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614 Patients 
JUERGEN THIELE"*, HANS MICHAEL KVASNICKA~, ANNETTE SCHMITT-GRAEFF~, THOMAS KARL ZIRBES", 

HOLGER FRACKENPOHL~, CLAUDIA SPRUNGMANN~, LUTZ-DIETRICH LEDER~, VOLKER DIEHL', 
FLORIAN BIRNBAUMa, CHRISTIAN KRESSMANNa, MANUEL MELGUIZO-GRAHMANN", 

RUDOLF ZANKOVICH', HANS ECKART SCHAEFERb, NORBERT NIEDERLEe and ROBERT FISCHERa 

'Institutes of Pathology, Universities of Cologne, bFreiburg, 'Essen and dFirst ~ Clinic of Medicine, Universify of Cologne 
and 'Department of Oncology and Hematology, Klinikum Leverkusen, Germany 

(lnfinal form July 10, 1999) 

A multicenter, immunohistochemical and morphometric study was performed on diagnostic 
pretreatment bone marrow biopsies in 614 adult patients with Ph" chronic myeloid leukemia 
(CML) to compare histological features with clinical findings. For identification of mega- 
karyopoiesis we used the monoclonal antibody CD61 and additionally the PAS reaction to 
determine the subfraction of atypical micromegakaryocytes and precursors. Labelling of 
erythroid precursors was carried out by a monoclonal antibody directed against glycophorin 
C. In order to selectively stain macrophages and their activated subset we applied CD68 and 
the GSA-I lectin. Density of argyrophilic fibers (reticulin plus collagen) was measured fol- 
lowing Gomori's silver impregnation method. In accordance with laboratory data morpholog- 
ical variables revealed a comparable amount of congruence in the various groups of CML 
patients derived from different sources. In about 26% of patients early (reticulin) to advanced 
(collagen) fibrosis was detectable. Significant correlations were calculated between the extent 
of myelofibrosis with splenomegaly, anemia and increasing numbers of erythroblasts and 
myeloblasts in the peripheral blood count. These features were assumed to indicate more 
advanced stages of the disease process with ensuing transition into myeloid metaplasia and 
consequently were associated with an unfavorable prognosis. Significant relationships were 
revealed between the number of CD61' megakqocytes and more important, also their pre- 
cursor fraction with the degree of fibrosis. This result extends previous experimental findings 
regarding the impact of immature elements of this cell lineage for the generation of myelofi- 
brosis. The significant association of erythroid precursors with the number of mature (resi- 
dent) macrophages including their activated GSA-I subset may shed some light on their 
functional involvement in iron turnover and hemoglobin synthesis. A modified histological 
classification of predominant bone marrow features is introduced. This simplified synthesis 
staging system (Cologne Classification) is not only associated with certain sets of laboratory 
data, but also with different survival patterns. 

Keywords: chronic myeloid leukemia, histological features, laboratory data, multicenter study, staging 
systems, clinicopathological correlations, survival, bone marrow biopsies 
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INTRODUCTION 

According to molecular biological features and clini- 
cal studies chronic myelogenous leukemia (CML) has 
become the best-characterized subtype of the chronic 
myeloproliferative disorders.['] However, there is still 
a remarkable lack of some basic information, in par- 
ticular concerning the striking heterogeneity of bone 
marrow morphology and corresponding hematologi- 
cal data.[21 Any attempt to determine the impact of 
histological parameters on prognosis has to be based 
on a proper identification of the various cell lineages 
involved in this myeloproliferation. This rationale 
must implicate an elaborate quantification procedure 
including immunohistochemistry and morphometry. 
Although anemia (hemoglobin level) has repeatedly 
been recognized as one of the more distinctive factors 
of predictive value [3-61, until now little attention has 
been paid to the assessment of erythroid precursors. 
In addition to granulopoiesis, dwarf-like atypical 
megakaryocytes constitute a cytological hallmark of 
the CML bone marr~w.[~- '~]  In this context, mega- 
karyocyte proliferation has frequently been associated 
with the development of myelofibrosis and conse- 
quently with an unfavorable indicator for survival.1'" 
211 However, routine staining methods (i.e. Giemsa) 
are not considered as a suitable mean to identify all 
the elements composing this cell lineage, in particular 
the immature and abnormal micromegakaryo- 
cytes.['0*'21 There is mounting evidence regarding the 
influence of megakaryocyte precursors (pro- and 
megakaryoblasts) and so-called activated cells of the 
mononuclear macrophage system [221 on the cytok- 
ine- and growth factor-mediated generation of the 
myelofibrotic extracellular r n a t r i ~ . [ ~ ~ - ~ ~ ]  Finally, con- 
flict and discussion also arises regarding a peculiar 
sub-population of (activated) macrophages, the 
so-called pseudo-Gaucher cells.[281 Their frequency 
[291 and predictive value has been repeatedly 

