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Abstract
Objective To test the hypothesis that both indolent and aggressive chronic lymphocytic leukemia (CLL) can be differentiated from
diffuse large B cell lymphoma (DLBCL) of Richter syndrome (RS) by CT texture analysis (CTTA) of involved lymph nodes.
Material and methods We retrospectively included 52 patients with indolent CLL (26/52), aggressive CLL (8/52), and DLBCL
of RS (18/52), who underwent standardized contrast-enhanced CT. In main lymphoma tissue, VOIs were generated from which
CTTA features including first-, second-, and higher-order textural features were extracted. CTTA features were compared
between the entire CLL group, the indolent CLL subtype, the aggressive CLL subtype, and DLBCL using a Kruskal-Wallis
test. All p values were adjusted after the Bonferroni correction. ROC analyses for significant CTTA features were performed to
determine cut-off values for differentiation between the groups.
Results Compared with DLBCL of RS, CTTA of the entire CLL group showed significant differences of entropy heterogeneity
(p < 0.001), mean intensity (p < 0.001), mean average (p = 0.02), and number non-uniformity gray-level dependence matrix
(NGLDM) (p = 0.03). Indolent CLL significantly differed for entropy (p < 0.001), uniformity of heterogeneity (p = 0.02), mean
intensity (p < 0.001), and mean average (p = 0.01). Aggressive CLL showed significant differences in mean intensity (p = 0.04).
For differentiation between CLL and DLBCL of RS, cut-off values for mean intensity and entropy of heterogeneity were defined
(e.g., 6.63 for entropy heterogeneity [aggressive CLL vs. DLBCL]; sensitivity 0.78; specificity 0.63).
Conclusions CTTA features of ultrastructure and vascularization significantly differ in CLL compared with that in DLBCL of
Richter syndrome, allowing complementary to visual features for noninvasive differentiation by contrast-enhanced CT.
Key Points
• Richter transformation of CLL into DLBCL results in structural changes in lymph node architecture and vascularization that
can be detected by CTTA.

• First-order CT textural features including intensity and heterogeneity significantly differ between both indolent CLL and
aggressive CLL and DLBCL of Richter syndrome.

• CT texture analysis allows for noninvasive detection of Richter syndrome which is of prognostic value.
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Abbreviations
CECT Contrast-enhanced CT
CLL Chronic lymphocytic leukemia
CTTA CT texture analysis
DLBCL Diffuse large B cell lymphoma
FDG Fluorodeoxyglucose
LDH Lactate dehydrogenase
ROI Region of interest
RS Richter syndrome
VOI Volume of interest

Introduction

B cell chronic lymphocytic leukemia (CLL) is the most com-
mon chronic lymphoproliferative disease with a long and in-
dolent course. The disease is characterized by proliferation of
mature-appearing lymphocytes in the bone marrow, lymph
nodes, and extra-lymphatic sites. Observation is often suffi-
cient in the early stages, which present with no or subtle symp-
toms and have median survival times of greater than 10 years
without therapy [1, 2]. However, advanced stages of CLLwith
enlarged lymph nodes and extramedullary involvement re-
quire systemic treatment.

During the course of the disease, CLL may take a more
aggressive course with higher proliferation rates [3]. Up to
10% of CLL patients will undergo transformation into diffuse
large B cell lymphoma, or less common Hodgkin’s lympho-
ma, composite lymphoma, and interdigitating dendritic cell
sarcoma (Richter syndrome) [4, 5].

The diagnosis of Richter syndrome is based on a combined
assessment of clinical, laboratory, and imaging data. Rapidly
enlarging lymph nodes, extra-lymphatic involvement of the
liver, spleen and other tissue types, and bone marrow infiltra-
tion in conjunction with rapidly rising lactate dehydrogenase
(LDH) level are suggestive for Richter syndrome [6]. In addi-
tion, positron emission tomography (PET) with abnormal 18F-
FDG (fluorodeoxyglucose) tracer accumulation of maximum
standardized uptake value greater than five is considered high-
ly suggestive for Richter syndrome [7]. However, standard-
ized uptake values of advanced CLL with higher proliferation
ratio can overlap with those of diffuse large B cell lymphoma
(DLBCL), and even with other mimics of Richter syndrome,
including viral and other lymph node infections [8–12]. In
addition, chemotherapy and immunotherapies increase the
likelihood of false-positive results, whereas newer biologic
agents may inhibit glucose uptake and thus reduce standard-
ized uptake values [13, 14].

