]. As mentioned above, gallium
scintigraphy has shown a high accuracy in detecting
disease recurrence in HL [13]. Dittmann et al. [119]
retrospectively studied 21 HL patients and found that
FDG-PET and CT were equally sensitive in detecting
relapsing patients before the occurrence of symptoms.
Jerusalem et al. performed FDG-PET every 4—6 months
for 3 years in 36 HL patients in CR after ABVD ther-
apy. Six false-positive studies, and no false-negative
studies were found out of 119 performed scans. In five
positive studies, FDG-PET preceded the relapse after a
median of 3.5 (1-9) months [120]. In the largest study
so far, Zinzani et al. [121] investigated the role of sur-
veillance FDG-PET performed every 6 months for 4
years after CR entry in a cohort of 160 HL patients.
Results were given as positive, negative and inconclu-
sive. Inconclusive results were regarded as positive if
clinical or radiological evidence pointed towards an
impending relapse. Overall, 778 scans were evaluated
in HL. In 11/778 scans (1.4%), PET results were clas-
sified as inconclusive/positive, mostly in the first 18
months after CR. All these patients underwent a con-
firmatory biopsy and 6/11 were proven true positive.
According to the authors, the major finding was the
capability of FDG-PET to identify unsuspected relapse
in 74% of the high risk and 20% of the low-risk HL
patients. However, nobody knows if this translates into
a clinical benefit for this patient subset.

For the moment, surveillance FDG-PET cannot be
recommended as a routine follow-up procedure for HL
patients. Early FDG-PET detection will probably allow
anumber of patients to enter salvage therapy with mini-
mal disease rather than overt relapse, but is doubtful if
this carries a survival benefit, and if so, one that justifies

PPV (%) NPV (%) 2-year PES (PET 2-year PFS (PET

Reference Number of Histology Indication
patients

Jabbour et al. [110] 68 HL Rel/Pro

Schot et al. [111] 117 NHL/HL Rel/Pro
Spaepen et al. [112] 60 NHL/HL Rel/Pro
Filmont et al. [113] 20 NHL/HL Rel/Pro
Svoboda et al. [114] 50 NHL/HL Rel/Pro;3-line
Crocchiolo et al. [115] 53 NHL/HL Rel/Pro

responders) (%) non-responders) (%)

72 76 76 27
73 67 73 25
87 90 100 24
91 87 87 7

94 46 50 12
43 72 90 55
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the large number of scans needed. A possible exception
could be the follow-up of high-risk patients, e.g. those
with positive interim-PET during first-line treatment;
however further studies are warranted to investigate the
cost-effectiveness of such procedures.

6.4 PET-Response-Adapted Therapy

6.4.1 Ongoing Trials

While early FDG-PET quite precisely identifies
responders and non-responders, there is yet no evi-
dence that HL patients benefit from having treatment
adapted according to the results of early FDG-PET.
Seeing that a large fraction of early stage HL patients
are subject to some amount of over-treatment, there is
potential benefit in identifying good-risk early stage
patients eligible for less intensive treatment. A number
of trials investigate such PET-response-adapted ther-
apy in early stage HL. (Table 6.2).

The UK National Cancer Research Institute (NCRI)
Lymphoma Group RAPID trial for early stage patients
as well as the German Hodgkin Study Group (GHSG)
HD16 protocol investigate the non-inferiority of reduc-
ing treatment intensity by omitting radiotherapy to
interim PET-negative early stage patients [122, 123].
The experimental arms of EORTC/GELA/IIL' H10
protocol also omits radiotherapy for PET-negative
patients while escalating to BEACOPPesc followed by
radiotherapy in PET-positive patients. So this trial tests
the non-inferiority of a less toxic treatment for good-
risk patients, while at the same time attempting treat-
ment intensification for patients regarded as having a
high risk of failure based on a positive interim FDG-
PET [124].

In advanced-stage HL, patients who fail to reach
remission or relapse early after first-line therapy have a

'EORTC: European Organisation for the Research and Treatment
of Cancer, GELA: Groupe des Etudes des Lymphomes de
I’ Adulte, IIL: Intergruppo Italiano dei Linfomi.

Table 6.2 Ongoing HL trials using early PET-response-adapted therapies

Study title/description

Study group

Patients

Main PET-driven intervention Study type

HD16 for early stage German Hodgkin Early stage HL  No radiotherapy in experimental Phase I1I

Hodgkin lymphoma (HL) Study Group [122] arm if PET-negative after 2x ABVD

RAPID trial UK NCRI Lymphoma Early stage HL  If PET-negative after 3x ABVD Phase III
Group [123] randomization to RT vs. no RT

FDG-PET guided therapy EORTC/GELA/IIL Early stage HL  No radiotherapy in experimental Phase III

or standard therapy in [124] arm if PET-negative after 2x ABVD

stage I-1I HL (H10 trial)

PET-adapted chemotherapy GITIL [127] Advanced HL  Intensification to BEACOPPesc if Phase II

in advanced HL PET-positive after 2x ABVD

FDG-PET-response-adapted UK NCRI lymphoma Advanced HL  Intensification to BEACOPP if Phase I1I*

therapy in advanced-stage HL group [128] PET-positive after 2x ABVD

HD + ASCT in patients IIL [129] Advanced HL  Salvage regimen if PET-negative Phase III*

PET-positive after 2x ABVD after 2x ABVD

and RT vs. no RT in

PET-negative patients (HD0801)

HD18 for advanced-stage HL German Hodgkin Advanced HL 4 vs. 8 x BEACOPPesc in experi- Phase III
Study Group [131] mental arm if PET-negative after

two cycles

ABVD doxorubicin, bleomycin, vinblastin, dacarbazine; UK NCRI United Kingdom National Cancer Research Institute; GELA
Groupe d’Etudes des Lymphomes de 1’Adulte; EORTC European Organisation for the Research and Treatment of Cancer; IIL
Intergruppo Italiano dei Linfomi; GITIL Gruppo Italiano Terapie Innovative nei Linfomi

“No randomization regarding PET-response-adapted therapy
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much worse prognosis and need to be identified as early
as possible to lower their risk of treatment failure, avoid
unnecessary toxicity and increase the chance of long-
term survival [125]. Around 70% of patients are cured
with a prolonged course of ABVD with or without con-
solidation radiotherapy, which is first-line therapy in
most centres. The more intensive BEACOPPesc cures
85-90% of patients if given upfront, but also gives reason
for serious concerns regarding acute toxicity and second
malignancies [126]. A number of trials investigating
PET-response-adapted HL therapy have been launched.
Most trials use early treatment intensification with
BEACOPPesc (Italian GITIL trial and the European
RATHL trial)* [127, 128] or even ASCT (Italian IIL trial)
[129] in patients who are still PET-positive after two cycles
of ABVD. Quite recently the Italian GITIL group reported
its experience in a cohort of 164 advanced-stage, ABVD-
treated HL patients in which treatment was intensified
with escalated BEACOPP only in the small subset of
patients showing an interim-PET positive after two ABVD
courses, with an overall 2-year progression free for the
entire cohort of patients of 88% [130]. This is contrary to
the BEACOPPesc based GHSG HDI18 trial, where
advanced-stage HL patients in the experimental arm will
be randomised to an abbreviated treatment course if PET-
negative after two cycles of BEACOPPesc [131].

6.4.2 Interpretation Criteria

As stated above, MRU was first defined as low-grade
uptake of FDG (just above background) in a focus within
an area of previously noted disease reported by the
nuclear medicine physicians as not likely to represent
malignancy [77]. Since the prognosis of MRU+ patients
is similar to that of early PET-negative patients, it has
been proposed that MRU+ patients be considered PET
negative. In 2007, MRU was defined by Gallamini et al.
[79] as a weak persisting FDG uptake with an intensity
equal or slightly superior to the mediastinal blood pool
structures. Finally, in 2008, expert nuclear medicine
physicians from the PET Centre at Guy’s and St. Thomas
Hospital, London, proposed a definition of MRU as a
residual FDG uptake with an intensity lower or equal to

>GITIL: Gruppo Italiano Therapie Innovative nei Linfomi,
RATHL.: Response-Adapted Therapy in Hodgkin Lymphoma.

the one recorded in the liver [132]. This evolution has
resulted in a widened definition of MRU, thus increasing
the specificity and reducing the number of false-positive
interim-PET scans [75]. These different MRU defini-
tions, however, have been used for interim-PET interpre-
tation in the different ongoing PET-response-adapted
HL trials (Fig. 6.6).

Moreover, the same criteria are not necessarily ade-
quate for HL and DLCBL, and for therapies with differ-
ent dose-intensity such as ABVD or BEACOPP. For
this reason, and in order to increase reproducibility, the
first international meeting on interim-PET interpretation
in lymphoma took place in Deauville, France during the
annual GELA meeting in April 2009. This meeting fol-
lowed two previous international workshops in London
(2007) and Lugano (2008). The aim of this workshop
was to propose simple, reproducible criteria for interim-
PET interpretation and to launch one or more interna-
tional validation studies to validate these rules. The
results of this consensus meeting were recently pub-
lished [76]. Briefly, the criteria for interim-PET inter-
pretation in HL were contained in three major statements:
(i) visual assessment is preferred, but SUV determina-
tion can assist visual assessment in some cases; (ii)
interim-PET interpretation should always be made by
comparing the single foci of FDG uptake to the ones
recorded in the baseline study; (iii) the intensity of FDG
uptake should be graded according to a five-point scale
in which the liver and the mediastinal background are
used as references to define different grades of FDG
uptake. Two international validation studies are under-
way to validate these criteria; one for advanced-stage
ABVD-treated HL and one for R-CHOP-treated
DLCBL. A consequence of the absence of validated cri-
teria for interim-PET reporting is the need for a central
review panel for PET interpretation in the ongoing pro-
spective trials incorporating a PET-response-adapted
strategy [133]

6.5 Other PET Tracers

FDG is a glucose analogue and FDG uptake reflects
the level of glucose metabolism in the tissue. However,
like other cancers, lymphoma is characterised by
deregulated cell cycle progression, and most antican-
cer drugs are designed to inhibit cell proliferation. So
a tracer enabling imaging of cell proliferation could
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Fig. 6.6 Different proposed criteria for minimal residual
uptake (MRU) definitions. The broadening of the area of MRU
in advanced-stage HL has been proposed in order to reduce

be useful for both initial characterization and treat-
ment monitoring of the disease. FDG uptake is corre-
lated with cell proliferation, but this correlation is
weakened by a number of factors, including FDG
uptake in non-malignant lesions [134-136]. The
nucleoside [''C]thymidine was the first PET tracer to
specifically address cell proliferation. Early studies
showed that [''C]thymidine could determine both
disease extent and early response to chemotherapy in
aggressive NHL patients [137, 138]. However, the
short 20 min half-life of ''C along with rapid in vivo
metabolism has limited the clinical application of
["'C]thymidine. The thymidine analogue 3’-deoxy-
3'-["¥F]fluorothymidine (FLT) offers a more suitable
half-life of 110 min and is stable in vivo [139]. More
recent studies have shown that FLT-PET can sensi-
tively identify lymphoma sites [140]. FLT uptake is
highly correlated with proliferation rate and may thus
be able to distinguish between high- and low-grade
lymphomas [141, 142]. And furthermore, recent stud-
ies have shown a potential of FLT for imaging early
response to treatment in lymphoma [143, 144]. Amino
acid metabolism of cancer cells is influenced by cata-
bolic processes favouring tumour growth [145]. It has

\ RATHL Protocol

false-positive results and increase the specificity of interim-
PET scan in predicting treatment outcome. (From [109] with
permission)

been shown that increased uptake of amino acids
reflects the increased transport and protein synthesis
of malignant tissue [146, 147]. This is the background
for PET imaging of amino acid metabolism with the
labelled amino acids L-[methyl-'"C]methionine
(MET) and O-2-['®F]fluoroethyl)-L-tyrosine. Nuutinen
et al. studied 32 lymphoma patients and found MET-
PET highly sensitive for the detection of disease sites
although there was no correlation between MET
uptake and patient outcome. While these results are
encouraging, it should be noted that no studies have
shown the usefulness or cost-effectiveness of amino
acid or nucleoside tracers in large patient cohorts.
Furthermore, high physiological tracer uptake in the
abdomen limits the usefulness of these tracers for
imaging of abdominal and pelvic lymphomas.

6.6 Future Perspectives

Ongoing and upcoming clinical trials will hopefully
identify patients who can benefit from early treatment
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adaptations based on early FDG-PET-response
monitoring. However, this approach is still response-
adapted and not risk-adapted. Further insight into the
natural history of lymphomas on a molecular level
will result in more precise pre-treatment prognostic
and predictive markers. Hopefully, such markers will,
in due time, help us offer more refined therapy upfront,
tailored to the individual patient’s risk profile and
responsiveness and thus reduce the importance of
treatment monitoring. New imaging techniques such
as diffusion NMR have been developed, aimed to
assess the microscopic mobility of water within the
neoplastic tissue at diagnosis and after treatment.
They have shown, in preliminary studies, high accu-
racy in lymphoma staging [148], and treatment
response [143]. More recently, ultrasonography with
tissue harmonic compound technology and intrave-
nous microsphere-based microvasculature studies
(named angiosonography) improves ultrasound accu-
racy [149-151]. Angiosonography has recently been
reported to be more sensitive than CT or FDG-PET for
detecting nodular infiltration in the spleen of patients
with newly diagnosed HL [152]. Modern radiotherapy
is evolving rapidly, and PET/CT plays an increasingly
important role in both the selection of patients and in
the radiotherapy planning. Other PET tracers are likely
to emerge, including radiosensitivity tracers and per-
haps tracers directly targeting HL-specific cell surface
molecules. The most predictable evolution is the ongo-
ing technical development, involving image acquisi-
tion and image processing/reconstruction, brought
about by advances in hardware development and
increased computing power. Integrated PET/MRI sys-
tems are being introduced into clinical practice and
are likely to prove useful for evaluation of bone mar-
row involvement and other forms of extranodal
disease.

6.7 General Recommendations

The value of adding FDG-PET/CT to conventional
HL staging procedures is well established. Although
no studies show better outcomes in cohorts staged
with FDG-PET/CT, the method is recommended as a
standard procedure. FDG-PET/CT has a general ten-
dency to upstage the patients, so the method should be
accompanied by steps to reduce the overall amount of

treatment. FDG-PET and FDG-PET/CT are opera-
tional in the revised response criteria for post-treatment
evaluation of aggressive lymphomas. The benefit for
the patients of FDG-PET in this setting remains to be
clearly shown, but a number of ongoing trials address
the issue. There is insufficient evidence for routine use
of FDG-PET in the follow-up setting. While the prog-
nostic value of early interim FDG-PET is well estab-
lished in HL, there is still no evidence that it improves
patient outcomes. For this reason, it is highly recom-
mended that the use of FDG-PET for early response
monitoring takes place in the setting of clinical inves-
tigations, including the early PET-response-adapted
trials. With the abundance of early PET-response-
adapted clinical trials, there is an urgent need for uni-
form, evidence-based interpretation criteria and
reporting guidelines for early interim FDG-PET/CT.
A number of novel PET tracers are promising, but
their use is still experimental.
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7.1 Historical Perspective

The concept that Hodgkin lymphoma (initially called
Hodgkin’s disease) passes through successive clinical
stages with increasing spread of the disease and
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Fig. 7.1 Overall survival according to clinical Ann Arbor stage
for 14,037 patients in the International Database on Hodgkin’s
Disease treated over the past 25 years. (Reprinted from [14] with
permission)

progressive worsening of prognosis was developed early
on [1]. Different staging classifications were proposed
based on the anatomic extent of disease [2-8]. A con-
sensus was reached at the Workshop on the Staging
of Hodgkin’s Disease at Ann Arbor in 1971 [9], and the
Ann Arbor staging classification was universally
adopted. It remains the basis for the evaluation of patients
with Hodgkin lymphoma, and its prognostic significance
has been documented in numerous studies of patients
treated with different treatment modalities [10-17].
Survival curves according to the Ann Arbor stages for
more than 14,000 patients in the International Database
on Hodgkin’s Disease are shown in Fig. 7.1 [14].