For practical purposes a semiquantitative histologi- 
cal classification has been proposed to distinguish 
certain subtypes of CML.r9*131 This staging system 
was assumed to define differences in the clinical 
course and eventual survival. However, the question 

debated.[20,21,30,311 

now arises, whether this classification may easily be 
correlated with distinct clinical findings and whether 
it is reproducible following a more refined and com- 
parative evaluation using immunohistochemistry and 
morphometry. Previous immunohistological studies 
which focused on a quantitative analysis of certain 
bone marrow features in CML are further biased by 
the relatively small number of patients investi- 

Moreover, the inherent failure to defini- 
tively exclude a selection bias, when examining 
samples taken from one institution, has also to be 
taken into account. Considering these inconsistencies 
in the interpretation of bone marrow findings and the 
associated clinical data in CML, the purpose of this 
study was to recruit a large number of pretreatment 
biopsies from different sources and, by applying 
immunohistochemistry, to determine histological fea- 
tures which are assumed to establish relevant correla- 
tions with laboratory data and patient's survival. 

SUBJECTS AND METHODS 

Patients 

This retrospective study is based on 614 adult patients 
with non-blastic (stable phase) Philadelphia chromo- 
some-positive (Phi-) CML derived from three differ- 
ent institutions (referral centers covering large parts 
of South- and Northwestern Germany) over a 14-year 
period (1984-1997). Diagnosis of CML was made by 
conventional criteria: relevant laboratory and cytoge- 
netic findings (Ph'', bcr/abl translocation), character- 
istic peripheral blood (myeloblasts plus 
promyelocytes I 15%) and bone marrow morphology 
as well as representative (Pretreatment) bone marrow 
trephine biopsies with corresponding pathology and a 
close clinical follow-up (repeated bone marrow tre- 
phines in 21 8 patients). 

Bone Marrow Biopsies 

Fixation of bone marrow biopsies was performed in 
an aldehyde solution for 12-48 hours (2 ml25% glut- 
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araldehyde, 3 ml 37% formaldehyde, I .58 g anhy- 
drous calcium acetate, and distilled water per 100 ml). 
Further processing included decalcification for 3 4  
days in 10% buffered ethylen-diamine tetra-acetic 
acid (EDTA), pH 7.4, paraffin embedding, and 
employment of several routine staining techniques, 
involving Giemsa, PAS (periodic acid Schiff reagent), 
naphthol-AS-D-chloroacetate esterase, Perl’s reaction 
for iron and the silver impregnation method, follow- 
ing Gomori’s For a specific staining of 
marrow cells three appropriate monoclonal antibodies 
were selected: CD6 1 (anti-platelet glycoprotein IIIa) 
for the identification of megakaryocytes including 
abnormal microforms and precursor cells (promega- 
karyoblasts as well as megakaryoblasts), Ret40f 
(anti-glycophorin C) to selectively mark erythropoie- 
sis [331 and PG-M1 (CD68) for the staining of all 
mature, resident macrophages-phagocytic reticular 
cells.[341 So-called activated subpopulations of mac- 
rophages [221 were identified by their specific ability 
to express a-D-galactosyl residues [35,361, which 
caused an increased binding to the lectin from Griffo- 
nia (Bandeiraea) simplicifolia isotype I-B4 (GSA-I). 
Two other fractions of storage histiocytes were further 
distinguished: the iron-laden subpopulation and the 
pseudo-Gaucher cells [281. Because both subpopula- 
tions were present only in a certain proportion of 
patients, incidence was determined by calculating 
percentages. Detection of pseudo-Gaucher cells was 
not only based on their characteristic fibrillar birefrin- 
gence following polarization of Giemsa-stained 
slides, but also confirmed by their onion skin-like 
finely striated cytoplasmic pattern (PAS-reaction) and 
their distinctive GSA-I staining. Monoclonal antibod- 
ies and other reagents were purchased from 
Dako-Diagnostica GmbH (Hamburg, Germany). 
Details of staining procedures (APAAP-method) and 
proper identification of corresponding cell popula- 
tions were reported in previous communications. 
[ 10,12,20,21,37] 