The changing lymph node morphology that occurs during
the transformation of CLL with lymphocyte-rich tissue into
DLBCL with different amounts of vascularity and necrosis
could represent an additional marker for the differentiation
between the two entities [15]. Histologically, CLL consists
of a diffuse architectural effacement due to a monotonous
proliferation of small lymphocytes presenting with scant cy-
toplasm and a round nucleus with clumped chromatin, mini-
mal mitotic activity, and a very low proliferation index [16,
17]. In contrast, large B lymphoid cells present with a nuclear
size equal to or exceeding to that of macrophage nuclei or
more than twice the size of a normal lymphocyte that is not
present throughout the neoplasm [18–20]. Hence, macroscop-
ically, a more heterogeneous attenuation of DLBCL is expect-
ed. While the clinical significance of the varying attenuation
of different lymphoma types has been evaluated previously
[21], computed tomography (CT) texture analysis is a novel
histogram-based post-processing technique, which uses image
data for ultrastructural tissue characterization and generation
of quantitative imaging biomarkers that could be more accu-
rate than qualitative assessments [22]. As tumor heterogeneity
can be difficult to quantify with traditional imaging tools, CT
texture analysis (CTTA) is a potentially useful biomarker that
allows assessment and quantification of tumor spatial hetero-
geneity [23]. In various tumor types, e.g., colorectal cancer
[24], esophageal cancer [25], lung cancer [26], head and neck
cancer [27], and renal cell carcinoma [28], CTTA has shown
promise in predicting pathologic features, response to therapy,
and prognosis.

Therefore, the purpose of our study was to test the hypoth-
esis that both indolent and aggressive CLL can be differenti-
ated from DLBCL of Richter syndrome by CT texture analy-
sis of involved lymph nodes.

Material and methods

Our study protocol was approved for retrospective evaluation
of patient data by our institutional ethics committee with a
waiver of the informed consent requirement (project number
467/2018).

We performed a retrospective search of our hospital infor-
mation system for patients who underwent combined contrast-
enhanced CT (CECT) and tissue sampling with sub-segment
histopathological evaluation for Richter syndrome of CLL
between March 2011 and May 2017. The search identified a
total of 52 patients (19 female; mean age 70.3 ± 12.7 years),
26/52 (50%) patients with indolent CLL, 8/52 (15%) patients
with aggressive CLL, and 18/52 (35%) patients with DLBCL
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due to Richter syndrome. The patients with indolent CLL
were classified according to the Binet classification into
Binet A (12/26, 46%), Binet B (12/26, 46%), and Binet C
(2/26, 8%) [29]. Aggressive CLL was defined clinically and
radiologically by higher growth dynamics of involved lymph
nodes and similarly classified as Binet A (2/8, 25%), Binet B
(4, 50%), and Binet C (2/8, 25%).

Computed tomography protocol

CT was performed with patients in the supine position using
128-slice MDCT scanners (SOMATOM Definition AS+ or
SOMATOM Definition Flash, Siemens Healthcare).
Unenhanced and contrast-enhanced portal-venous phases
were obtained using 120-kV photon energy, 200-mAs tube
current, a soft tissue image reconstruction kernel, and 1-mm
slice thickness for image reconstruction. A total of 100-mL
iodine contrast agent (Iopromide, Ultravist 370, Bayer Vital)
was given intravenously at a rate of 2 mL/s followed by a
30-mL saline chaser. Image acquisition began 65 s after the
start of contrast agent injection. Image reconstruction was per-
formed in all patients using filtered back projection.