However, the extent of disease varies within the Ann
Arbor stages leading to variations in prognosis. A modi-
fication of the Ann Arbor classification was proposed at
the Cotswold meeting, incorporating a designation for
number of sites and bulk [18]. This modification has not
been universally adopted. Numerous other prognostic
factors for different Ann Arbor stages, disease presenta-
tions, treatments, and outcomes have been introduced,
and varying combinations of these factors are being
used by different centers and groups.

7.2 Prognostic Factors

7.2.1 Definition and Use

Prognostic factors are variables measured in individual
patients that offer a partial explanation of the

heterogeneity in the outcome of a given disease [19].
They are important in clinical practice for distinguish-
ing patients into different risk groups, for selection of
treatment strategy, and as an aid in patient counseling
[20]. However, it is important to realize that prediction is
very uncertain for the individual patient. Statements of
probability can be made, but even these will be more
accurate for groups of patients than for individuals [21].
Prognostic factors can also be used in the design of clini-
cal trials to define eligibility criteria and strata to ensure
comparability of treatment groups [19-22]. However,
prognostic factors are rarely sufficiently explanatory to
justify the comparison of treatments by use of nonran-
domized data [23, 24].

7.2.2 Types of Prognostic Factors

Prognostic factors are divided into tumor-related fac-
tors, host-related factors, and environment-related fac-
tors [20]. Tumor-related factors include those directly
related to the presence of the tumor or its effect on the
host, reflecting tumor pathology, anatomic extent, or
tumor biology. Host-related factors include factors
that are not directly related to the tumor but which
may significantly influence outcome, such as demo-
graphic characteristics and comorbidity. Environment-
related factors include factors outside the patient, such
as socioeconomic status, and access to and quality of
health care.

The values of prognostic factors are generally
assumed to be known from the outset, before the start of
treatment, so-called fixed covariates. However, other
important prognostic variables may only be known later,
such as time to response, toxicity of treatment, and the
value of presumed markers. These are time-dependent
covariates. They may be important for answering bio-
logical questions, but they should not be applied for
adjustment for treatment comparison, as they are them-
selves affected by treatment [19-21].

7.2.3 Different Endpoints

Different outcomes may be of interest in analyses
of prognostic factors. Overall survival and progres-
sion-free survival are usually analyzed, but others may
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be relevant, e.g., disease-free survival for early stage
patients as virtually all patients achieve remission. For
each endpoint, there must be clear information on the
point in time from which it is measured, and the clini-
cal characteristics of events and censoring. International
guidelines have recently been published [25].

7.2.4 Types and Analyses
of Prognostic Studies

Three different study phases of prognostic factors have
been proposed, beginning with Phase I early explor-
atory analyses to identify potential markers and gener-
ate hypotheses for further investigation. Phase II
studies are exploratory studies attempting to use val-
ues of a proposed prognostic factor to discriminate
between high and low risk patients. Phase III studies
are large, confirmatory studies based on prespecified
hypotheses involving one or a few new factors, and the
purpose of these studies is to determine how much the
new factor adds to the predictive power of already
accepted factors [22, 26].

A useful prognostic factor must be significant, inde-
pendent, and clinically important [27]. Many variables
may be prognostic in univariate analysis. However,
different variables are likely to be interrelated. The
important question is whether a particular variable
adds useful information to what is already known.
Multiple regression analysis is commonly employed to
determine whether a variable has independent signifi-
cance when other known variables are taken into
account. This kind of analysis may form the basis for
the development of a prognostic model and a risk score
or risk groups [26]. The Cox proportional hazards
regression model is most commonly used when time-
to-event outcomes are of interest [28]. The selection of
variables for the final model is usually done by step-
wise selection. By play of chance, different factors
may be selected in different studies. An important
additional analysis for a new marker is therefore to
determine its prognostic ability in a model including
all previously defined prognostic factors [26, 29].
Differences may also be due to small sample size, dif-
ferent assay techniques, different cut points for vari-
ables, inclusion of different subsets of patients, and
different study endpoints.

7.3 Prognostic Factors
in Early Stage Disease

In the past when patients were still treated with radio-
therapy alone, those with stage I or II disease were
staged with laparotomy and splenectomy to select
patients suited for radiotherapy alone [30, 31]. In these
patients the information on the extent and anatomic
distribution of disease was very accurate, and numer-
ous studies of prognostic factors showed that the ana-
tomic extent of disease, measured as the number of
involved lymph node regions and the volume of dis-
ease in individual regions, in particular the mediasti-
num, were prognostically important [32-38]. An
estimate of the total tumor burden, based on a combi-
nation of the number of involved regions and the vol-
ume of disease in individual regions, was shown to be
by far the most important prognostic factor of all [39—
41]. Prognosis seemed to be determined by the bulk of
disease rather than the precise localization in the body
[34, 42-48]. The prognostic significance of E-lesions,
localized extralymphatic lesions, is controversial,
partly because of disagreement regarding the distinc-
tion between E-lesions and stage IV disease [32, 49—
51]. Today, patients are no longer staged with
laparotomy. Consequently, information on extent and
distribution of the disease is less accurate in the indi-
vidual patient. Therefore, additional factors become
important: usually factors providing an indirect mea-
sure of the total tumor burden and possibly also the
growth characteristics of the tumor.

Today, very few patients are treated with radiother-
apy alone, except for patients with lymphocyte pre-
dominant histology. From early studies it is evident
that the number of involved regions and size of medi-
astinal disease, B-symptoms, histological subtype,
age, gender, ESR, hemoglobin, and serum albumin are
prognostically significant [14, 47, 52-58].

Most patients with early stage disease are today
treated with a combination of chemotherapy and
radiotherapy. A meta-analysis showed that combined
modality therapy improves progression-free survival
compared with radiotherapy alone, but that it does not
improve the chance of being cured of Hodgkin lym-
phoma (although with very long follow-up survival is
superior with combined modality treatment due to an
excess mortality from long-term complications in
patients who relapse) [59-61]. In the meta-analysis,
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the size of the reduction in the risk of failure in patients
separated by stage, B-symptoms, gender, and age was
remarkably similar. Therefore, prognostic factors in
patients treated with combined modality therapy do
not seem to differ from the factors in patients treated
with radiotherapy alone. Treatment of early stage
patients is now often tailored according to prognostic
subgroups. Hence, in many publications patients are
selected, making the detection of prognostic factors
difficult. However, a number of studies have confirmed
the significance of the prognostic factors mentioned
above also for patients treated with combined modality
[62—-65].

Most of the important prognostic factors are corre-
lated and provide indirect measures of the patient’s
total tumor burden [40, 41, 47]. Modern imaging with
CT scans and FDG-PET scans makes it possible to
directly quantify the total tumor volume in each indi-
vidual patient. Studies using these techniques have
confirmed the pivotal prognostic role of the total tumor
burden [66—69]. Figure 7.2 shows time to treatment
failure for patients with stage I and II disease accord-
ing to whether their mean tumor burden normalized to
body surface area was below or above the mean value
for each stage [66].

Functional imaging with FDG-PET has recently
become an important part of staging and treatment
evaluation of lymphomas. An early interim FDG-PET
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Fig. 7.2 Time to treatment failure curves for 46 patients with
stage I and 201 patients with stage II disease divided according
to whether their mean tumor burden normalized to body surface
area (r'TB) was below or above the mean value for each stage.
(Reprinted from [66] with permission)

scan after one or two cycles of chemotherapy has been
shown to be highly predictive of outcome after com-
bined modality treatment [70-72]. Figure 7.3 shows
progression-free survival curves for early stage and
advanced disease according to the result of an FDG-
PET scan after two cycles of chemotherapy with
ABVD [70]. The data are, in fact, rather sparse with
regard to early stage disease, and the prediction of dis-
ease recurrence and inferior survival in patients with a
positive early interim FDG-PET scan is largely based
on data from patients with advanced disease. In a
recent study of mid-treatment FDG-PET in early stage
patients, most of the patients with interim PET positiv-
ity were cured with combined modality therapy, yield-
ing a positive predictive value of only 15% [73].
However, the negative predictive value is very high in
early stage disease. The early interim FDG-PET scan
may be regarded as an in vivo test of the chemosensi-
tivity of the disease. As the result of the scan is not
known at the outset there is a methodological problem
with this test. Strictly speaking, outcome according to
the result of an early interim FDG-PET scan should
only be measured from the time when it is available,
and it should be regarded more as a predictive factor
indicating the sensitivity to a particular treatment
rather than as a usual prognostic factor.

Early interim PET and clinical stage
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Fig. 7.3 Progression-free survival in 31 patients with early
stage and 46 patients with advanced stage disease divided
according to the result of an early interim FDG-PET scan
(after two cycles of chemotherapy). (Reprinted from [70] with
permission)
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Table 7.1 Prognostic factors in early stage Hodgkin lymphoma

Number of involved lymph node regions
Large tumor mass, particularly mediastinal
Tumor burden

B-symptoms

Histological subtype

Age

Gender

Erythrocyte sedimentation rate (ESR)
Hemoglobin

Serum albumin

Early interim FDG-PET scan

Table 7.1 lists the established prognostic factors in
early stage Hodgkin lymphoma. Today, early stage
patients are commonly divided into favorable and unfa-
vorable groups, depending on various combinations of
these factors.

Recently, chemotherapy alone has been used in early
stage patients. Relapse-free survival is poorer than with
combined modality therapy, and a recent meta-analysis
has shown that overall survival is also poorer for patients
treated with chemotherapy alone [74]. Prognostic fac-
tors in this group of patients have not been analyzed as
large cohorts of patients with reasonable follow-up are
not yet available.

7.4 Prognostic Factors
in Advanced Disease

Advanced stage patients, although this term is not
sharply defined, are those requiring full systemic treat-
ment. Stages IIIB and IV certainly form the core group.
Most study groups also include stage IITA and possibly
selected stage I or II patients with multiple adverse
prognostic factors.

The role of radiotherapy added to full systemic
treatment in advanced stages is limited [75]. Thus,
these treatment variants can be considered together in
prognostic factors analysis.

Large data sets are important to reliably assess the
independent contributions of single routinely docu-
mented prognostic factors, which tend to be small to

moderate (5-10% in tumor control) [76]. Two very
large data sets resulted from international cooperation:
The International Database on Hodgkin’s Disease was
set up in 1989, combining more than 14,000 individual
patient data in all stages from 20 study groups in the
MOPP era [14]. In 1995, the International Prognostic
Factors Project on advanced Hodgkin disease com-
bined data of 5,141 advanced stage patients mainly
treated with doxorubicin-containing regimen [76].

7.4.1 Patients Treated with Conventional
Chemotherapy with or Without
Additional Radiotherapy

Important prognostic factors are shown in Table 7.2.
The most important patient-related prognostic factor
for overall survival in advanced Hodgkin disease is age
[77-84]. Elderly patients (>60-65 years) are often
excluded from general adult study populations and
treated in separate studies [85]. Prevalence of comorbid-
ity increases with age, and the risk of treatment-related
mortality and toxicity-associated treatment reductions
are increased [86, 87]. In patients up to 65 years of age,

Table 7.2 Prognostic factors in advanced Hodgkin lymphoma

Age

Gender

Histology

Stage IV disease

Tumor burden

Inguinal involvement

Very large mediastinal mass
B-symptoms

Anemia

Low serum albumin

High ESR

High serum alkaline phosphatase
Leukocytosis

Lymphocytopenia

High serum lactic dehydrogenase (LDH)
High serum B2-microglobulin

Early interim FDG-PET scan
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age (e.g., >45 years) is an independent prognostic factor
for freedom from progression. This may be related to
tumor biology as unfavorable histological subtypes are
more frequent in the elderly [14]. The impact of age is
more pronounced on overall survival due to compro-
mised results of salvage treatment in elderly relapsed
patients: 5-year survival rates after progression/relapse
decrease with advancing age from about 40% in the
patients up to 35 years to less than 5% in patients with
55-65 years of age at diagnosis [76].

About two-thirds of advanced stage patients are
men [14, 76]. Male gender is an independent, although
quantitatively moderate, adverse prognostic factor
within advanced stages [14, 76, 83, 88, 89].

The histological subtype plays a minor role among
the tumor-related prognostic factors. Some studies
report mixed cellularity or lymphocyte depletion sub-
types as unfavorable prognostic factors [12, 14, 90],
whereas several other studies do not confirm these find-
ings [76, 77, 82, 83, 91]. The prognostic relevance of
grading the nodular sclerosis subtype remains contro-
versial [92-96]. Unfavorable subtypes are correlated
with male gender, age, lack of mediastinal involve-
ment, stage, systemic symptoms, and related abnormal
blood parameters [14, 57]. Histology subtyping does
not lend itself to prognostication, at least in multicenter
settings because of a relatively high reclassification
rate under expert pathological review [92].

The principle that tumor burden is the main deter-
minant of prognosis also holds for advanced disease
[66, 82, 83]. Tumor burden can be quantified directly
from imaging [67, 97]. Unfortunately, this is not done

1.0
0.9
0.81

routinely. Moreover information on the number of
involved areas [82, 91], the amount of tumor in the
spleen [98-101], and the subdivision of stage III [98,
99, 102-104] are all surrogates for tumor burden which
were established as prognostic in the era of pathologi-
cal staging and radiotherapy alone. Regional inguinal
involvement may be seen as a surrogate marker for
maximal nodal spread and was reported as an indepen-
dent prognostic factor [84].

Very large mediastinal bulk (e.g., >0.45 of the thoracic
aperture) is relatively rare (i.e., <10% of advanced dis-
ease), but has been reported as an adverse prognostic fac-
tor in some studies [84, 105], but not in others [106].
Large, but not very large (e.g., 0.33-0.45 of the thoracic
aperture), mediastinal mass (e.g., 0.33-0.45 of the thoracic
aperture) is not related to prognosis in advanced Hodgkin
disease treated with modern chemotherapy [76].

Several hematological and biochemical laboratory
parameters form a cluster of interrelated prognostic
indicators that mirror both tumor burden as well as
inflammatory processes [53]. Decreased serum albumin
[76, 79, 107, 108] and hemoglobin levels [14, 76, 78,
81] (or hematocrit [84]) as well as an elevated ESR [57,
109] or alkaline phosphatase [109—111] are correlated
[14, 57, 76, 112] with one another as well as with the
presence of B-symptoms [14, 113] and tumor burden
[66]. Serum albumin [76, 107] (see Fig. 7.4) and hemo-
globin level [76] (see Fig. 7.5) show a remarkably
monotone relation to prognosis over their full range of
variation and singles both out as the most informative
prognostic factors in advanced Hodgkin lymphoma.
Given hemoglobin and serum albumin, the other

Serum albumin [g/dL]
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Fig. 7.4 Freedom from progression °©

according to albumin levels for 2,239 0.11

patients with advanced disease in the 0.0 .

International Prognostic Factors Project. 0 2 3 4 5 6 7

(Reprinted from [76] with permission)
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members of this cluster, in particular B-symptoms, lose
their independent prognostic impact [76].