Morphometry 

Following immunostaining, morphometric analysis 
was performed by two manual optic planimeters 

(MOP-A-MO l-Kontron and VIDAS-Zeiss-Kontron) 
with a standard program set (Kontron software) on 
large trephine biopsies with an artefact-free mean 
marrow area of 9.6 f 4.0 mm2. Incidences of 
CD61 -positive (CD6 1’) megakaryocytes including 
atypical microforms and immature elements (pro- and 
megakaryoblasts), erythroid precursors (Ref. 400 and 
macrophages (CD68’, GSA-I+) per square millimeter 
were determined at 500 x magnification by calcula- 
tion of the evaluable hematopoietic area of the tre- 
phine biopsy (with a cellularity-hematopoiesis 
ranging between 93 to 100 % of the total marrow 
area)and the number of the corresponding cells. After 
employment of the periodic acid-Schiff reaction 
(PAS) the total number of mature megakaryocytes 
and of CD61’ megakaryocyte precursors was also 
assessed by the same method. Argyrophilic (reticulin 
and collagen) fiber density was measured following 
silver impregnation (Gomori’s stain) and expressed as 
numbers of intersections (i) per square millimeter fat 
cell-free hematopoietic tissue (so-called point-inter- 
section method). Morphometric measurements were 
made by eight individuals and regularly checked by 
two others for accuracy. 

Statistics 

All basic clinical and laboratory data as well as histo- 
morphometrical findings were entered into a special 
designed computer-database via interactive programs 
providing intense consistency checks. Statistical anal- 
ysis included calculation of Pearson’s correlation 
coefficients as well as one way analysis of variance 
and multiple range tests (Scheffe’s test) between the 
various clinical and histological variables. Calcula- 
tion of survival was carried out by using 
Kaplan-Meier’s product limit method for censored 
survival data.[381 

RESULTS 

The clinical characteristics of the 614 patients entered 
into this study are listed in Table I. Except for the 
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lower (median) age of the cohort from Essen includ- 
ing patients who were partially referred with the 
option of bone marrow transplantation, no significant 
differences could be calculated regarding the other 
parameters. This failure to detect certain peculiarities 
in the various groups is probably due to the wide 
ranges of values. Regarding bone marrow morphol- 
ogy overview of erythropoiesis revealed strikingly 
variable features which ranged from disseminated 
tiny islets to normal-sized clusters of Ret40f-positive 
cells (Fig. 1 a). Similarly CD61' megakaryocytes 
were characterized by significantly different frequen- 
cies including single dispersed cells of this lineage or 
clusters and sheets of atypical micromegakaryocytes 
as well (Fig. lb). These abnormal dwarf-like mega- 
karyocytes were hardly recognizable on routinely 
stained slides (Fig. lc). Moreover, precursors (prome- 
gakaryoblasts) could only be identified and differenti- 
ated from the other immature myeloid cells 
(myeloblasts) by applying immunohistochemistry 

(Fig. Id). In keeping with the cellular components of 
the bone marrow, density of argyrophilic fibers 
ranged from no increase to advanced myelofibrosis 
with bundles of collagen (Fig. le) and initial osteo- 
sclerosis. Macrophages constituted a very heteroge- 
neous population (Fig. 2a-d), because the mature 
resident CD68' histiocytic - phagocytic reticular 
cells (Fig. 2a) could be divided into several fractions. 
These included pseudo-Gaucher cells with fibrillar 
birefringence following Giemsa staining and polar- 
ization (Fig. 2b) and a distinctive PAS-reactivity 
(Fig. 2c). Pseudo-Gaucher cells were included in the 
large, so-called activated and therefore GSA-I-posi- 
tive subpopulation (Fig. 2d). Finally, about one third 
of patients showed iron-laden macrophages to a strik- 
ingly variable extent (Table 11). A semiquantitative 
evaluation revealed a normal amount in only 3 %, a 
moderate decrease in 8.5 % and a significant reduc- 
tion in iron-staining capacity in 24.5 % of patients. 