Computed tomography texture analysis

CTTA data evaluation was performed using radiomics soft-
ware (Siemens Healthcare) that is based on the pyradiomics
package, a python package for the extraction of radiomics
features from medical imaging [30]. CTTA was applied on
image data sets that were reconstructed with 1-mm slice thick-
ness. In patients with aggressive CLL and patients with
DLBCL of RS, only enlarged lymph nodes which were
biopsied or excised for histopathological proofing after imag-
ing were selected for CTTA. In patients with indolent CLL,
representative (enlarged) lymph nodes in the axilla, mediasti-
num, or retroperitoneum were selected for measurement.
There was no extranodal Richter syndrome (RS) in our cohort.
The regions of interests (ROIs) were drawn manually in
lymph nodes under exclusion of neighboring tissues like
blood vessels and visibly necrotic areas. This procedure of
ROI setting was performed by two radiologists in consensus
with an experience of 2 years and 5 years in CTTA. To provide
comparability for all data sets, standardized measurements
were performed. All set ROIs were used to generate the spe-
cific volume of interests (VOIs). The computation of each
texture type for an input volume of interest involved assigning
a new value (Btexture value^) to all voxels of that volume of
interest and thus creating a Btexture image.^ The first step
consisted of image filtration for selectively extracting features
of different sizes and intensity variation. The image filtration-
histogram technique extracts texture features of different sizes
followed by histogram quantification as described by Miles
et al [31]. In the second step, quantification of tissue texture

was performed using series of derived images displaying fea-
tures at different spatial scales from fine (2 mm in radius) to
coarse texture (6 mm in radius) within a volume of interest
(Fig. 1). Window ranges of 0 to 400 HU were used.
Computation was performed on the current voxel and its
neighborhood, and the results of that were stored as the texture
value of the current voxel. This was repeated for every voxel
in the volume of interest. The texture type defined the specific
kind of computation that was performed, including heteroge-
neity, intensity, deviation, average, skewness, entropy of co-
occurrence, number non-uniformity gray-level dependence
matrix (NGLDM), entropy NGLDM, and contrast neighbor-
ing gray tone difference matrix (NGTDM). For all these pa-
rameters, the mean, entropy, and uniformity were calculated.

Fig. 1 A 56-year-old male patient with DLBCL of Richter syndrome and
involved mesenteric lymph nodes. Axial (a) and coronal (b) CT images
showing a lymphoma mass in which a volume of interest was drawn for
CT texture analysis, thereby excluding other anatomical structures, such
as adjacent vessels
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The definition of each of these parameters is given as supple-
mental material (Table 4). For the final evaluation, we used the
coarse filter. We first compared the group of CLL with
DLBCL, and then both the indolent and aggressive CLL sub-
types separately against DLBCL.

Histology

Histological criteria for the diagnosis of DLBCL were a dif-
fuse effacement of lymph nodes or extranodal sites with sheets
of large cells with centroblastic, immunoblastic, or anaplastic
morphology and a starry-sky pattern with apoptosis and tumor
necrosis [18]. In contrast, the histological criteria for CLL
were an infiltrate consisting of small round lymphocytes with
dense chromatin, sparse cytoplasm, and low mitotic activity
[32].

Statistical analysis

Statistical analysis was performed using SPSS Version 22
(IBM Corporation). All parameters were tested by the
Kolmogorov-Smirnov test for the normality. The Kruskal-
Wallis test was used to compare textural features between
the entire CLL group, indolent CLL, aggressive CLL, and
DLBCL of Richter syndrome. To address the multiple com-
parisons, a Bonferroni correction was applied. The adjusted
p values were considered significant at a level of 0.05. The
predictive performance was assessed by estimating predictive
values (positive predictive value [PPV] and negative predic-
tive value [NPV]), sensitivity and specificity, and the area
under the curve (AUC) with receiver operating characteristic
(ROC) curves. The ROC curve was generated by computing

sensitivity and specificity at each observed cut-off. The opti-
mal cut-off values are derived from the point on the ROC
curve with the minimum distance to the upper-left corner
(where sensitivity and specificity equal 1, respectively).

Results

Computed tomography texture analysis of indolent
CLL and DLBCL of Richter syndrome

CTTAvalues between patients with indolent CLL and patients
with DLBCL of Richter syndrome demonstrated significant
differences of mean intensity (indolent CLL, 66.68 ± 10.99;
DLBCL, 54.18 ± 14.83; p < 0.001), entropy of heterogeneity
(indolent CLL, 2.96 ± 3.46; DLBCL, 6.36 ± 2.34; p < 0.001)
(Fig. 2), uniformity of heterogeneity (indolent CLL, 0.005 ±
0.004; DLBCL, 0.008 ± 0.004; p = 0.02), and mean average
(indolent CLL, 67.89 ± 16.35; DLBCL, 53.89 ± 14.83; p =
0.01) (Table 1). For the differentiation between indolent
CLL and DLBCL of Richter syndrome, receiver operating
characteristic analysis derived 6.68 as the cut-off value for
entropy of heterogeneity (sensitivity 0.78, specificity 0.73,
PPV 0.67, NPV 0.83) and 58.56 as the cut-off value for mean
intensity (sensitivity 0.81, specificity 0.72, PPV 0.67, NPV
0.84) (Fig. 3).