Stage IV marks dissemination of the disease to
extranodal sites and has independent prognostic value
within advanced disease [14, 76, 90]. It remains contro-
versial whether a specific organ involvement site carries
a particularly bad prognosis within stage IV. Bone mar-
row involvement was an adverse factor in some studies
[83, 84, 114], but not in others [115, 116]. Pleura, lung,
or liver involvement have been reported as prognosti-
cally unfavorable [114, 115, 117, 118], but not in other
studies [83, 84, 119]. The number of involved extran-
odal sites has been reported to be independently prog-
nostic [78, 120, 121], but this could not be confirmed in
the International Prognostic Factors Project [76].

Leukocyte and lymphocyte counts form a second
correlation cluster of laboratory parameters. Analyzing
the joint distribution of leukocyte and lymphocyte
counts in advanced Hodgkin lymphoma, there is a
simultaneous shift away from the normal pattern
toward both leukocytosis [76] and lymphocytopenia
[78, 79, 81, 83] that carries independent prognostic
impact [76]. These relatively unspecific measurements
may indirectly capture dysregulation of hematopoiesis
due to cytokine release by Hodgkin lymphoma cells.

Serum LDH plays a lesser role in Hodgkin lym-
phoma than in aggressive non-Hodgkin lymphoma.
Elevated serum LDH was found by some groups [78,
84], but was not confirmed in large data sets [14, 76].
The relevance of elevated B,-microglobulin is contro-
versial [122, 123]. Table 7.3 summarizes the prognos-
tic factors in advanced disease.

Years

Table 7.3 Adverse prognostic factors incorporated in the
International Prognostic Factors Project score for freedom from
progression in advanced Hodgkin disease

Age >45 years

Male gender

Stage IV disease
Hemoglobin <10.5 g/dL
Serum albumin <4.0 g/dL
Leukocytosis >15x 10%/L

Lymphocytopenia <0.6 x 10°/L or <8% of white
blood cell count

A plethora of biological parameters such as levels
of cytokines released by Hodgkin and Reed—Sternberg
cells, soluble forms of membrane-derived antigens,
and molecular markers have been investigated for
prognostic value. Many of these studies have been
done in rather small data sets (N from 40 to 300). The
soluble form of the CD30 molecule is released by
Hodgkin and Reed—-Sternberg cells and is detectable
in the serum of virtually all untreated patients [124—
127]. It maintains independent prognostic significance
in multivariate analysis in moderately sized data sets
[126, 128-130]. The relevance of cytokine levels
requires further investigation [129] and results for fur-
ther biologic parameters are mostly still immature or
controversial.

An early interim FDG-PET scan after one or two
cycles of chemotherapy has been shown to be highly
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Fig.7.6 Progression-free survival in 260 patients with advanced
disease according to International Prognostic Score (IPS) and
PET results after two cycles of ABVD. (Reprinted from [133]
with permission)

predictive of clinical outcomes in advanced Hodgkin
lymphoma [70, 71, 131, 132]. In a large study of
patients treated with ABVD, the prognostic value of an
early PET scan completely overshadowed the role of
the International Prognostic Score (IPS) (see below)
[133]. Figure 7.6 shows progression-free survival
according to the IPS and the result of an early PET
scan. However, an early FDG-PET scan is a marker for
chemosensitivity, and it is therefore dependent on the
specific given treatment. Concerns have been raised
that the positive predictive value may be lower in
patients treated with more aggressive regimens such as
BEACOPPesc [134].

7.4.2 Prognostic Indices or Scores in
Advanced Hodgkin Lymphoma

Prognostic indices or scores for advanced Hodgkin
lymphoma are clinically important to tailor treatment
to patients: to select patients who may be overtreated
and in whom treatment reduction may be considered,
or to select patients in whom standard treatment is
likely to fail to eliminate the disease and for whom
experimental approaches may be indicated.

Several trial groups developed prognostic indices or
scores based on a few hundred cases and defined high
risk groups. Wagstaff et al. [135] defined risk groups
based on age >45, male gender, absolute lymphocyte

count <0.75x%10°/L, and stage IV [111, 135]. Straus
et al. proposed a five-factor score including age >45,
elevated serum LDH, low hematocrit, regional inguinal
involvement, and mediastinal mass >0.45 of the tho-
racic aperture [84]. Proctor et al. developed a numerical
index to predict overall survival based on age, stage,
hemoglobin level, absolute lymphocyte count, and
bulky disease (>10 cm) [81, 105]. Gobbi et al. set up a
predictive equation based on age, sex, stage, histology,
B-symptoms, mediastinal mass, ESR, hemoglobin, and
serum albumin [12, 136]. Low et al. defined a score
based on age >45, serum albumin <35 g/L, and lympho-
cyte count <1.5 g/LL and validated the score in a large
historic BNLI data set [79, 137]. However, none of
these indices have received general acceptance.

Gobbi et al. developed a parametrical model to
derive numerical estimates of expected survival in all
stages [88]. Seven factors were incorporated: stage,
age, histology, B-symptoms, serum albumin, sex, and
involved area distribution (infradiaphragmatic disease
or more than three supradiaphragmatic areas). This
work was based on 5,023 patients in both early and
advanced stages from the International Database on
Hodgkin’s Disease [14]. They were treated heteroge-
neously with radiotherapy alone or mainly MOPP-type
chemotherapy with or without radiotherapy. All these
models used overall survival as the main endpoint.

The International Prognostic Factors Project on
advanced Hodgkin disease focused on freedom from
progression [76]. Individual patient data were collected
from 23 centers or study groups on 5,141 patients diag-
nosed as having advanced stage Hodgkin disease and
treated with (mainly) doxorubicin-containing chemo-
therapy with and without radiotherapy according to a
defined protocol. A prognostic score was developed
from this data set in patients up to 65 years of age. The
score is the simple count of how many of seven binary
adverse prognostic factors (summarized in Table 7.3) of
approximately similar prognostic impact are present:
age >45, male gender, stage IV, albumin <4.0 g/dL,
hemoglobin <10.5 g/dL, leukocytosis >15x 10°/L, and
lymphocytopenia (lymphocyte count <0.6x10°L, or
<8% of leukocytes, or both).

The IPS predicts S-year tumor control rates in the
range of 45-80%. Each additional factor reduces the
prognosis by about 8%. Figure 7.7 shows freedom from
progression according to the number of adverse prognos-
tic factors for 1,618 patients in the International Prognostic
Factors Project on advanced Hodgkin disease.
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Since its publication, the IPS has performed reason-
ably well in independent data sets [138-142]. With
intensified BEACOPP chemotherapy outcome uni-
formly improved in all IPS groups [138]. Differences
persisted, but were quantitatively reduced.

Two publications compared several prognostic
models [78, 140]. None of the models including the
IPS is able to select neither a very low risk group (e.g.,
<10% failure rate) or a substantial very high risk group
(>50%). The prognostic models only discriminate
between relatively low risk and relatively high risk
patients (e.g., IPS<2 vs. IPS>2). Until new powerful,
biologically more specific prognostic markers emerge,
the IPS remains a workable method of choice and is
currently used in intergroup trials to select higher-risk
advanced stage patient for treatment intensification.

Several authors tried to extend the IPS beyond
advanced stages, and according to some literature the
IPS works nicely to predict outcome after autologous
hemapoietic stem cell transplantation [143]. It appears
to be moderately predictive in early and intermediate
stages, extending the factor stage IV to include any
extranodal disease [52, 144].

7.5 Prognostic Factors
for Outcome After Relapse

Relapses of Hodgkin lymphoma after radiotherapy
alone are qualitatively different from relapses after
chemotherapy alone or combined modality therapy.

Both freedom from second relapse and overall survival
are considerably better for patients relapsing after
radiotherapy alone than for the others [61, 145, 146].
However, today patients are rarely treated with radio-
therapy alone except for patients with lymphocyte pre-
dominance subtype. Hence, it is now very rare for
patients to relapse after radiotherapy alone.

7.5.1 Patients Treated for Relapse
with Conventional Treatment

Patients relapsing after initial treatment with chemo-
therapy or combined modality therapy, whether for
early stage or advanced disease, have a poor prognosis
with conventional chemotherapy. Durable remissions
are obtained in only 10-30% of cases [147-154]. The
extent and duration of the initial remission is the most
important prognostic factor for outcome after relapse.
Patients who never achieve a complete remission have
an extremely poor prognosis, patients who relapse
within 12 months of complete remission have an inter-
mediate prognosis, and patients who relapse more than
12 months after achieving complete remission have the
best prognosis [147-151, 154, 155]. But even for the
latter, long-term outlook is poor with conventional
chemotherapy. Figure 7.8 shows survival curves for
patients relapsing after initial chemotherapy divided
into these three prognostic groups [156]. Patients in
second or higher relapse have a dismal prognosis [153,
157, 158].
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Fig. 7.8 Overall survival 1.0
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The extent of disease at relapse is also indepen-
dently significant for prognosis. Advanced stage,
extranodal disease, and more than three involved sites
at relapse are adverse prognostic factors [147, 148,
154, 159]. Age, performance status, histology other
than nodular sclerosis, B-symptoms at relapse, and a
low hemoglobin have also been shown to be significant
[147, 150, 151, 154, 155, 159]. Prognostic factors that
have been shown to be independently significant for
outcome after relapse following primary chemother-
apy or combined modality therapy are summarized in
Table 7.4.

A subgroup of patients relapsing after chemotherapy
have anatomically limited relapse in nodal sites alone.
For selected patients in this subgroup, radiotherapy
with or without additional chemotherapy offers some
chance of durable remission [151, 160—165]. Prognostic

Table 7.4 Prognostic factors for outcome after relapse treated
with conventional salvage treatment

Extent and durability of first remission

Extent of disease at relapse (relapse stage, extranodal
relapse, >3 sites of relapse)

B-symptoms at relapse
Hemoglobin at relapse
Histology

Age

Performance status

Months

factor analyses indicate that patients suitable for this
kind of relapse treatment are those relapsing exclu-
sively in supradiaphragmatic nodal sites, with no
B-symptoms at relapse, with favorable histology (lym-
phocyte predominance or nodular sclerosis), and after
a disease-free interval of 12 months or more [160, 161,
164, 166]. In patients with these favorable characteris-
tics durable remission with radiotherapy may be
achieved in up to 50% of cases.

7.5.2 Patients Treated for Relapse
with High-Dose Chemotherapy
and Stem Cell Transplantation

High-dose chemotherapy with stem cell transplanta-
tion is superior to conventional chemotherapy in
patients relapsing after chemotherapy or combined
modality treatment [167, 168]. It is the preferred treat-
ment in patients able to tolerate intensive treatment.
A number of prognostic factors are independently sig-
nificant for therapeutic outcomes in this situation. The
chemosensitivity of the disease is extremely important.
Hence, the response to initial or salvage therapy, the
duration of initial remission, and the number of prior
failed regimens have been shown to be important for
outcome [169-178].

The disease burden before transplantation is
another important prognostic factor, and measures
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reflecting tumor burden such as stage of disease, and
bulky or extranodal disease at salvage have been
shown to be independently significant [155, 169, 170,
176, 179, 180]. B-symptoms, low hemoglobin, and an
elevated serum LDH at relapse are also significant
[170, 172, 174, 175, 181]. A poor performance status
is an important adverse prognostic feature [169, 171,
173], whereas age has not been significant in most
series, probably due to the fact that most patients
are relatively young at transplantation [182-186].
Pediatric patients have, however, the same outcome as
adults [187].

The seven factors included in the IPS for advanced
Hodgkin lymphoma have been examined [143]. Only
low serum albumin, anemia, age >45, and lymphocy-
topenia were independently significant. A simplified
prognostic score including these four factors has been
proposed, but it has not yet been tested in analyses
including chemosensitivity and extent of prior therapy.

A number of studies have shown that an FDG-PET
scan performed after two cycles of induction therapy
before stem cell transplantation can predict which
patients are likely to achieve long-term remission
after the salvage regimen [188—193]. In most of the
studies patients with different types of lymphoma are
analyzed together, and Hodgkin patients are only a
minority. Nevertheless, the result of an early PET
scan in this setting is promising, but further research
is needed.

The prognostic factors known to be independently
significant for outcome after high-dose chemotherapy
and stem cell transplantation are shown in Table 7.5.

Table 7.5 Prognostic factors for outcome after high-dose
chemotherapy and stem cell transplantation for refractory or
recurrent disease

Chemosensitivity of the disease
Response to initial or salvage therapy
Duration of initial remission
Number of failed prior regimens
Early interim FDG-PET scan

Disease burden before salvage
Stage of disease at salvage
Bulky disease at salvage
Extranodal relapse

B-symptoms at relapse
Hemoglobin at relapse

Serum LDH at relapse

7.6 Use of Prognostic Factors
in Clinical Trials

Optimizing the treatment strategy for Hodgkin lym-
phoma is an attempt to make all prognostic factors
disappear [194]. Ideally, when the amount and aggres-
siveness of therapy is adequately tailored to the patient’s
risk and disease burden nearly all patients should have
the same excellent prognosis. For example, in data of
the German Hodgkin’s Lymphoma Study Group, early,
intermediate, and advanced stage patients have nearly
the same failure-free survival curve with the advanced
stage curve in the middle, but many patients are proba-
bly overtreated [194]. Thus, with therapeutic progress
prognostic factors should be expected to lose their
prognostic value and become mere “disease burden”
indicators.

As such, prognostic factors help to stratify the
patient population into more homogeneous groups
which are then treated with disease burden adapted
treatment options. Together with strategies of response
adaptation, this hopefully will lead to increasingly
individualized and more adequate treatment.

7.6.1 Prognostic Factor
Combinations Currently
Used by Major Trial Groups

In clinical trials, prognostic factors are primarily used
in the definition of the study population (entry and
exclusion criteria). Further uses include description of
study population and adjustment for prognostic imbal-
ances in the final analysis.

Inclusion criteria that are currently used differ by
trial and study group. The Hodgkin lymphoma patients’
population does not fall into naturally defined groups.
Instead, prognosis varies on a continuum scale from
low-risk minimal disease to high-risk maximally
advanced disease. The delineation of study popula-
tions depends on the prognosis, the respective thera-
peutic approach, and study group history.

The classical Ann Arbor [9] or Cotswold [18] staging
systems are based on the anatomic distribution of the
disease. The Ann Arbor staging system is well estab-
lished and universally accepted and still forms the refer-
ence system for most definitions of study entry criteria.
Most study groups currently use hybrid systems to define
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their study entry criteria, basically using stage and in
addition presence or absence of unfavorable prognostic
factors (also called risk factors in this context).

Most study groups divide Hodgkin lymphoma
patient population into two (early vs. advanced stages)
or three (early vs. intermediate vs. advanced stages)
separate trials or treatment groups. Attempts to use a
fourth “very favorable” early stage group with minimal
treatment have been abandoned by the EORTC [195].
Tables 7.6 and 7.7 describe inclusion criteria currently
or recently used by study groups in early stage and
advanced disease respectively.

Early stages comprise patients in whom full sys-
temic treatment is considered overtreatment. As the
prognosis in this group is excellent, study questions
focus on curative intent with minimal toxicity or cost.
Table 7.6 illustrates that early stages are typically
defined as stage I or II without risk factors, with lists

of unfavorable prognostic factors that vary by study
group.

Studies in advanced stage Hodgkin lymphoma include
patients from the unfavorable end of the prognostic scale
in which full systemic treatment is required. Clinical
trials either focus on improving results in high-risk
advanced stages or minimizing side effects of treatments
felt to be satisfactory. Most study groups have stages
MIB/TV as the core group of advanced disease (Table 7.7).
Studies differ in whether they include all stage IIIA
patients, none, or only selected stage IIIA patients with
unfavorable prognostic factors. Some groups also include
stages I and II with “systemic” risk factors.

Stages I and II with risk factors and stage IITA form
whatmay be called “intermediate stages.” “Intermediate
stage” essentially denotes a gray zone between early
and advanced disease. Study aims and the treatment
modalities therefore overlap.