TABLE I Clinical characteristics (mean i SD) of patients at diagnosis 

Source Freiburg Cologne Essen total 

n 264 260 90 614 
Gender (malelfemale) 14911 15 1451115 5 1/39 3451269 
Age (median, years) 55 52 38 51 
Leukocytes (xlO'II) 107 i 99 121 i 109 151 i 142 117i 111 
polymorphonuclear granulocytes 47.8 i 17.3 44.5 i 15.0 39.8 i 16.8 45.0 i 16.4 
promyelocytes (%) 3.7 i 4.2 4.8 i 5.7 4.5 i 6.2 4.0 i 5.4 
myelocytes (%) 10.9 i 8.7 11.6i8.9 11.8 i 7.8 11.4i8.6 
myeloblasts (%) 1.9 i 5.4 2.6 i 3.5 3.3 i 4.6 2.4 i 4.5 
normo-erythroblasts (%) 1.3 i 3.2 1.1 i 2.4 1 . O i  1.4 1.2 i 2.7 
Eosinophils (%) 2.2 i 2.3 2.9 i 3.1 3.2 i 3.1 2.7 i 2.8 
Basophils (%) 3.6 i 3.8 3.8 i 4.1 5.5 i 7.8 4.0 i 4.7 
Lymphocytes (%) 9.3 i 8.1 8.4 f 7.4 7.6 i 6.0 8.6 i 7.5 
Erythrocytes (x10'*11) 4.0 i 0.7 4.1 i 0.7 4.0 f 0.8 4.1 i 0.7 

Platelets (x109n) 441 362 469 i 367 536 i 340 469 i 362 
LDH (UA) 657 i 363 648 i 349 708 i 717 662 i 440 
ALP (score)' 18 i 37 12 i 23 20 i 32 15 i 29 
Spleen sizeb 2.3 f 2.5 4.4 i 5.0 3.2 i 4.4 3.4 i 4.2 

Hemoglobin (gldl) 12.2 f 2. 1 12.1 i 2.3 12.7 f 1.8 12.2 i 2.1 

Liver sizeb 0.7 i 1.2 1.7 i 2.8 0.8 f 1.3 1.1 i 2.2 

a. ALP-alkaline leukocyte phosphatase - normal index 20-80 
b. Spleen- Liver size - cm below costal margin 
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FIGURE I Bone marrow features in CML. Erythropoiesis shows a few and relative small islets (a) with tiny groupings of erythroid precur- 
sors (i). Some patients display a conspicuous increase and clustering of megakaryocytes, but predominantly microforms (b). CD61’ atypical 
micromegakaryocytes without nuclear lobulation (c) or precursors (promegakaryoblast-arrow) are not recognizable by applying routine 
stains (d). Increased amounts of reticulin and collagen (argyrophilic) fibers associated with megakaryocyte growth may be observed in a 
number of patients (e). a, b, e x 170; inset a’ x 370; c, d x 870; a, a’ - Ret 40 f; b, c. d - CD61 immunostaining; e - Gomori’s silver impreg- 
nation (See Color Plate VI at the back of this issue) 
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TABLE I1 Morphometric and immunohistochemical analysis of bone marrow features in 614 patients with Ph’+-CML (mean f SD, range in 
brackets) 

Source Freiburg Cologne Essen total 
No. of patients 264 260 90 614 
Erythroid precursorslmm’ (Ref 40f) 501 f 324 (29 - 1,567) 402 f 334 (32 - 1,855) 337 f 213 (21 - 933) 437 i 321 (21 - 1,855) 
Megakaryocytes /mm’ total (061’) 82 i 79 (3 - 745) 
precursors 33 * 36 (1 - 340) 25 i 34(1-265) 2 0 i  15 (1 - 167) 28* 33 (1 -340) 

89 f 90 (4 - 745) 82 * 75 (3 - 568) 6 1 ~ 3 8 ( 9 - 8 8 )  

Macrophages /mm’ total (CD68’) 3 10 f 92 (107 - 649) 
activatedsubpopulation(GSA-P/mm’) 185 i 60 (74-441) 
Pseudo-Gaucher cells present (S) 28.5 34.3 25.3 30.4 
Iron-laden subpopulation present (a)” 41.7 35.7 27.0 36.0 

300 f 90 (76 - 650) 
166 * 49 (80- 377) 

323 i 72 (167 - 523) 
200 f 46 (107 - 321) 

308 i 88 (76 - 650) 
180 f 55 (74- 441) 

Fibers (i x lO’/m’) 44 i 24 (0.5 - 148) 37 i 24 (0.5 - 151) 35 i 22 (0.5 - 135) 39 i 24 (0.5 - 151) 

a. In general, macrophages contained only small amounts of stainable iron 

In accordance with the laboratory data, morpholog- 
ical variables displayed a similar amount of congru- 
ence in the different groups of patients under study. 
Although the larger Freiburg group revealed a ten- 
dency for a slightly higher incidence of megakaryo- 
cytes including precursors and an increase in fiber 
density than the smaller cohort from Essen, these dif- 
ferences were not significant (Table 11). On the other 
hand, a number of significant correlations between 
histological and clinical variables could be ascer- 
tained. Significant relationships were calculated 
between the number of erythroid precursors on the 
extent of myelofibrosis with anemia (reduction of 
hemoglobin level), splenomegaly, myeloblasts in the 
peripheral blood count and LDH value (Fig. 3). More- 
over, there was an adverse correlation between den- 
sity of fibers and numbers of erythroid precursors 
(r = -0.20; p 1 0.001). All these features probably 
indicate a more advanced stage of disease or ensuing 
transition into myeloid metaplasia. Noteworthy are 
not only significant (p 5 0.001) interactions between 
fiber content and CD61’ megakaryocytes (r = 0.30), 
but also the striking correlation between megakaryo- 
cyte precursors and this variable (r = 0.32). Compari- 
son of two groups of patients presenting either with a 
normal platelet count (I 350 x 109/1) or thrombocyto- 
sis (platelet count exceeding 600 x 109/1) disclosed 
significant differences (~10.001) regarding the inci- 
dence of CD6 1’ megakaryocytes, independently from 
fiber density. Finally, the relevant association between 
erythroid precursors with the number of macrophages 
including their activated (GSA-I+) subpopulation 

(r=O.27, p I 0.001) may reflect the functional 
involvement of this cell lineage in iron turnover and 
hemoglobin synthesis. 

Discrimination into different histological sub- 
groups was carried out by trying to select certain 
cut-off points for the parameters CD61’ megakaryo- 
cytes and fiber density, because these variables are the 
two major constituents of the so-called Hannover 
Classifi~ation.[~.’~~ This procedure was performed by 
taking into account values derived from patients with- 
out hematological pathology and with respect to the 
corresponding appearance of the bone marrow as 
well. Following this rationale, a more than three-fold 
increase in normal (mean) reticulin fiber density (50 i 
x 102/mm2) was recognized as early myelofibrosis, 
whereas a four-fold density compared to the normal 
could be clearly characterized as a manifest (reticulin) 
myelofibrosis. Advanced fibrosis that included single 
or broad bundles of collagen fibers usually started 
with a five-fold increase (cut-off point 80 x 10/mm2) 
and ranged up to a nine-fold increase in density com- 
pared to the normal.[201 This grading of reticulin-stain 
measured fibrosis was generally comparable with cor- 
responding semiquantitative scoring systems. Biop- 
sies showing varying degrees of fibrosis were usually 
associated with a megakaryocyte growth exceeding 
the (mean) normal value of 25 f 5 /mm2.[lo1 On the 
other hand, in a number of specimens without rele- 
vant myelofibrosis, a significant increase in this cell 
lineage was also detectable. For this reason, a granu- 
locytic subtype was separated from the megakaryo- 
cyte-rich group which revealed at least a more than 
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FIGURE 2 Macrophages in CML. The CD68' population reveals stellate cells of different size and shape (a). Pseudo-Gaucher cells are char- 
acterized by a fibrillar birefringence following polarization (b) and a positive PAS reaction (c). A certain subset of macrophages (activated 
subpopulation) including pseudo-Gaucher cells are expressing cr-D-galactosyl-residues (d). a-d x 370; a - PG-MI and d - GSA-I immun- 
ostaining; b - polarization following Giemsa staining (See Color Plate VII at the back of this issue) 

two-fold increase in CD61' megakaryocytes 
(> 50/mm2), but with no fibrosis (Table 111). It is note- 
worthy that the proposed criteria for histological clas- 
sification regard certain sets of clinical findings with 
the platelet count as the starting point (root) of the 
decision tree-like construction (Fig. 4). This clinically 
determined staging system reflects our histological 
classification comprehensively (Table 111) and is 
readily applicable on routinely stained slides as well 
and seems very suitable for practical purposes. Test- 