Table 7.6 Eligibility criteria of recent or current studies in early stages. “Early stage” disease is typically defined by stage I or 11
and the absence of certain unfavorable prognostic factors

Study group “Early stage” vs. “intermediate stage/advanced disease”

(Early stage = stages I or II without any of the listed risk factors)

EORTC
(H7 study, H8 study, H9 study)

Age >50

4+ involved nodal sites

ESR >50 mm/h or B-symptoms and ESR >30 mm/h
Bulky mediastinum (mediastinal thoracic ratio >0.35)
(Infradiaphragmatic disease)

Cancer Research UK B-symptoms
FDG-PET Infradiaphragmal disease

Large mediastinal mass (>0.33 of the thoracic aperture)
GHSG Large mediastinal mass (>0.33 of the thoracic aperture)

(HD7 study, HD10
study, HD13 study)

Massive spleen involvement

E-lesions

ESR >50 mm/h or B-symptoms and ESR >30 mm/h
3+ involved lymph-node areas

SWOG (9133)
CALGB (9391)

B-symptoms
Mediastinal mass >1/3 maximum thoracic diameter
Infradiaphragmatic presentation

NCI-C B-symptoms

Mixed cellularity or lymphocyte depletion
Age >40 years

ESR >50 mm/h

4+ disease sites

Stanford
(G1 study ,GS study)

Constitutional (B) symptoms present at diagnosis

Mediastinal mass equal to or greater than one-third the maximum
intrathoracic diameter on a standing posteroanterior chest X-ray
Any lymph node mass >10 cm in greatest transaxial diameter
Two or more extranodal sites of disease

EORTC European Organization for Research and Treatment of Cancer; GHSG German Hodgkin’s Lymphoma Study Group; SWOG
Southwest Oncology Group; CALGB Cancer and Leukemia Group B; NCI-C National Cancer Institute of Canada
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Table 7.7 Eligibility criteria of recent or current studies in advanced disease

Study group

Eligibility criteria for trials in advanced disease

EORTC (H34 study)

BNLI
Stanford V protocol

Manchester Lymphoma
Group (VAPEC-B study)

GHSG (HD9 study,
HD12 study, HD 15 study)

Milano (MAMA study)
GELA (H89 study)

Stanford V study
ECOG-2496
NCT00003389,
CALGB-59905,
CAN-NCIC-HD7,
SWOG-E2496 Stanford

BEACOPP intergroup study
EORTC-20012

/v

Stage IB, IIB, IIIA, IIIB, or IV or

Stage IA or ITA with locally extensive disease (e.g., bulky mediastinal disease
(e.g., greater than 0.33 of the maximum transthoracic diameter on routine chest
X-ray or at least two extranodal sites of disease) or “other poor risk features’’)

I/IT with B-symptoms or bulk, III, IV

IIB with bulk, massive spleen, or E-lesion

PS IITIA S

PS IITA,N with bulk, E-lesion or elevated ESR

CS IIIA bulk, massive spleen, E-lesions, elevated ESR or >3 lymph node areas
HIB/IV

IB, IIA bulk, IIB, III, IV
1IB,IV

Stage I-1IA/B with massive mediastinal adenopathy
Stage III or IV

Only higher risk advanced stages:
III, IV with International Prognostic Score >2

NCT00049595, ALLG-HD04, BNLI-
EORTC-20012, CAN-NCIC-EORTC-20012,
GELA-EORTC-20012, GELCAB-
EORTC-20012, NORDICLG-EORTC-20012

EORTC European Organization for Research and Treatment of Cancer; BNLI British National Lymphoma Investigation; GHSG
German Hodgkin’s Lymphoma Study Group; GELA Groupe d’Etudes des Lymphomes de 1’Adulte; NCI-US National Cancer
Institute of the United States; SWOG Southwest Oncology Group; CALGB Cancer and Leukemia Group B; ECOG Eastern

Cooperative Oncology Group; NCI-C National Cancer Institute of Canada

7.7 Conclusion and Future Aspects

As demonstrated above, a large number of variables
have been shown to possess prognostic significance in
Hodgkin lymphoma, both at presentation and in the
relapse situation. Today, treatment is tailored to prog-
nostic factors, with the aim of decreasing treatment
intensity for patients with favorable characteristics in
order to reduce toxicity, and increasing treatment inten-
sity for patients with unfavorable characteristics with the
aim of increasing cure rates. Different centers and groups
use slightly differing criteria for treatment selection,
which may make direct comparisons problematic, thus
making some form of international harmonization desir-
able. The introduction of functional imaging with FDG-
PET very early in the treatment as a prognostic marker
opens up new possibilities for tailoring treatment, but

further research is needed before it is implemented for
routine use to determine treatment intensity.
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FFTF Freedom from treatment failure that are required following chemotherapy are sig-
GELA Groupe d’Etudes des Lymphomes Adultes nificantly less than when RT is used alone. In addi-
GHSG German Hodgkin Study Group tion, the planning and delivery of RT has improved
HL Hodgkin lymphoma considerably over the last two decades.
IFRT Involved-field radiation therapy 2. Adding RT to chemotherapy improves disease con-
IMRT Intensity-modulated radiotherapy trol and allows the administration of shorter and less
INRT Involved node radiation therapy toxic chemotherapy programs for all stages of HL.
LPHL Lymphocye predominance HL 3. The new “mini-radiotherapy” for HL is well toler-
MOP-BAP Mechlorethamine, Oncovin [vincristine], ated and results in a decreased risk for long-term
prednisone, bleomycin, Adriamycin morbidities that were associated with large-field,
(doxorubicin), and procarbazine high-dose RT in the past [2].
MOPP Mustargen, Oncovin, procarbazine, pred-
nisone
MSKCC Memorial Sloan Kettering Cancer Center
NCCN National Cotpprehensive Cancer Network 8.2 The Evolution
oS Overall survival .
PET Positron emission tomography of Radiotherapy for HL
PTV Planned treatment volume
RT Radiation therapy RT has been used in the management of HL since
STLI Subtotal lymphoid irradiation shortly after the discovery of X-rays [3, 4]. Initially it
TLI Total lymphoid irradiation was used for local palliation, but careful study by pio-
TSH Thyroid-stimulating hormone neers in the field including Rene Gilbert and Vera

8.1 Principles of Radiation Therapy
of Hodgkin Lymphoma

Radiation therapy (RT) is a major component of the cur-
rent successful treatment of Hodgkin lymphoma (HL).
For decades, radiation was used alone to cure the major-
ity of patients with HL; RT is still the most effective sin-
gle agent in the the oncologic armamentarium for this
disease, and it remains the treatment of choice for patients
with early-stage lymphocye predominance HL (LPHL)
and for selected patients with classic HL who have con-
traindications to chemotherapy [1]. Currently, most
patients with HL are treated with combined modality
programs in which RT is given as consolidation after
chemotherapy. As the role of RT has transformed over
the years from a single modality into a component of
combined modality therapy, the classic principles of RT
fields, dose, and technique have fundamentally changed.

The following principles guide the current strategy
of using RT in HL:

1. RT as a part of a combined modality program is
radically different from the large-field, high-dose
RT that was used in the past. The volume and doses

Peters demonstrated that more aggressive treatment
with higher doses and larger fields resulted in the
cure of many patients, especially those who presented
with limited disease [5, 6]. At Stanford, Henry Kaplan,
advantaged by access to the medical linear accelerator,
refined the RT concepts and together with Saul
Rosenberg advocated strongly for the curative potential
of RT [7]. RT remained the standard therapy for patients
until effective chemotherapy was developed in the sec-
ond half of the twentieth century. The success of che-
motherapy and appreciation of adverse late events
linked to RT such as secondary solid tumors and car-
diac disease led to a decrease in the use of RT, but the
eventual realization that its judicious application in
lower doses and more tailored fields could enhance
curability and allow decrease in chemotherapy doses
led to the development of programs of refined com-
bined modality therapy.

This refinement includes the use of involved field RT
techniques that improve conformality and dose homo-
geneity. These field reductions require detailed clinical
information to delineate the target accurately. Pre- and
postchemotherapy imaging is required to define the
tumor volume. The integration of computed tomogra-
phy (CT) and positron emission tomography (PET)/CT
treatment planning reduces the variability in treatment
field design. A margin of safety to address subclinical
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disease, and random and systematic error, is still neces-
sary in field setup, but techniques to minimize inaccura-
cies in treatment planning and delivery continue to
improve. The tailoring of the radiation field to the ini-
tially involved lymph nodes has been termed involved
node radiation therapy (INRT). The volumes for INRT
are designed to be smaller than the classic IFRT that
encompasses entire predefined anatomical regions.
Recommendations for INRT design have been estab-
lished and INRT is increasingly implemented in com-
bined modality programs, particularly in Europe [8].

8.3 Indications for Radiation
Therapy in HL

It is important to distinguish between classical HL and
nodular lymphocyte-predominant HL (LPHL). The
management of each entity is different. Most patients
with LPHL may be treated with radiation alone, with
curative intent, whereas combined modality therapy is
the standard approach for the majority of patients with
classical HL.

8.3.1 Lymphocyte-Predominant HL

Most (>75%) patients with LPHL present with stage
IA or IIA disease; the disease is commonly limited
to one peripheral site (neck, axilla, or groin) and
involvement of the mediastinum is extremely rare. The
American National Comprehensive Cancer Network
(NCCN) guidelines [9], the German Hodgkin
Lymphoma Study Group (GHSG), and the European
Organization for Research and Treatment of Cancer
(EORTC) currently recommend involved-field radia-
tion alone as the treatment of choice for early-stage
LPHL. Since the mediastinum is rarely involved, it
need not be treated, thus avoiding the site most respon-
sible for radiation-related short- and long-term side
effects. In a recent retrospective study of 131 patients
with stage TA disease, 98% of patients obtained a com-
plete response (CR), 98% after extended-field RT
alone, 100% after involved-field RT alone, and 95%
after combined modality therapy [10]. With a median
follow-up of 43 months only 5% of patients relapsed
and only three patients died. Toxicity of treatment was

generally mild and was the greatest in association with
combined modality therapy. Two other studies, one
from the Peter MacCallum in Australia [11], and
another from the Dana Farber in Boston, supported the
adequacy of limited-field RT for LPHL and suggested
areduced risk of second tumors compared to extended-
field RT [12].

Although there has not been a prospective study
comparing extended-field RT (commonly used in the
past) with involved field RT, retrospective data suggest
that the involved field is adequate [10, 13]. The radia-
tion dose recommended is 30-36 Gy with an optional
additional boost of 4 Gy to a (rare) bulky site.

8.3.2 Classical Hodgkin: Early Stage

Over the last two decades, the treatment of stage I-II
classical HL has changed markedly. Combined modal-
ity therapy consisting of short-course chemotherapy
(most often ABVD) followed by reduced-dose radia-
tion carefully directed only to the involved lymph
node(s) site has replaced radiation alone as the treat-
ment of choice. Combined modality is the standard
treatment for favorable and unfavorable presentations
of early-stage disease in Europe, including the EORTC/
GELA (Groupe d’Etudes des Lymphomes Adultes) and
GHSG. In the United States, chemotherapy followed by
involved-field radiation therapy (IFRT) is the preferred
treatment recommended by the NCCN guidelines [9].

Several randomized studies have demonstrated that
excellent results in stage I-II may be obtained with com-
bined modality treatment that includes only IFRT — more
extensive fields of total or subtotal lymphoid irradia-
tion (STLI and TLI) are not required.

The strategy to reduce the number of chemotherapy
cycles and/or the radiation dose was tested by two
large-scale randomized studies conducted by the
GHSG. In the HD10 study, 1,370 patients with early
favorable HL were randomly assigned in a 2x?2 facto-
rial design to receive either four or two cycles of ABVD
followed by 30 or 20 Gy IFRT. The 8-year freedom
from treatment failure (FFTF) and overall survival
(OS) for all patients were 87 and 95%, respectively.
Most importantly, there were no significant differences
between patients receiving the minimal treatment of
ABVDX2 followed by IFRT of only 20 Gy and patients
receiving more chemotherapy and/or more RT [14].
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Patients with unfavorable early-stage HL (n=1,395)
were randomized on the GHSG HD-11 to receive
either four cycles of ABVD or four cycles of baseline
BEACOPP, followed by IFRT of either 30 or 20 Gy.
Five-year FFTF and OS for all patients were 85 and
94.5%, respectively. There was no difference in FFTF
when BEACOPPX4 was followed by either 30 or
20 Gy and similar excellent results were obtained with
ABVDX4 and IFRT of 30 Gy. Patients who received
ABVDX4 and only 20 Gy had FFTF that was lower by
4%. OS was similar in all treatment groups [15].

These large trials of the GHSG, as well as studies of
the EORTC, have established combined modality ther-
apy with limited RT as the treatment of choice for
patients with stage I-II disease. Although there have
been small reports using chemotherapy alone for patients
with stage I-IIA disease, this approach is suitable for
only a small proportion of patients and has been associ-
ated with a greater risk for relapse. Recently a meta-
analysis by the Cochrane group pooled together all the
randomized studies comparing chemotherapy alone to
combined modality showed a statistically significant
advantage for combined modality over chemotherapy
alone in both tumor control and overall survival [16].

8.3.3 Advanced-Stage HL

Although the role of consolidative RT after induction
chemotherapy in stage III-IV remains controversial,
irradiation is often added in patients who present with
bulky disease or remain in uncertain complete remis-
sion after chemotherapy [17]. Retrospective studies
have demonstrated that adding low-dose radiotherapy
to all initial disease sites following chemotherapy
decreases the relapse rate by ~25% and significantly
improves overall survival. The results of prospective
studies testing the concept have been conflicting [18,
19]. A Southwest Oncology Group (SWOG) random-
ized study of 278 patients with stage III-IV HL sug-
gested that the addition of low-dose irradiation to all
sites of initial disease after a CR to MOP-BAP (mechlo-
rethamine, Oncovin [vincristine], prednisone, bleomy-
cin, Adriamycin [doxorubicin], and procarbazine)
chemotherapy improves remission duration [20]. An
intention-to-treat analysis showed that the advantage
of combined modality therapy was limited to patients
with nodular sclerosis. No survival differences were

observed. A meta-analysis of several randomized stud-
ies demonstrated that the addition of radiotherapy to
chemotherapy reduces the rate of relapse but did not
show survival benefit for combined modality compared
to chemotherapy alone [21].

The EORTC reported the results of a randomized
study that evaluated the role of IFRT in patients with
stage III-IV Hodgkin disease who obtained a CR after
MOPP/ABYV [22]. Patients received six or eight cycles
of MOPP/ABV chemotherapy (number of cycles
depended upon the response). Patients who did not
achieve a CR (40%) were not randomized, but were
assigned to receive IFRT. Among the 333 randomized
patients, the 5-year overall survival rates were 91% (no
RT) and 85% (RT) (p=0.07).The authors concluded
that IFRT did not improve outcome for patients with
stage III-IV HL who achieved a CR after six to eight
courses of MOPP/ABV chemotherapy. The data indi-
cated more cases of leukemia among patients who
achieved a CR and were treated with RT, compared to
those treated with chemotherapy alone, but surpris-
ingly this was not in the case for the large group of
patients who did not achieve a CR with chemotherapy,
all of whom received RT. This suggests that the
increased mortality on the randomized RT arm was a
statistical aberration resulting from small number of
events. Interestingly, among the partial responders
after six cycles of MOPP/ABY, the addition of IFRT
yielded overall survival and event-free survival rates
that were similar to those obtained among patients who
achieved a CR to chemotherapy. There are other limi-
tations of the EORTC study that affect its applicability.
A relatively small proportion of patients achieved a CR
and were eligible for randomization. The MOPP/ABV
regimen is quite toxic and has been abandoned for use
in North America [23]. Relatively few patients with
bulky disease were randomized on the trial, making
interpretation of results in this important subgroup
challenging. Lastly, the purported increase for second-
ary malignancy following combined modality therapy
was not evident in the PR patients, all of whom received
even higher doses of RT to initially involved sites.