ing the clinical relevance of this staging system (Table 
111, Fig. 4), corresponding survival curves disclose 
that the different categories of our classification 
(Cologne Classification) exert significant different 
survival patterns (Fig. 5a,b). Independently of thera- 
peutic regimens (busulfanhydroxyurea) patients with 
granulocytic subtypes (I) show a more favorable 
prognosis compared to the megakaryocytic (11) and 
myelofibrotic (111) groups (Table 111). 
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TABLE 111 Histological classification of predominant bone marrow features, erythropoiesis and macrophages and clinical findings (mean f 
SD) in 614 patients presenting with stable phase Ph'+-CML 

~~ ~~~ ~ ~ ~~~ 

Histological subtypes I.  granulocytic II megakaryocytic Ill. myelofbrotic Statistical analysis * 
No. of patients 204 250 160 I 

(a) 
Erythroid precursors (nun2) 

33.2 40.7 26. 1 I 

457 f 350 479 f 317 345 f 265 p = 0.0113 (b,c) 

Macrophages (CD68+/nun2) 297 f 80 319 f 93 304 f 88 p = 0.0846 (a) 

activated subpopulation (GSA-I+/-*) I71 *4fi 189 f 59 175 f 57 p = 0.0018 (a,b) 

Hemoglobin (g/dl) 12.4 f 1.9 12.6 +2.1 11.3 f 2.2 p = 0.0003 (b,c) 

Leukocytes (x109fl) 

Thromtmytes (x109fl) 

104 f 93 116f 117 144 f 119 p = O.OO85 (a,b) 

328 f 227 482 *325 p = O.oooO1 (a,b,c) 512 f 426 

Peripheral blasts (%) myeloblasts 2.0 f 3. 1 2.1 f 3.9 3.6 f 6.7 p = 0.08(b,c) 

erythroblasts l.Of2.1 1.0 f 2.2 1.6 f 2.9 ns. 

Splenomegaly (cm below costal margin) 2.7 f 3.7 2.9 f 4.0 4.6 f 4.8 p = 0.0003 (b,c) 
~~ ~ ~~~ ~ 

Statistical analysis: 
Oneway analysis of variance and Multiple Range Test (Scheffe's Test). Letters denote pairs of groups significantly different at the 
0.05 level. a: I vs. II; b II vs. III; c: I vs. 111 

DISCUSSION 

Clinical data 

Although clinical findings together with peripheral 
blood films and bone marrow aspirates provide 
straightforward guidelines for the diagnosis of CML, 
they may also give the false impression that addi- 
tional studies of cytogenetics or histopathology are 
superfluous. However, when evaluating non-dis- 
turbed (in situ) bone marrow tissue, a striking hetero- 
geneity in addition to the granulocytic proliferation 
may be encountered.[7-9i'3"4'20,211 In contrast to the 
flood of clinical trials on therapy and prognosis in 
CML (including laboratory data on large series of 
patients),[435739431 quantification of bone marrow fea- 
tures have been widely neglected until now. By pursu- 
ing a synoptical approach, in this study an attempt 
was made to correlate histopathology with hemato- 
logical parameters and to classify CML into different 
subtypes or even stages according to their presenting 
features. There are only a limited number of studies 
on laboratory data in CML involving several hun- 
dreds of non-selected patients. [2761 However, when 
comparing our data on 614 patients with those 

reported from various institutions [391, no significant 
differences were found. In particular, the younger age 
of the patients from the Essen-group is readily 
explained, since these were collected from a bone 
marrow transplantation center. Similar findings with a 
median age of only 34 years were recorded in a com- 
parable series of patients.[441 