Another randomized study that evaluated the role of
consolidation RT after CR to chemotherapy used
ABVDX6 (the most common regimen currently used
for advance-stage HL). This trial was conducted at the
Tata medical center in India [24]. It included patients
of all stages, but almost half were stage III-IV. A sub-
group analysis of the advanced-stage patients showed
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a statistically significant improvement of both §-year
event-free survival (EFS) and 8-year overall survival
with added RT compared to ABVD alone (EFS 78 vs.
59%; p<0.03 and OS 100 vs. 80%; p<0.006).

When advanced-stage HL is treated with the new
highly effective and less toxic treatment program of
Stanford V, it is imperative to follow the brief chemo-
therapy program with involved field radiotherapy to
sites originally larger than 5 cm or to a clinically
involved spleen [25]. When these RT guidelines were
not followed and RT was completely or partially omit-
ted, the results were inferior [26].

In summary, patients in CR after full dose chemo-
therapy program like MOPP/ABV may not need RT
consolidation. Yet, patients with bulky disease, incom-
plete or uncertain CR or patients treated on brief che-
motherapy programs will benefit from involved field
RT to originally bulky or residual disease.

8.3.4 RTin Salvage Programs
for Refractory and Relapsed HL

High-dose therapy supported by autologous stem cell
transplantation (ASCT) has become a standard salvage
treatment for patients who relapsed or remained refrac-
tory to primary therapy. Many of these patients have
not received prior radiotherapy or have relapsed at
sites outside the original radiation field. These patients
could benefit from integrating radiotherapy into the
salvage regimen.

Poen and colleagues from Stanford analyzed the
efficacy and toxicity of adding cytoreductive or con-
solidative RT to 24 of 100 patients receiving high-dose
therapy [27]. When involved sites were irradiated in
conjunction with transplantation, no in-field failures
occurred. While only a trend in favor of IF-RT could
be shown for the entire group of transplanted patients,
analysis restricted to patients who had no prior RT or
those with relapse stage I-III demonstrated significant
improvement in freedom from relapse. Fatal toxicity in
this series was not influenced significantly by IF-RT.

At Memorial Sloan Kettering Cancer Center
(MSKCC), a program that integrated RT into the high-
dose regimen for salvage therapy was developed and
included accelerated hyperfractionated irradiation
(b.i.d. fractions of 1.8 Gy each) to start after the com-
pletion of reinduction chemotherapy and stem cell

collection and prior to the high-dose chemotherapy
and stem cell transplantation. Patients who have not
been previously irradiated received involved field RT
(18 Gy in 5 days) to sites of initially bulky (>5 cm)
disease and/or residual clinical abnormalities, followed
by total lymphoid irradiation (TLI) of 18 Gy (1.8 Gy
per fraction, b.i.d.) during an additional 5 days.
Patients who had prior RT received only involved-
field RT (when feasible) to a maximal dose of 36 Gy.
This treatment strategy has been in place since 1985
with over 350 patients treated thus far. The first gen-
eration program demonstrated an EFS of 47% [28].
The recent report of the second generation two-step
high-dose chemoradiotherapy program indicated that
after a median follow-up of 34 months the intent-to-
treat event-free survival and overall survival were 58
and 88%, respectively. For patients who underwent
transplantation, the EFS was 68% [29]. Treatment-
related mortality was 3% with no treatment-related
mortality over the last 10 years. The results of this
treatment program in refractory patients were similar
to those of relapsed patients [30]. Both groups showed
favorable EFS and overall survival compared to most
recently reported series. Recent report on quality of
life and treatment-related complications of long-tem
survivors of the MSKCC program disclosed only a
small number of late complications and is highly
encouraging [31].

8.4 Radiation Fields:
Principles and Design

In the past, radiation-fields design attempted to include
multiple involved and uninvolved lymph node sites.
The large fields known as mantle, inverted Y, and TLI
were synonymous with the radiation treatment of HL.
These fields are now only rarely used. /FRT encom-
passes a significantly smaller but adequate volume
when radiotherapy is used as consolidation after che-
motherapy in HL. Even when radiation is used as pri-
mary management for LPHL, the field should be limited
to the involved site or to the involved sites and immedi-
ately adjacent lymph node groups. Extending this con-
cept further, even more limited radiation fields termed
INRT have been introduced into investigational com-
bined modality programs, primarily in Europe [8].
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The terminologies that define radiation fields may
be confusing and create difficulties in comparing treat-
ment programs. However, general definitions and
guidelines are available and should be followed.

The following are definitions of types of radiation
fields used in HL.

8.4.1 Involved Field

This field is limited to the clinically involved lymph
node region. For extra-nodal sites, the field includes
the organ alone (if no evidence for lymph node involve-
ment). The “grouping” of lymph nodes is not clearly
defined, and involved field borders for common pre-
sentation of HL are noted below (Fig. 8.1a—c).

8.4.2 Extended Field

This field includes the involved lymph node group field
plus the adjacent clinically uninvolved region(s). For

Fig.8.1 Involved-field radiation therapy. (a) Stage I HL involv-
ing the right neck. (b) Stage II HL involvement of the right neck
and the left lower neck. (c¢) Stage IIX HL with involvement of
the right neck, bulky mediastinum, right hilum, and right cardio-

extra nodal disease, it includes the involved organ plus
the clinically uninvolved lymph nodes region (Fig. 8.2).

It was common during the era of treatment with RT
alone to treat large fields encompassing multiple lymph
node regions, both involved and uninvolved. The field
design that includes all of the supradiaphragmatic
lymph node regions was referred to as the mantle field.
The field that includes all lymph nodes sites below the
diaphragm (with or without the spleen and called after
its shape) is the inverted Y (Figs. 8.3 and 8.4).

When radiation treatment includes all lymph nodes
on both sides of the diaphragm, mantle plus inverted Y,
the resulting field is called TLI or total nodal irradia-
tion (TNI), if the pelvic lymph nodes are excluded the
field is called STLI (Fig. 8.5).

8.4.3 Involved Node(s) Field

This is the most limited radiation field that has just
recently been introduced [8]. The clinical treated
volume (CTV) includes only the originally involved
lymph node(s) volume (prechemotherapy) with the
addition of 1 cm margin to create planned treatment

phrenic area. Top: CT scan display of the mediastinum; bottom
left: FDG-PET mapping of disease involvement; bottom right:
involved field covering the right neck, left supraclavicular area,
mediastinum, and right costophrenic area
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Fig. 8.2 Regional field RT. Stage I HL involving the left axilla. Top: CT scan display; bottom left: treatment with the arm up; bottom
right: treatment with the arm akimbo

Fig. 8.3 Mantle field (anterior aspect) Fig. 8.4 Inverted Y field (anterior aspect)
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volume (PTV) (Figs. 8.6 and 8.7). Several groups have
begun to evaluate the potential advantages and risks of
this minimal RT volume approach, but only short out-
come data are available, and treatment techniques and
guidelines are still evolving. At present, IFRT, as described

Mantle in more detail below, remains the usual treatment field in
combined modality programs, although further reduc-
tions in field extent are often incorporated based on avail-
ability of adequate imaging, prechemotherapy clinical
information, and clinical judgment.

Paraaortic 8.5 Guidelines for Delineating
the Involved Fields [32]

\ /

1. IFRT is treatment of a region, not of an individual
lymph node.

Pelvic 2. The main involved-field nodal regions are neck

(unilateral), mediastinum (including the hilar regions

bilaterally), axilla (usually including the supra-

Fig.8.5 Subtotal and total lymphoid irradiation (STLI and TLI) clavicular and infraclavicular lymph nodes), spleen,
fields. Subtotal lymphoid irradiation will include the mantle and paraaortic lymph nodes, and inguinal (including the

paraaortic fields; if the pelvic field is also included, the field is
called total lymphoid irradiation. In this diagram, the spleen was . .
resected and only the splenic pedicle is irradiated. If the spleen 3. In general, the fields include the involved pre-
remains intact, it is included in the paraaortic—splenic field chemotherapy sites and volume, with an important

femoral and iliac) nodes.

1)

Postchemo
CT scan

Prechemo
CT scan

Fig. 8.6 Involved lymph
nodes field. Single lymph
node in the left lower neck
prior to chemotherapy (left)
and following chemotherapy
(right). The border of the
field encompass the original
volume of the node and not
of the whole unilateral neck
(as in IFRT approach).
(Courtesy of Dr. Theodore
Girinsky from Institute
Goustave-Roussy)
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CER or CRu

Fig. 8.7 Involved lymph node field in the mediastinum. Note:
The length of the treated area is determined by original longitu-
dinal tumor diameter on CT scan while the width considers the
decrease in transverse diameter following chemotherapy as
determined by CT scan. (Courtesy of Dr. Theodore Girinsky
from Institute Goustave-Roussy)

exception being the transverse diameter of the
mediastinal and paraaortic lymph nodes. For the
field width of these sites, it is recommended to use
the reduced postchemotherapy diameter (width). In
these areas, the regression of the lymph nodes is
easily depicted by CT and/or PET imaging, and the
critical normal tissues are saved by reducing the
irradiated volume.

4. The supraclavicular lymph nodes are considered part
of the cervical region and if involved along with other
cervical nodes, the entire ipsilateral neck is treated.
However, if the supraclavicular involvement is an
extension of mediastinal disease and other areas of
the neck are not involved (based on PET-CT imag-
ing), the upper neck (above the larynx) is spared.
This is to spare irradiation of the salivary glands.

5. If 3D treatment planning is employed and pre-
chemotherapy PET-CT imaging is fused to the
treatment planning CT, involved field treatment
should generally extend 2—5 cm proximal and distal
to involved nodes and adequate medial and lateral
margins to ensure coverage of the lymph node
chains. Although using a dedicated CT simulator
for designing involved fields is highly recom-
mended, the anatomic borders for conventional
treatment fields are easy to outline (most are bony
landmarks) and plan on a 2D standard simulation
unit. However, CT data are preferred for outlining
the mediastinal and paraaortic region and will also
help in designing the axillary field.

6. Prechemotherapy and postchemotherapy informa-
tion (both CT and PET) regarding lymph node
localization and size is critical and should be avail-
able at the time of planning the field.

8.6 Involved Field Guidelines
for Common Nodal Sites

8.6.1 Unilateral Cervical/
Supraclavicular Region

Involvement at any cervical level with or without involve-
ment of the supraclavicular (SCL) nodes (Fig. 8.1a).

Arm position: akimbo or at sides. Upper border:
1-2 cm above the lower tip of the mastoid process and
midpoint through the chin. Lower border: 2 cm below
the bottom of the clavicle. Lateral border: To include
the medial 2/3 of the clavicle. Medial border: (a) If the
supraclavicular nodes are not involved, the border is
placed at the ipsilateral edge of the vertebral body or
ipsilateral transverse processes, except when medial
nodes close to the vertebral bodies are seen on the ini-
tial staging neck CT scan. When medial nodes are
involved, the entire vertebral body is included. (b)
When the supraclavicular nodes are involved, the bor-
der should be placed at the contra-lateral traverse pro-
cesses. For patients with stage I disease, the larynx and
vertebral bodies above the larynx can be blocked
(assuming no medial cervical nodes). Blocks: A poste-
rior cervical cord block is required only if the calcu-
lated cord dose exceeds 40 Gy. Midneck calculations
should be performed to determine the maximum cord
dose, especially when the central axis is in the medi-
astinum. A laryngeal block should be used, unless
lymph nodes are present in that location. In that case
the block should be added at 20 Gy.

8.6.2 Bilateral Cervical/
Supraclavicular Region

Both cervical and supraclavicular regions should be
treated as described above regardless of the extent of
disease on each side. Posterior cervical cord and lar-
ynx blocks should be used as described above. Use a
posterior mouth block if treating the patient supine
(preferably with an extended travel couch at greater
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than 100 cm FSD) to block the upper field divergence
through the mouth (Fig. 8.1b).

8.6.3 Mediastinum

Involvement of the mediastinum and/or the hilar nodes:
In HL, this field includes also the medial SCL nodes
even if not clinically involved.

Arms position: akimbo or at sides. The arms up
position is optional if the axillary nodes are involved.
Upper border: C5-C6 interspace. If supraclavicular
nodes were also involved, the upper border should be
placed at the top of the larynx and the lateral border
should be adjusted as described in the section on treat-
ing neck nodes. Lower border: The lower of (a) 5 cm
below the carina or (b) 2 cm below the prechemother-
apy inferior border. Lateral border: The postchemo-
therapy volume with 1.5 cm margin. Hilar area: To be
included with 1 cm margin unless initially involved
where as the margin should be 1.5 cm.

If paracardiac lymph nodes are involved, they
should be treated either as an extension of the medi-
astinal field or if significantly lower than the mediasti-
nal field as a separate targeted involved lymph node
area. Irradiation of the whole heart (for even a lower
dose) is not recommended in most cases (Fig. 8.1c).

8.6.4 Mediastinum with Involvement
of the Cervical Nodes

When both cervical regions are involved, the field is a
mantle, without the axilla, using the guidelines
described above. If only one cervical chain is involved
the vertebral bodies, contralateral upper neck, and lar-
ynx can be blocked as previously described. Because
of the increased dose to the neck (the isocenter is in the
upper mediastinum), unless compensators or wedges
are employed, the neck above the lower border of the
larynx should be shielded at ~30 Gy.

8.6.5 Axillary Region

The ipsilateral axillary, infraclavicular, and supraclavicu-
lar areas are generally treated when the axilla is involved.

Whenever possible, use CT-based planning for this region.
Arms position: akimbo or arms up. Upper border: C5-C6
interspace. Lower border: The lower of the two: (a) the tip
of the scapula or (b) 2 cm below the lowest axillary node.
Medial border: Ipsilateral cervical transverse process.
Include the vertebral bodies only if the supraclavicular
nodes are involved. Lateral border: Flash axilla (Fig. 8.2).

8.6.6 Spleen

The spleen is treated only if abnormal imaging was
suggestive of involvement. The postchemotherapy vol-
ume is treated with 1.5 cm margins, preferably utiliz-
ing respiratory gating.

8.6.7 Abdomen (Paraaortic Nodes)

Upper border: Top of T11 and at least 2 cm above pre-
chemotherapy volume. Lower border: Bottom of L4
and at least 2 cm below prechemotherapy volume.
Lateral borders: The edge of the transverse processes
and at least 2 cm from the postchemotherapy volume.
A case illustration is shown in Fig. 8.8a, b.

8.6.8 Inguinal/Femoral/External
lliac Region

These ipsilateral lymph node groups are treated together
if any of the nodes are involved (Fig. 8.9a, b).

Upper border: Middle of the sacro-iliac joint. Lower
border: 5 cm below the lesser trochanter Lateral bor-
der: The greater trochanter and 2 cm lateral to initially
involved nodes. Medial border: Medial border of the
obturator foramen with at least 2 cm medial to involved
nodes. If common iliac nodes are involved the field
should extend to the L4-L5 interspace and at least
2 cm above the initially involved nodal border.