Myelofibrosis 

The frequency of myelofibrosis at the time of diag- 
nosis of CML ranges from 15 to 65 % in the pertinent 
literature [9J3J6-201 and may significantly be related 
to the different scoring systems used in semiquantita- 
tive evaluations. Assessment of fiber density by mor- 
phometry seems to be more accurate and discloses 
that in our large series, in comparison to correspond- 
ing normal bone marrow values, about 26 % of the 
patients present with early reticulin to advanced col- 
lagen fibrosis (Table 111). According to data derived 
from the Hannover Classification this proportion is 
slightly higher, probably because the initial stages of 
reticulin fiber increase are not easily recognizable by 
semiquantitative gradings. Studies during the last 
decade have substantially increased our knowledge of 
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FIGURE 3 Relationships of relevant clinical parameters (hemoglobin, spleen size, myeloblasts, LDH) with erythroid precursors and fiber 
density in bone marrow specimens of CML. Box- and -Whisker plots were constructed for two groups of patients with cut-off points at 
median values (erythroid precursors: 370/mm2, fibers: 50 i x 102/mm2) determined by morphometry (compare with Table 11) 
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Relationships between hematological phenotype 
and histological classification in CML 

histological subtype 
FIGURE 4 Relevant associations between laboratory data and our staging system of histological features in CML (Cologne Classification) 
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FIGURE 5A, B Survival curves according to our histological classification (Cologne Classification) for (a) historical cohort of patients hav- 
ing received busulfan (BU) and (b) another group with hydroxyurea (HU) monotherapy. In both groups the granulocytic subtype (I) reveals a 
significantly more favorable survival compared to the megakaryocytic (II) and myelofibrotic (111) sybtype 
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the complexity and diversity of the bone marrow 
microenvironment, particularly regarding the genera- 
tion of myelofibrotic extracellular matrix. The current 
hypothesis involves an intramedullary release of 
growth factors from defective and abnormal mega- 
karyocytes-platelets [24+269271 and a stimulation of the 
cytokine cascade by complex interactions between 
the various constituents of the hematopoietic 
microen~ironment.[~~~ In respect to the pathomecha- 
nism, immature precursors mostly found in acute 
micromegakaryocytic leukemia play a pivotal 
role.[233251 In the initial stage of myelofibrosis in 
chronic phase CML, i t  has been assumed that atypical 
micromegakaryocytes may leak platelet-derived 
growth factor (PDGF) and transforming growth fac- 
tor-beta (TGF-p).[26*271 It was suggested that these 
mediators stimulate non-clonal fibroblasts [451 to pro- 
liferate and deposit collagen as well as the non-col- 
lagenous glycoprotein fibronectin in the bone marrow 
stroma [261. Moreover, in vitro studies point to an 
important functional role of the monocyte-macroph- 
age system and certain adhesion molecules (CD44) in 
regard to the induction of fibrogenetic cy tokine~. [~~]  
These speculations on the evolution of myelofibrosis 
in CML are generally supported by our findings of a 
significant correlation of CD61-immunostained 
megakaryocytes with the density of argyrophilic 
fibers. Moreover, in this context and even more 
noticeable, is the association of atypical dwarf mega- 
karyocytes and precursors (pro- and megakaryo- 
blasts) with the degree of myelofibrosis. The latter 
provides supportive evidence for the assumption that 
in particular the immature (atypical) elements of this 
lineage are responsible for growth factor release and 
ensuing m y e l o f i b r o ~ i s . ' ~ ~ , ~ ~ ~  

Macrophages 

Recently, interest has been reawakened in the mac- 
rophage population of the CML bone m a r r ~ w . ~ ~ ~ . ~ ~ ]  
The total CD68' mature resident compartment of 
phagocytic reticular cells may be divided into differ- 
ent subpopulations. These comprise not only storage 
macrophages, like the relatively small iron-laden frac- 
tion [48q491, but also the so-called activated population 

including the pseudo-Gaucher cells 12*] which are 
characterized by the expression of a-D-galactosyl 

Experimental studies indicate 
that the normal bone marrow stroma selectively 
induces a lineage-specific commitment of stem 
cells.[521 The abnormal function of the CML bone 
marrow, in particular the disturbance of stem cell dif- 
ferentiation and proliferation has been linked to a 
defective adhesion of progenitors to stroma 
~ e l l s . [ ~ ~ * ~ ~ ] I n  accordance with their myelomonocytic 
progeny, stromal macrophages have been shown to 
harbour the Philadelphia chromosome Ls51 and are 
thus involved in the bcr/abl gene t r a n s l ~ c a t i o n . ~ ~ ~ . ~ ~ I  
In this context, clonally transformed (malignant) mac- 
rophages may significantly contribute to the microen- 
vironmental dysfunction in CML and are assumed to 
take part in the selective expansion of the neoplastic 
cell clone accompanied by suppression of normal 
h e r n a t o p o i e ~ i s . [ ~ ~ . ~ ~ ~  In keeping with previously 
reported data[48y491 and in comparison with the nor- 
mal bone marrow, there is a significant decrease in 
stainable iron in CML. However, iron stores and the 
number of sideroblasts were found to increase when 
patients entered into the accelerated or blastic phase 
of the disease, thus a careful determination of the 
marrow iron may be useful as a prognostic indicator 
of the disease state in CML.[571 A conflict of opinion 
should not be overlooked regarding the incidence of 
pseudo-Gaucher cells in the CML bone marrow 
which was reported to range between 20 and 
70 %.[291 In the present investigation the frequency 
was 30 %. This finding is in agreement with corre- 
sponding values derived from smears of aspirates 
r3073'1 as well as trephine biopsies.[201 The extreme 
values found by one group [291 may be related to the 
applied methodology, because mostly semithin, plas- 
tic embedded sections were evaluated without the 
option of a comparative identification by histochem- 
istry, i.e. GSA-I reactivity (Fig. 2d). 

Histological staging system 

Considering a classification system of the histopatho- 
logical features in the CML bone marrow, the ques- 
tion arises, whether and to what extent the proposed 
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categories represent stable subtypes or reliable enti- 
ties in the course of disease. According to sequential 
bone marrow biopsies a megakaryocyte-rich subtype 
has to be considered as a prefibrotic stage of CML, 
since in follow-up examinations a predominant gran- 
ulocytic growth fraction was very rarely found to 
develop myelofibr~sis.[~~~For this reason, it is debat- 
able, whether the megakaryocytic and myelofibrotic 
subtypes are true entities which may be discriminated 
at any stage of the lengthy disease process or whether 
they should merely be regarded as morphological 
phenomena at the time of diagnosis, associated with 
certain sets of clinical data (Table 111). Altogether, the 
different categories shown in Table 111 may be com- 
pared with a still frame in a motion picture depending 
on the dynamics of the disease progress. In keeping 
with major clinical findings 1276*399581 and their signif- 
icant correlations with histological features in particu- 
larly spleen size, reduction of e ry th ropo ie~ i s [~~ ,~~]  
and the presence of erythroid precursors and myelo- 
blasts in the peripheral blood films (Fig. 3), it seems 
that myelofibrosis reflects a later stage in the course 
of CML. Consequently, the adverse predictive value 
of this parameter for survival may be explained, 
[18,203211 as well as its significant association with 
clinical acceleration and the development of blastic 
crisis.[167173191 Controversial issues have been repeat- 
edly expressed regarding the clinical value of histo- 
logical staging systems and their association with 
corresponding laboratory features and survival.[60’61] 
A comparative evaluation of these systems derived by 
using a significantly different approach - semiquanti- 
tative gradings of routinely stained slides versus his- 
tochemistry and morphometry in our study - are in 
keeping with the assumption that a clear-cut distinc- 
tion of relevant laboratory data with subsequent 
assignment to histological categories, is only feasible 
by modifying the Hannover Classification.[9313] It 
should be emphasized that until now, the latter staging 
system has not been validated by a proper correlation 
with clinical findings. On the other hand, when apply- 
ing this staging system [9J31 on our bone marrow 
specimens and excluding the many so-called overlap- 
ping or intermediate subtypes, only the two last cate- 
gories with manifest to advanced myelofibrosis 

revealed correlations grossly comparable with the 
data shown in Table 111. We have tried to deal with 
these limitations with our simplified histological clas- 
sification (Cologne Classification) which may also be 
easily applied on routinely processed specimens. In 
this context the granulocytic subtype (I) of CML 
reveals a significantly better prognosis than the mega- 
karyocytic (11) and the myelofibrotic (III) group 
(Fig. 5a,b). Regarding the comparable survival of the 
latter subtypes, this finding may be explained not only 
by the strong correlation between the numbers of 
megakaryocytes and the density of argyrophilic 

but also by the complex functional 
relationships between megakaryopoiesis and the evo- 
lution of m y e l o f i b r ~ s i s . [ ~ ~ - ~ ~ ~  

In conclusion, in CML the histopathology of the 
bone marrow not only reveals significantly different 
features, but also an association with certain sets of 
laboratory findings thereby generating a constellation 
of findings which implicates a distinct improvement 
of their predictive value. 
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