8.6.9 Involved Field Radiotherapy
of Extranodal Sites

In most cases, the whole involved organ is the target
and draining lymph nodes are not included unless
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Fig. 8.8 (a) Paraaortic and
pelvic involvement. Top:

CT illustrates massive
paraaortic involvement with
extension into the left kidney;
bottom right: FDG-PET
uptake; bottom left: renal
scan demonstrating left
kidney loss of function. (b)
Treatment plan for the patient
in Fig. 8.8a

Renal Function:

involved. The optimal plan is 3D-conformal and 8.7 Technical Aspects

CT-simulation based. The margins for the PTV depend of Radiotherapy for HL

on the quality of imaging and reliability of immobili-

zation, and most importantly, should account for organ . .

motion during respiration. Typically, areas of extran- 8.7.1 Choice of Equipment

odal extension in the head and neck require margins of

1 cm and areas in the mediastinum, abdomen, and pel-  The linear accelerator is the machine of choice for radio-
vis require margins of 2 cm. therapy of HL. The desired energy is 6 megavoltage
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Fig. 8.9 (a) Involvement of
the right pelvic lymph nodes.
Right: CT scan at the level of
mid-pelvis; left: FDG-PET
uptake. (b) Treatment
volume for patient illustrated
in Fig. 8.9a

(MV) for treatment of peripheral nodal sites but higher
energies such as 10 or 15 MV may be used for abdomi-
nal and thoracic tumors, depending on anatomy and
choice of treatment plan. If high energies are used and
superficial nodes require radiation, a “beam spoiler” or
bolus should be used. A 6 MV beam is sufficiently pen-
etrating to produce good dose homogeneity throughout
most treatment fields. The maximum dose point of a
6 MV is close enough to the skin surface to avoid under-
dosing superficially located lymph nodes, such as the
cervical or inguinal nodes. The dose inhomogeneity
measured in fields treated with 6 MV beam may be as
high as 10%, due primarily to differences in patient sep-
aration within the field and to large separations in big
patients. For patients with large nodes right at the skin,

tissue equivalent bolus may be needed to increase the
subcutaneous dose.

8.7.2 Positioning and Immobilization
and Simulation

For most anatomical sites selected for IFRT as primary or
complementary treatment of HL, CT simulation will pro-
vide essential information for determining treatment vol-
ume and optimal plan. This is particularly important as
the recommended RT fields have become smaller. In cur-
rent practice, most radiation oncologists will incorporate
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indirectly acquired or direct CT-simulation information
into the treatment planning process. In selective cases,
FDG-PET imaging and/or MRI performed in the same
treatment position with fiduciary markers is also incorpo-
rated into the simulation and treatment planning process.

One of the important lessons learned from 3D treat-
ment planning is that radiotherapy accuracy during a
course of fractionated radiation is only as good as the
immobilization of the patient. With Cerrobend© blocks
attached to a standard machine block-holding tray or auto-
mated multileaf collimator blocks, very small changes in
patient position may result in considerable field varia-
tions. Accurate positioning requires reproducible neck
and arm positioning, and reproducible alignment and
rotation of the torso and pelvis. Reproducible knee and
foot positioning may also be required under certain
circumstances.

An upper body mold is useful for the treatment of
lower neck and thoracic fields.

Wall-mounted lasers in the simulation and treat-
ment rooms can aid in reproducing torso and pelvic
alignment and rotation. Leveling tattoos, one pair of
lateral tattoos on each side of the central axis, will aid
in lining up with the side lasers.

8.7.3 Shielding of Reproductive Organs

Of the normal tissues, the testes are the most sensitive to
low-dose fractionated radiation. A total dose of 3-3.5 Gy
may result in sterility in over 50% of patients. Thus, the
3% received from the primary beam through the block
may significantly add to the scattered dose and bring the
total dose into this range. This is of importance in
patients receiving external iliac, inguinal, and femoral
irradiation where the testes are within the radiation field
borders but under the block. One way to reduce the pri-
mary beam dose to the testes is to utilize both the tem-
plated blocks and the multileaf collimators. This should
provide 10 half layers of protection and reduce the pri-
mary dose component to 0.01% of the total dose.

The testicles may be shielded from internally scat-
tered radiation by using a special clamshell-like tes-
ticular shield [33]. It is important that the testicles are
positioned behind the front wall of the shield. These
shields will provide a three- to tenfold reduction in
scatter dose to the testes. Loss of fertility is also sig-
nificantly reduced by limiting the radiation field to one

side of the pelvis. With bilateral pelvic nodal irradia-
tion, the internal scatter component increases greatly.
Monitoring testicular radiation dose during treatment
using a thermoluminescent dosimeter (TLD) is possi-
ble and patients at risk should be counseled and encour-
aged to undergo sperm banking prior to radiation and
preferably prior to starting chemotherapy.

Normally, the ovaries lie just medial to the external
iliac nodes and would be within a standard pelvic radi-
ation field. The tolerance of the ovaries to radiation is
well below the doses employed for lymphoma. If pres-
ervation of ovarian function, including fertility, is
desired, the ovaries must be transposed to a location
outside the primary radiation beam, or to a location
over which sufficient secondary shielding can be pro-
vided to prevent ovarian ablation. Surgical transposi-
tion or oophoropexy may be accomplished through a
laparoscopic procedure. Careful coordination between
surgeon and radiation oncologist is required so that the
surgeon understands exactly where the ovaries must be
placed, marks them with radio-opaque clips, and takes
radiographs at the time of surgery on the operating room
table to ensure that the placement is correct. With unilat-
eral pelvic irradiation, one ovary should remain outside
of the field and should have normal function. In many
patients with lymphoma, the age at onset is beyond
childbearing age. In the young patient receiving whole
pelvic irradiation, transposition of the ovaries is the only
way to preserve hormonal function and fertility.

Ovarian dose is affected by scattered radiation gen-
erated within the treatment field as well as primary
transmission through the block. A number of technical
factors can affect the dose delivered to the ovaries
including the field size and distance of the ovaries from
the edge of the field. Combined modality therapy can
be used to reduce the treatment field size so that
involved field radiation may be considered.

8.7.4 Treatment Verification
and Documentation

A number of studies have documented difficulty with
accurate daily delivery of treatment [34, 35]. With the
frequent use of imaging films, which document the
volume of tissue actually exposed to radiation during a
treatment, it is clear that both systematic errors and
random errors may occur. Systematic errors result
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from a flawed simulation, perhaps because the patient
was tense and later relaxed on the actual treatment
table or because the initial simulation position was
uncomfortable and not sustainable [34]. Typically, sys-
tematic errors can be identified with an imaging film
on the first day of treatment. Random errors are related
to poor positioning of the patient or shielding blocks in
daily treatment setups. The use of better positioning
tools such as immobilization devices and lasers have
aided in securing more accurate setups, and the use of
frequent imaging films has focused attention on accu-
racy and identified systematic problems [35].

8.7.5 Quality Control

Quality control and assurance is critical to the interpre-
tation of clinical trial results and ensuring uniformly
optimal patient care. The quality of radiation treatment
depends on the successful completion of each of the
following steps.

1. Identification of sites of involvement and sites at sig-
nificant risk for microscopic disease. This requires
an ability to perform an accurate and complete phys-
ical examination, to interpret the diagnostic images
used in staging, and to understand the regions at risk
and patterns of spread of HL.

2. Selection and design of treatment fields that will
adequately cover all areas requiring treatment and
adequately spare normal tissues.

3. Prescription of the optimal dose for disease control
and normal tissue preservation.

4. Meticulous delivery of the treatment plan.

Proper execution of each these steps is important in
ensuring the quality and success of overall treatment.
Quality control programs for radiation treatment in HL
have been established by European cooperative groups.
In the EORTC HS protocol, a quality control program
for verification of radiation technical files was imple-
mented. Among 161 files reviewed, major deviations
in radiation volumes and dose were observed in 13.6
and 39.7% of the cases, respectively [22]. The number
of major deviations was felt to justify such a radiation
quality control program. In the GHSG HD#4 trial [36],
all planning and verification films as well as dose
charts were prospectively reviewed. Cases with proto-
col violations were found to have a significantly lower

5-year FFTF (70 vs. 82%, p<0.04), illustrating the
importance of quality assurance. Ongoing cooperative
trials on non-Hodgkin lymphoma treatment may pro-
vide an opportunity to collect similar data. The GHSG
has established a special central pretreatment review
mechanism to ensure adequate field selection to
improve the quality of RT in the large number of cen-
ters participating in the group studies.

The Patterns of Care Studies in the United States have
reported extensively on Hodgkin disease. The results
demonstrated that patients with adequate portal margins
had significantly fewer in-field or marginal recurrences,
or relapses of any type [37, 38]. Furthermore, the expe-
rience of the treating radiation oncologists, use of a dedi-
cated simulator, performance of routine port films to
ensure set-up accuracies, use of individually shaped
blocks, linear accelerators and extended-field treatments
were all associated with an improved treatment outcome
[37-39].

8.8 Dose Considerations
and Recommendations

Although doses in the range of 4044 Gy were at one
time recommended for the definitive treatment of
patients with HL, these recommendations have been
modified over time, especially in the context of com-
bined modality therapy or the treatment of patients with
LPHL.

Clinical factors likely to impact disease control
include tumor size, use of chemotherapy, disease extent,
and technical considerations related to field design, and
accuracy of patient setup. The radiation dose is typi-
cally delivered in 1.8-2.0 Gy fractions. If significant
portions of lung or heart are included, the dose per frac-
tion can be reduced to 1.5 Gy. The available data indi-
cate that the choice of fractionation is not critical for
tumor control, and that a schedule with minimal risk of
damage to normal structures should be selected [40].

The GHSG evaluated dose in patients with stage IA
to IIB disease without risk factors in a randomized trial
of 40 Gy extended-field radiation alone vs. 30 Gy
extended-field radiation with a boost of 10 Gy to the
involved site of disease [36, 41]. There was no signifi-
cant difference in outcome between the two arms of
the study indicating that 30 Gy is sufficient for clini-
cally uninvolved areas when RT is used alone. The
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optimum dose for clinically involved sites of disease
with radiotherapy alone has not been tested in a ran-
domized trial.

More relevant to current practice is the determination
of the adequate radiation dose after treatment with che-
motherapy. In many early studies, radiation doses were
kept at ~40 Gy even after achieving a CR to chemother-
apy; others reduced the dose in the combined modality
setting to 20-24 Gy with excellent overall results [42].
Studies of combined modality in advanced stage also
used reduced doses of RT for patients who achieved a
CR to chemotherapy and higher doses (~30 Gy) for
patients in PR [22].The pediatric groups addressing the
concern of radiation effects on skeletal and muscular
development also effectively reduced the dose of RT
after combination chemotherapy to 21-24 Gy [43].

Several recent studies addressed the adequacy of
low IFRT dose following chemotherapy. A study con-
ducted by the EORTC/GELA [44] randomized patients
with favorable early-stage HL to 36, 20, or 0 Gy IFRT
after achieving a CR to six cycles of EBVP. Because
an excessive number of relapses occurred in the no-RT
arm, this arm was closed early. There was no differ-
ence in EFS at 4 years between patients receiving IFRT
36 (87%) vs. 20 Gy (84%).

A recent GHSG randomized study (HD 10) addressed
the radiation dose question after short-course chemo-
therapy. Patients with favorable stage I-II were random-
ized to receive either 4 or only 2 cycles of ABVD
followed by either IFRT of 30 or 20 Gy. At a median
follow-up of 7 years, there was no difference in FFTF
between the four arms. FFTF at 5 years was 93.4% in
patients treated with 30 Gy (91.0-95.2%) and 92.9% in
those receiving 20 Gy (90.4-94.8%). These results,
taken together with the better tolerability and the lack of
inferiority in secondary efficacy endpoints, lead to the
conclusion that 20 Gy IFRT, when combined with even
only two cycles of ABVD, is equally effective to 30 Gy
IFRT in this very favorable group of patients [14]. The
GHSG HDI11 study targeted patients with unfavorable
early-stage and randomized them to either ABVDX4 or
BEACOPPX4, either program was followed by either
20 or 30 Gy to the involved field. Five-year FFTF and
OS for all patients were 85 and 94.5%, respectively.
There was no difference in FFTF when BEACOPPX4
was followed by either 30 or 20 Gy and similar excel-
lent results were obtained with ABVDX4 and IFRT of
30 Gy. Patients who received ABVDX4 and only 20 Gy
had FFTF that was lower by 4%. OS was similar in all

treatment groups [15]. These results suggest that 30 Gy
should remain the standard IFRT dose following ABVD
in unfavorable early-stage HL [15].

8.8.1 The Significance of Reducing
the Radiation Dose

Recent studies clearly indicate that the risk of secondary
solid tumor induction is radiation dose-related. This was
carefully analyzed for secondary breast and lung can-
cers as well as for other tumors [45-49]. While it will
take more years of careful follow-up of patients in ran-
domized studies to display the full magnitude of risk
tapering by current reduction of radiation field and dose,
recent data suggest that this likely to be the case. In a
recent Duke University study, two groups of patients
with early-stage HL were treated with different radiation
approaches over the same period. One group received
radiotherapy alone, given to extended fields with a
median dose of 38 Gy; the second group received che-
motherapy followed by involved-field low-dose (median
of 25 Gy) radiotherapy. While 12 patients developed
second tumors in the first group and 8 of them died, no
second tumors were detected in the second group. The
median follow-up was 11.7 and 8.1 years, respectively
[50] Similar observations with an even longer follow-up
were made by the Yale group [51]. In a study that used
data-based radiobiological modeling to predict the radi-
ation-induced second cancer risk, lowering the dose
from 35 to 20 Gy and reducing the extended field to
IFRT reduced lung cancer risk and breast cancer risk by
57 and 77%, respectively [45].

8.8.2 Dose Recommendations

Radiation alone (as primary treatment for LPHL)
Clinically involved sites: 30-36 Gy
Clinically uninvolved sites: 30 Gy
Radiation alone (as primary treatment for cHL
[uncommon])
Clinically involved sites: 36-40 Gy
Clinically uninvolved sites: 30 Gy
Radiation following chemotherapy in a combined
modality program
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Patients in CR after chemotherapy: 20-30 Gy
Most guidelines recommend 30 Gy (for adults)
until lower dose (20 Gy) data mature
For pediatric or adolescent patients: 21-24 Gy
In some programs of short chemotherapy for bulky
or advanced-stage disease (e.g., Stanford V), the
recommended RT dose is 36 Gy

Patients in PR after chemotherapy: 30-40 Gy

8.9 New Aspects of Radiation
Field Design and Delivery

The abandonment of large-field irradiation for most
patients with HL permits the use of more conformal
RT fields and introduction of other innovative RT
techniques.

The change in the lymphoma radiotherapy paradigm
coincided with substantial improvement in imaging and
treatment planning technology that have revolutionized
the field of radiotherapy. The integration of fast high-
resolution computerized tomography into the simula-
tion and planning systems of radiation oncology has
changed how treatment volumes and relationship to
normal critical structures are determined and planned.
In the recent past, tumor volume determinations were
made with fluoroscopy-based simulators that produced
often poor quality imaging requiring wide “safety mar-
gins” that detracted from accuracy and sparing of critical
organs. Most modern simulators are in fact high-resolu-
tion CT scanners with software programs that allow
accurate conformal treatment planning and provide
detailed information on the dose volume delivered to
normal structures within the treatment field and the
homogeneity of dose delivered to the target. More
recently, these simulators are integrated also with a PET
scanner that provides additional tumor volume infor-
mation for consideration during radiation planning.

Intensity-modulated radiotherapy (IMRT) is the most
advanced planning and radiation delivery mode and is
mainly used for small volume cancers that require high
radiation doses (e.g., prostate and head neck cancers) or
are adjacent to critical organs. IMRT allows for accu-
rately enveloping the tumor with either a homogenous
radiation dose (“‘sculpting”) or delivering higher doses to
predetermined areas in the tumor volume (“painting”).
The end result of this new modality is highly accurate
treatment with maximal sparing of normal tissues. In the

radiotherapy of lymphoma, there are several clinical sit-
uations where IMRT provides a benefit: treatment of
very large or complicated tumor volumes in the medi-
astinum and abdomen, and head and neck lymphomas.
IMRT also allows re-irradiation of sites prior to high-
dose salvage programs that otherwise will be prohibited
by normal tissue tolerance, particularly of the spinal cord
[52] (Figs. 8.10a—d and 8.11a—).

8.10 Common Side Effects and
Supportive Care During
Radiotherapy

Side effects of radiotherapy depend on the irradiated
volume, dose administered, and technique employed.
They are also influenced by the extent and type of prior
chemotherapy, if any, and by the patient’s age. Most of
the information that we use today to estimate risk of
radiotherapy is derived from strategies that used radia-
tion alone. The field size and configuration, doses, and
technology have all drastically changed over the last
decade. It is thus misleading to judge current radio-
therapy for HL, and inform patients on risks of radio-
therapy using information of past radiotherapy that is
no longer practiced.

It is of interest that most of the data of long-term
complications associated with radiotherapy and par-
ticularly second solid tumors and coronary heart dis-
ease were reported from databases of patients with HL
treated more than 25 years ago. It is also important to
note that we have very limited long-term follow-up
data on patients with HL who were treated with che-
motherapy alone.

8.10.1 Acute Effects

Radiation, in general, may cause fatigue and areas of
the irradiated skin may develop mild sun-exposure-
like dermatitis. The acute side effects of irradiating
the full neck include mouth, dryness, change in taste,
and pharyngitis. With the doses currently employed
in HL, these side effects are usually mild and tran-
sient. The main potential side effects of subdiaphrag-
matic irradiation are loss of appetite, nausea, and
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Fig.8.10 (a) CT-MR fusion
for target localization of HL
involving the mediastinum
and right chest wall. CTV
clinical treatment volume;
PTV planning treatment
volume. (b, ¢) Treatment
plans comparing AP/PA,
3D-CRT, and IMRT. PTV
planning treatment volume;
AP/PA opposed anterior and
posterior fields; 3SDCRT
3-dimensional conformal
radiotherapy; IMRT:
intensity-modulated
radiotherapy. (d) Comparison
of lung complication
probability of different plans
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Fig.8.10 (continued)
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increased bowel movements. These reactions are
usually mild and can be minimized with standard
antiemetic medications.

Irradiation of more than one field, particularly after
chemotherapy, can cause myelosuppression, which
may necessitate short treatment interruption and very
rarely administration of G-CSF, erythropoietin-type
drugs, or platelet transfusion.

8.10.2 Early Side Effects

Lhermitte’s sign: Less than 5% of patients may note an
electric shock sensation radiating down the backs of

0 1,000 2,000 3,000 4,000 5,000

both legs when the head is flexed (Lhermitte’s sign) 6
weeks to 3 months after mantle-field radiotherapy.
Possibly secondary to transient demyelinization of the
spinal cord, Lhermitte’s sign resolves spontaneously
after a few months and is not associated with late or
permanent spinal cord damage.

Pneumonitis and pericarditis: During the same
period, radiation pneumonitis and/or acute pericarditis
may occur in <5% of patients; these side effects occur
more often in those who have extensive mediastinal
disease. Both inflammatory processes have become
rare with modern radiation techniques.

The consideration and discussion of radiotherapy and
chemotherapy potential late side effects and complica-
tions is of prime importance and is detailed in Chap. 20.



136

J. Yahalom and R.T. Hoppe

Fig.8.11 (a) Use of IMRT
for re-irradiation of a patient
relapsing after ABVD and
mantle field irradiation to

36 Gy. (b, ¢) Treatment
planning options for
re-irradiation. AP/PA opposed
anterior and posterior fields;
3DCRT 3-dimensional
conformal radiotherapy;
IMRT intensity-modulated
radiotherapy

8.10.3 Supportive Care
During Treatment

It is important to prepare the patient to the potential
side effects, and many organizations and cancer cen-
ters also provide written patient information

Post-chemotherapy a

regarding radiotherapy of lymphomas. Since some
level of mouth dryness is often associated with radio-
therapy that involves the upper neck and/or lower
mandible and mouth attention to dental care is
advised. If dryness is a concern, it is advised to
arrange for an expert dental appointment for overall
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dental evaluation and consideration of mouth guards
(from scatter) and/or supplemental fluoride treatment
during and after radiotherapy.

Soreness of the throat and mild to moderate diffi-
culty of swallowing solid and dry food may also occur
during neck irradiation, with onset at a dose of ~20 Gy.
These side effects are almost always mild, self-limited,
and subside shortly after completion of radiotherapy.
Skin care with and use of sun screen is advised for all
patients undergoing radiotherapy. Temporary hair loss

is expected in irradiated areas and recovery is observed
after several months.

We normally recommend a first post-RT follow-up
visit 6 weeks after the end of treatment and obtain
post-RT baseline blood count, standard biochemistry
tests, as well as TSH levels and lipid profile (if appli-
cable) at that visit. Follow-up imaging studies normally
commence 3 months after completion of treatment.
Other follow-up studies are included in the NCCN
guidelines for HL [9].
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therapy, at least a decade in advance of chemotherapy in
its application. Vera Peters showed the curability of
localized HL using fractionated and high-dose radiation
therapy [1]. The first cure of a disseminated malignancy
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was claimed in 1963 for radiotherapy in HL. Easson and
Russel reported their cure of a series of patients, includ-
ing some with advanced disease, with extensive irradia-
tion [2]. This early success gave rise to endeavor across
several areas in the succeeding decades, based upon the
need for rigorous determination of the anatomy in order
to guide the radiotherapy fields. Controlled trials were
launched from the early 1960s in the prospect that cure
would become possible if the treated areas encompassed
not only all nodal and visceral areas known to be
involved, but also adjacent fields, free of macroscopic
disease, but already with microscopic disease [3].

As early as 1942, four patients with HL were treated
with nitrogen mustard by Wilkinson and Fletcher at
Manchester Royal Infirmary, although a military
embargo prevented the dissemination of this informa-
tion [4]. Similar considerations applied to the bombing
of the ship “USS Liberty” on December 3, 1943 in
Bari, and the hematological consequences of a nitro-
gen mustard gas leak among the survivors. Cornelius
Rhoads, an American cancer researcher, was involved
in their care and understood from his observations of
the effects on the bone marrow that nitrogen mustard
derivatives might be effective against lymphoid and
hematological malignancies [5, 6]. In 1958, another
alkylating agent, cyclophosphamide, proved effective
in non-HL [7]. Shortly after this, vinblastine was first
shown to be an effective drug in HL, as was vincris-
tine. Although encouraging, the early results of che-
motherapy were modest, with most responses short
lived after corticosteroids, alkylating, and spindle cell
agents [8—10] There was a prevalent view that only
extensive irradiation could yield full cures [11, 12].

One of the first modern randomized studies was the
EORTC H1 trial, which investigated whether “adjuvant”
chemotherapy (weekly vinblastine for 2 years) could
improve the results over radiotherapy alone [13]. A dura-
ble advantage was seen in the chemotherapy arm for
relapse-free survival (at 15 years 60% vs. 38%, p<0.001),
although more than 50% of patients with mixed cellular-
ity histology developed recurrences [14]. To reduce the
relapse rate, irradiation was extended to infradiaphrag-
matic nodal and spleen areas. Single-agent or doublet
chemotherapy was added after radiotherapy, but no imme-
diate attempt was made to use polychemotherapy, based
upon the idea that the cure rate would depend upon the
adequacy of irradiation [15, 16]. Two factors gradually
undermined the dominance of strict pathological delinea-
tion and extensive irradiation as the basis of curative

therapy in HL: The advent of accurate cross-sectional
imaging by computed tomographic (CT) scanning and the
recognition that relapses after irradiation alone had mini-
mal impact on survival owing to the efficacy of salvage
chemotherapy [17]. With the development of 4-drug com-
bination therapy, which for the first time resulted in cures
for advanced HL without the need for irradiation, the tran-
sition to systemic therapy began in earnest.

9.2 Chemotherapy Applied
to Advanced Stage HL:
Theories and Practice

9.2.1 Classes of Active
Classical Agents in HL

Almost every class of chemotherapy drug has been shown
to have some efficacy in HL, with the possible exception
of the antimetabolite drugs such as 5-fluorouracil [18].
The original combination treatments were based upon
the evidence of single-agent activity among alkylating
agents, vinca alkaloids, corticosteroids, and the hydrala-
zine monoamine oxidase inhibitor, procarbazine. All of
these produced response rates of over 50% when used
singly in patients not previously exposed to multiagent
chemotherapy (Table 9.1). Later entrants to this field
included the antibiotic drugs doxorubicin and bleomycin,
the nitrosoureas and dacarbazine, and the podophyllotox-
ins, all of which showed appreciable single-agent activity
after prior combination regimens. More recently, newer
cytotoxics such as gemcitabine have been introduced,
often in combination with platinum drugs, and found to
produce significant response rates in recurrent disease.

It is clear that HL is broadly sensitive to phase-spe-
cific, cycle-specific, and noncycle-specific agents,
although it is less clear whether this is a feature of the
malignant cells themselves or their associated inflamma-
tory infiltrate, which may be critical to sustaining them.
The development of combination therapies has been
based mainly upon the use of agents with nonoverlapping
toxicity as far as possible, and as cure rates have risen, the
emphasis has fallen increasingly upon avoiding long-
term side effects. The most important among these are
infertility and myelodysplasia (MDS), mainly caused by
the alkylating agents; pulmonary fibrosis caused by bleo-
mycin and nitrosoureas, and cardiomyopathy related to
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Table 9.1 Single-agent activity of cytotoxic drugs in Hodgkin
lymphoma (HL) [18]

Drug Overall Complete
response rate (%)  response
rate (%)

Single agents tested before combination chemotherapy
Alkylating agents

Chlorambucil 61 16
Mustine 63 13
Cyclophosphamide 54 12

Vinca alkaloids

Vinblastine 68 30

Vincristine 60 36
Agents mainly tested after prior multiagent therapy
Dacarbazine 56 6
Nitrosoureas

Carmustine 44 5

Lomustine 48 12
Antibiotics

Doxorubicin 30 5

Bleomycin 38 6
Podophyllotoxin

Etoposide 27 6
Antimetabolite

Gemcitabine 22 0

anthracyclines, a risk increased by the concomitant use of
mediastinal radiotherapy.

9.2.2 Polychemotherapy: Models
and Comparative Clinical Studies

9.2.2.1 The Skipper and Schabel L1210 Model

One of the earliest models to influence the design of che-
motherapy treatments was the L1210 leukemia in mice
studied by Skipper and Schabel: repeated administrations
of a single effective drug result in a proportionally identi-
cal tumor cell kill with each treatment, so that if the cells
proliferate with a constant tumor doubling time, cure can
be obtained and time to cure can be predicted by knowing

the initial tumor burden and the proportion of cells killed
for a given dose and interval[19, 20]. Conversely, if death
will occur when reaching a specific number of malignant
cells, there is a predictable likelihood of death based upon
initial cell dose and treatment: “The cardinal rule of che-
motherapy, the invariable inverse relationship between cell
number and curability.” Unfortunately, human tumors are
far more complex than the L1210, the model confounded
by the presence of resting stem cells, variable growth fac-
tors, and apoptosis along the tumor course, together with
tumor cell heterogeneity, putting the cure of advanced HL
beyond the reach of single chemotherapy agents, with
inevitable relapse even after complete remission has been
achieved [21, 22].

9.2.2.2 MOPP and Derivatives

Combination chemotherapy was first attempted clini-
cally in childhood acute lymphoblastic leukemia by
Jean Bernard [23] who designed two doublets of corti-
sone — methotrexate and prednisone — vincristine, at
the same time as pursuing work on chemotherapy for
HL. Later at the NCI, Freirich, Frei, and Katon added
6-mercaptopurine into the more effective VAMP regi-
men [8]. This led on to MOMP (cyclophosphamide,
vincristine, methotrexate, and prednisone), and MOPP
(mechlorethamine, vincristine, procarbazine, predni-
sone), developed by DeVita and Carbone at the NCI
[24, 25]. Some of the critical features of success were:
prolonged treatment (6 months, more than any other
regimen at the time), use of each drug at “optimal”
dose and schedule with a sliding scale for dose adjust-
ment according to marrow suppression, an interval of 2
weeks for recovery of normal tissue (marrow, GI epi-
thelium), hopefully before HL recovery, and treatment
with curative intent rather than palliation. MOPP pro-
vided an 80% response rate, and long-term disease-free
and overall survival (OS) of almost 50 and 40%,
respectively [26]. The results have held up, and the
20-year analysis confirmed among 198 patients a CR
rate of 81%, induction failures of 19%, relapses 36%,
and deaths 54%. Of the 106 deaths, 30 occurred in
patients free of disease; among the 92 patients who sur-
vived (46%), only two had persistent HL [27]. These
results have been reconfirmed in subsequent trials
(Table 9.3) [28-31]. Although the rise in cures from
HL can be ascribed to multiple advances and not just
the introduction of effective chemotherapy, the 1970
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report convinced almost all groups treating HL to
accept the inclusion of polychemotherapy (MOPP or
MOPP derivatives) in the treatment strategy for local-
ized as well as advanced disease. In almost all instances
where a combined treatment was compared to irradia-
tion alone, whether patients were staged or not with
laparotomy, an advantage in terms of response, disease-
and relapse-free survival was observed when MOPP or
a MOPP-derived chemotherapy was used [32].

Analysis of the results with MOPP has proven a
fruitful source of information to design and interpret
future studies. Thus, complete response was seen to be
a prerequisite for sustained remission, and a high per-
centage of complete responses were correlated with
higher survival rates. Capping the vincristine dose at
2 mg may have been detrimental to the results. Patient
and initial disease characteristics were good predictors
of outcome, with confirmation of the adverse prognostic
significance of systemic “B” symptoms. Maintenance
treatment with intermittent MOPP or carmustine did not
appear beneficial [33]. In patients treated previously
by irradiation and chemotherapy, MOPP was less well-
tolerated and less effective [34]. Conversely, retreatment
in relapsed patients but with initial remission lasting
over a year proved efficient again [35]. Chemotherapy
has detrimental consequences in terms of carcinoge-
nicity with second acute myeloid leukemia [36, 37].
Chemotherapy is responsible for impaired fertility in
both men and women [38]. Immunosuppression related
to the treatment, or to the underlying disease, brings
risks of different types. (Pneumocystis Pneumonia diag-
nosed and cured for the first time) [39].

There were many attempts to improve upon the
results. The three best known MOPP-derived regimens
have been MVPP, with vinblastine instead of vincris-
tine, ChlVPP, and COPP, with an additional substitu-
tion of mechlorethamine, replaced by chlorambucil or
cyclophosphamide (Tables 9.2 and 9.3). These alterna-
tives have never undergone direct comparison, and his-
torical controls are difficult to interpret. In addition,
the proportion of patients who have been irradiated
varies considerably among series. For example in the
NCI series, 32/198 patients had been irradiated prior to
MOPP and 28/198 patients received TNI “to prevent
recurrent disease in previously involved nodes” as con-
solidation after chemotherapy. MVPP, devised in Great
Britain, proved easier to handle than MOPP (with less
constipation and neurological toxicity), but was slightly
more hematotoxic [40-42]. ChlVPP appeared more

patient-friendly with minimal nausea/vomiting, con-
stipation or neurologic toxicity, limited hematotoxic-
ity, and the number cycles adapted to the response: a
maximum five beyond CR. The 66% OS rate in
advanced HL could be compared to mustine-contain-
ing regimens, at lower toxic cost, for all of these acute
toxicities, except myelosuppression [43, 44]. COPP is
less hematotoxic than MOPP and often used in chil-
dren [45].

9.2.2.3 ABVD and Derivatives

The ABVD regimen was built just 10 years after MOPP
started, in 1973, on intravenous-only administration at
fixed 2-week intervals. Like MOPP, ABVD was a
combination of hematotoxic and neurotoxic drugs.
Two, doxorubicin and vinblastine, had been shown
highly effective in HL. The results with dacarbazine
were numerous, but possibly less convincing, and
bleomycin was also felt to have considerable potential
[13, 21, 46-48]. By comparison to MOPP, hematotox-
icity after ABVD was predictable, noncumulative, and
milder as a result of the intravenous dosing and short
intervals. Further, ABVD was far less neurotoxic.
Bonadonna developed ABVD at the Milan NCI with a
vision: “to compare the efficacy of ABVD with MOPP,
and to demonstrate absence of cross-resistance
between the two regimens” [49]. The results of MOPP
were well-established and the potential of ABVD in
terms of “alternative to MOPP to be used either in
MOPP failures or in sequential combination with
MOPP” was clearly in the mind of the authors, based
on these very early results achieved in 45 patients. No
significant cardiac toxicity was seen in this first series,
probably because of the relatively small cumulative
dose of doxorubicin (6 cycles=300 mg/m?), the short
follow-up, and the small numbers. Conversely, bleo-
mycin pulmonary toxicity was apparent from the out-
set, while the effects upon fertility were initially
overestimated through short observation which did not
take into account the reversal of temporary amenor-
rhoea in some women.

It took a surprisingly long time for ABVD to be
accepted as a standard of care and it was initially con-
sidered only as a salvage treatment in MOPP failures.
However, the Milan group undertook a larger trial, com-
paring MOPP and ABVD directly in patients with stage
IIB, IIIA, and IIIB HL. In 232 patients, a combined
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Table 9.2 Chemotherapy regimens designed for advanced HL

= BEACOPP baseline q.21d
Drugs Dose (mg/m*) Route  Schedule Bleomycin TOR2 ™ d8
4-Drug regimens Etoposide 100 iv. di1-3
MOPP q.28d . .
D b 25 V. dl
Mechlorethamine 6 iv. dl and 8 OXOTUPICTR . %V
R X Cyclophosphamide 650 i.v. dl
Vincristine 1.4 (cap iV. dl and 8 . .
i) Vincristine 1.4 (cap 2 mg) i.v. d8
Procarbazine 100 p-o. dl-14 ll;ro;arlbalzme ‘1180 p-0- j}_z 4
Prednisolone 40 p.o. di-14 redmsoione p-0- B
MVPP q.42d Escalated regimens
Mechlorethamine 6 iv. dl and 8 Escalated B,EACOPP . . q.28d
. . . Bleomycin 10 iu/m? iv. ds
Vinblastine 6 (cap 1.v. dl and 8 8 K
10 mg) Etoposide 200 iv. d1-3
Procarbazine 100 p.o. di-14 Dy ol . = L. @l
Prednisolone 40 p-o. dl-14 C?fclgp hosp bamide 1,250 1v dl
Vincristine 1.4 (cap 2 mg) i.v. d8
ChlVPP q.28d Procarbazine 100 p-o. d1-7
Chlorambucil 6 (cap p-o. di-14 Prednisolone 40 p.o. d1-14
10 mg) G-CSF s.c. ds-14
Vinblastine 6 (cap iv. dl and 8
10 mg) BEACOPP-14 q.14d
Procarbazine 100 p-o. di-14 Bleomycin 10 iu/m? LY. dg8
Prednisolone 40 p.o. d1-14 Etoposide 100 LV. di-3
Doxorubicin 25 LV. dl
COPP . . q-28d Cyclophosphamide 650 iv. dl
Cyclophosphamide 650 iv. dl and 8 Viigrine 14 (cap2 mg) i.v. d8
Vinblasti 6 i dl and 8 p=me
mn astm.e LV an Procarbazine 100 p.o. d1-7
Procar‘bazme o p-o. el=l Prednisolone 80 p.o. d1-7
Prednisolone 40 p.o. di-14 G-CSF aG ds—13
AL . . q. 284 Weekly regimens
Doxorubicin 25 iv. dl and 15 Stanford V i
Bleomycin 10 iu/m? Lv. dl and 15 cycle
Minbiastine 6 Ly, Al Lo Doxorubicin 25 iv. dl and 15
Dacarbazine 375 iv. dl and 15 Viiblsiine 6 i dl and 15
Hybrid regimens Mechlorethamine 6 iv. d1
MOPP/ABV q.28d Vincristine 1.4 (cap 2 mg) i.v. d8 and 22
Mechlorethamine 6 iv. d1 Bleomycin 5 iu/m? iv. d8 and 22
Vincristine 14 iv. d1 Etoposide 60 Lv. d15 and
Procarbazine 100 p-o. d1-7 ) 16‘
Biadifselloie 40 p.o. dl-14 Prednisolone 40 p-o. daily to
Doxorubicin 35 iv. ds8 meek 10
Bleomycin 10 Iu/m? iv. ds en tapet
Vinblastine 6 1LV. d8 VAPEC-B 4-week-
cycle
Chng/E‘l:A . 6 (can 10 3'1 23 d Doxorubicin 35 iv. dl and 15
vi orambuct | icap 2mg) p-0- o Cyclophosphamide 350 iv. dl
P“’C“s;m? o0 EEp2me) i o Etoposide 75-100 iv. d15-20
Erocar szme 75 p-0- d1_5 Vincristine 1.4 (cap 2 mg) i.v. d8 and 22
toposide p-0: B Bleomycin 10 iv. d8 and 22
Prednisolone 50 p-o d1-7 i
D bici 50 T ds Prednisolone 50 p-o. daily to
oxorubicin iv.
week 6
Vinblastine 6 (cap 10 mg) i.v. d8 then taper
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Table 9.3 Summary results of combination chemotherapy regimens used in first-line therapy of advanced HL

Regimen % CR
MOPP [26-29, 51] 67-81
MVPP [42, 57, 126] 72-76
ChlVPP [43, 127] 57-74
ABVD [28, 59, 60, 77, 78, 85, 86] 68-92
MOPP/ABVD alternating [28, 53, 128] 83-92
COPP/ABVD alternating [58, 72, 73] 85
MOPP/ABYV hybrid [55, 56, 59, 128] 80-88
Stanford V [75-78] 72-91
VAPEC-B [79] 47
ChlVPP/EVA [60, 79] 67
BEACOPP baseline [72, 73] 88
Escalated BEACOPP [72, 73] 81-96

% EFS (5 years) % OS (5 years) % OS (=7 years)

40-60 65-73 51-70
60 65-75

55-60 66 65
61-80 73-90 77
65-70 75-84 74
69 83 75
66-75 76-83 72
54-94 82-96

62 79

82-84 89

76 88 80
87 91 86

modality approach of three cycles before and after
extensive irradiation yielded an 80.7% CR rate after
MOPP/radiotherapy and 92.4% after ABVD/radio-
therapy (p<0.02). At 7-year follow-up, ABVD sur-
passed MOPP for FFP (80.8% vs. 62.8%; p<0.002),
RFS (87.7% vs. 77.2%; p=0.06), and OS (77.4% vs.
67.9%; p=0.03). With longer follow-up, the disadvan-
tages of MOPP in terms of fertility damage and second
MDS/leukemia were more apparent.

Currently, ABVD is considered by most investiga-
tors as the standard chemotherapy for most patients
with HL, with the possible exception of high-risk
patients with advanced disease and poor prognostic
features. Reasons to avoid ABVD relate to previous
lung impairment and decreased left ventricular ejec-
tion fraction. Hematological toxicity is usually mild
and ABVD may be delivered safely at full dose and on
schedule, to a nonselected average population of adult
patients without the need to modify doses in the pres-
ence of neutropenia [50].

9.2.2.4 Alternating and Hybrid Regimens

Although the study of drug resistance mechanisms and
mathematical modeling was widely pursued during the
1970s, the first alternating regimen emerged from the
plan by Bonadonna to use the ABVD regimen together
with MOPP as a means to test it in initial therapy [51].
This was based on the observation of a higher salvage

rate with ABVD than with MOPP in patients previ-
ously treated with MOPP, and the deduction that
ABVD could be “non-cross resistant” with MOPP.
By contrast with the pragmatic testing of alternating
regimens, hybrid regimens had their origins in a more
scientific approach, being designed to circumvent
innate and acquired mechanisms of resistance as
modeled by [52].

MOPP/ABVD Alternating Therapy

ABVD (with irradiation) had yielded good results when
compared to MOPP. Despite the small numbers of
patients studied, a study comparing MOPP alone with a
monthly alternation of MOPP and ABVD was consid-
ered the logical next move. The originators felt no need
for a large study, nor a long follow-up, because the first
results were quite convincing and appeared rapidly. At
5 years, MOPP-ABVD alternation, compared to MOPP
alone, yielded a superior CR rate (92 vs. 71%; p=0.02),
FFP (70 vs. 37%; p<0.0001), and disease-free survival
(84 vs. 54%; p<0.005) [51-53].

It took more than 20 years to confirm the superiority
of MOPP/ABVD over MOPP [28, 54]. There are sev-
eral reasons for this: the original studies were small and
lacked follow-up by comparison to the extensive evi-
dence base for MOPP; ABVD, with bleomycin and
without corticosteroids, was considered more toxic than
MOPP when combined with irradiation, especially to
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the mediastinum; and the biological rationale behind the
superiority of the alternating regimen was not clearly
understood. This critical question was investigated by
the CALGB through the addition of a third arm, ABVD
alone, and by the SFOP in children. In neither study did
the alternating regimen prove superior to ABVD alone,
suggesting that it is the superiority of ABVD over MOPP
which is the key determinant of outcome, rather than the
use of multiple chemotherapy drugs. This hypothesis is
supported by the design of the CALGB trial where an
unbalanced number of cycles (12 MOPP/ABVD vs. 6
ABVD) should favor the alternating arm. If Bonadonna’s
initial results demonstrating the superiority of ABVD
over MOPP had been widely accepted, despite the small
numbers, the next logical trial would have been to test
ABVD vs. MOPP/ABVD, which could have saved 20
years of studies. In the event, alternating MOPP and
ABVD was considered a good compromise of old and
new and served as the regimen to test against MOPP, at
least in Europe [31].

The Goldie and Coldman Model
and the “Hybrid” Regimens

Goldie and Coldman described the relationship between
tumor drug sensitivity and spontaneous mutation rates.
This mathematical model was the rationale for the devel-
opment of “hybrid” regimens, which introduced many
different drugs with different mechanisms of action,
early in the course of treatment and with a rapidly
cycling schedule, to erase preexisting resistance to one
or the other drug [52]. The MOPP/ABYV hybrid regimen
and the similar ChlVPP/EVA were widely used for over
two decades [55-57]. Several features explain this: a
high and durable complete response rate, the short dura-
tion of the program by comparison to alternating thera-
pies, the overall decrease in the cumulative doses of
doxorubicin and mechlorethamine, and less extensive
irradiation required for residual disease.

Unfortunately, although theoretically attractive, this
concept did not bring any advantage compared to con-
ventional 4-drug or alternating regimens. In the GHSG
HD6 trial, HL control was similar with the hybrid
COPP/ABV/IMEP and alternating COPP/ABVD, with
more toxicity in the hybrid [58]. Two later trials,
designed to test the benefit of the early introduction of
all drugs in a rotating fashion, actually favored ABVD
in that the control of lymphoma was the same, but the

toxicity more severe with the hybrid regimens [59, 60].
Both the intergroup and the UK studies reported simi-
lar findings, with a hazard ratio of 10.5 for grade 3/4
mucosal toxicity and 3.94 for grade 3/4 infection in the
UK study. In the Intergroup study there was a small,
but worrying, increase in the incidence of MDS or
acute myelogenous leukemia, with 11 cases in patients
randomized to the hybrid arm and two among patients
randomized to ABVD (p=0.011).

9.2.2.5 The Dose/Response Relationship:
Norton and Simon Model

Much of the thinking about how to maximize the cure
rate in lymphoma has centered upon the relationship
between dose and response to cytotoxic therapy.
Theories of tumor cell ecology have suggested that as
the mass of disease is reduced, the growth fraction may
rise. This, together with the assumed selection of resis-
tant subclones, underlies the idea that tumor eradica-
tion is dependent upon the delivery of treatment at
adequate dose intensity early in a course of treatment.
If doses are too small or too infrequent, the fractional
cell kill might be expected to decline and allow the
emergence of resistance [61].

Three prospective clinical trials have directly
addressed the question of dose vs. response using the
same chemotherapy drugs in both arms. In the first-
line treatment of advanced disease, a critical study was
performed by the German Hodgkin study group (HD9),
as detailed later on, in which patients were randomized
between the baseline BEACOPP regimen and an esca-
lated regimen, with the doses of doxorubicin, cyclo-
phosphamide, and etoposide increased to 140, 185,
and 200%, respectively. This resulted in an increase in
freedom from treatment failure (FFTF) at 5 years from
76 to 87% (p<0.01), which was translated into a small
but significant improvement in survival on longer fol-
low-up (80 vs. 86% at 10 years, p=0.0053). This was
at the cost of an increased risk of MDS and acute leu-
kemia in the escalated arm, but at a frequency too low
to reverse the gain in survival from better control of the
lymphoma [62].

There are two randomized studies for recurrent dis-
ease which have yielded similar data on the dose-
response relationship. The UK group compared the
myeloablative BEAM regimen to mini-BEAM, which
uses the same drugs at nonmyeloablative doses. The
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high-dose treatment yielded superior progression-free
survival (p=0.005), although the trial was closed with
only 44 patients recruited and had insufficient power to
demonstrate a survival advantage [63]. A study of sim-
ilar design was conducted by the German group, and
this too demonstrated superior FFTF at 3 years (55%
for BEAM, 34% for nonmyeloablative dexa-BEAM,
p=0.019), although once again no survival difference
could be demonstrated [64].

While there is good evidence for an overall dose-
response relationship, there are several areas of con-
tinuing uncertainty. For example, it is not clear whether
the dose of treatment over a whole course is the critical
determinant of outcome, or whether initial dose inten-
sity during the first weeks of treatment is more impor-
tant. From retrospective analyses comparing outcomes
to doses administered, it appears that the most influen-
tial factor is the total dose of treatment given, with
some scope for compensating suboptimal early treat-
ment by later escalation, a finding that may distinguish
HL from many other malignancies [65-67].

Dose/Response Relationships and Treatment
Tolerance: An Individual Characteristic?

A dose response for both malignant and normal tissue
toxicity is well-recognized, raising the question of
whether the efficacy of tumor control can be related to
toxic side effects, effectively using each subject as their
own pharmacodynamic control. It would be convenient
if no such relationship existed as it would allow mod-
eration of drug doses and thereby minimize patient
toxicity, but there is evidence to suggest that this would
be the wrong approach. The GHSG explored hemato-
toxicity as a surrogate for pharmacological and meta-
bolic heterogeneity, in relation to reduced systemic
dose and disease control. Patients treated with various
regimens in the HD6 trial (validated on two other
cohorts) were retrospectively classified as showing
WHO grade of leukocytopenia 0-2 and over two,
respectively. Patients with a high hematological toxic-
ity had a 5-year FFTF rate of 68 vs. 47% for those with
low toxicity, independent of the actual drug doses
received [68]. No pretreatment pharmacokinetic param-
eters could be found to explain these observations;
however, recent work from the GELA has explored
polymorphisms in a population of HL patients that
might determine anticancer agent metabolism. The

UGT1A1 polymorphism has been identified as a pos-
sible candidate for influencing the metabolism of sev-
eral anticancer drugs and patient outcomes [69].
Unfortunately, similar dose-response relationships are
also seen for long-term toxicities, for example, infertil-