Computed tomography texture analysis of aggressive
CLL and DLBCL of Richter syndrome

CTTA values between patients with aggressive CLL and pa-
tients with DLBCL of Richter syndrome demonstrated

Fig. 2 Texture parameter values
of intensity mean and
heterogeneity entropy in patients
with DLBCL (Richter
transformation, n = 18) compared
with that in the indolent group of
CLL patients (n = 26). A Kruskal-
Wallis test was applied. Adjusted
p values are shownafterBonferroni
correction. ** = p < 0.001
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significant differences of mean intensity (aggressive CLL,
64.65 ± 6.61; DLBCL, 54.18 ± 14.83; p = 0.04) using a coarse
filter (Fig. 4). The entropy of heterogeneity was higher in
DLBCL of RS (6.36 ± 2.34) than in aggressive CLL (5.02 ±
3.12) without statistical significance (p = 0.06) (Fig. 4;
Table 2). For the differentiation between aggressive CLL
and DLBCL of Richter syndrome, receiver operating charac-
teristic analysis derived 6.63 as the cut-off value for the entro-
py of heterogeneity (sensitivity 0.78, specificity 0.63, PPV
0.82, NPV 0.56) and 58.63 as the cut-off value for mean

intensity (sensitivity 0.75, specificity 0.72, PPV 0.86, NPV
0.56) (Fig. 5).

Computed tomography texture analysis of combined
indolent and aggressive CLL and DLBCL of Richter
syndrome

CTTA values between the groups including patients with
indolent and aggressive CLL and patients with DLBCL of
Richter syndrome demonstrated significant differences of

Fig. 3 Receiver operating
characteristic (ROC) analysis
based on the texture parameters
heterogeneity entropy (a) and in-
tensity mean (b) which have been
proven to be significantly differ-
ent between patients with indolent
CLL and patients with DLBCL of
Richter syndrome. Discriminating
cut-off values have been deter-
mined for optimal differentiation
between the two groups

Table 1 Computed tomography texture analysis values in patients with
indolent CLL (n = 26) and patients with DLBCL of Richter syndrome
(n = 18) on portal-venous phase CT images using a coarse filter. A

Kruskal-Wallis test was applied. P values have been adjusted after
Bonferroni correction. ** p < 0.001; * p < 0.05

CLL (indolent course) DLBCL (Richter syndrome) p value (CLL vs. DLBCL)

Coarse Filter Mean Entropy Uniformity Mean Entropy Uniformity Mean Entropy Uniformity

Heterogeneiy -0.04 2.96 0.005 -0.02 6.36 0.008 .75 < .001** .02*

Intensity 66.68 5.79 0.02 54.18 5.78 0.02 < .001** 1.0 1.0

Average 67.89 3.64 0.13 53.89 3.99 0.09 .01* .28 .24

Deviation 22.82 3.27 0.17 17.71 3.28 0.16 .27 1.0 1.0

Skewness -0.04 3.89 0.24 -0.002 4.87 0.11 1.0 .10 .23

Entropy (Co-occurence Matrix) 0.55 5.76 0.11 0.34 5.74 0.18 .33 .77 1.0

Difference Variance (Co-occurence Matrix) 0.09 5.19 0.12 0.05 4.91 0.19 .20 1.0 1.0

Number non-uniformity (NGLDM) 0.62 4.15 0.22 0.76 4.04 0.24 .07 1.0 .68

Entropy (NGLDM) 1.14 6.07 0.09 1.10 6.76 0.02 .54 .25 .50

Contrast (NGTDM) 116.98 3.48 0.43 89.82 3.40 0.43 1.0 .91 1.0
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mean intensity (CLL, 67.85 ± 10.20; DLBCL, 54.18 ±
14.83; p < 0.001), entropy of heterogeneity (CLL, 3.22 ±
3.49; DLBCL, 6.36 ± 2.34; p < 0.001), mean average
(CLL, 66.23 ± 14.98; DLBCL, 53.89 ± 14.83; p = 0.02),
and number non-uniformity gray-level dependence matrix
(NGLDM) (CLL, 0.61 ± 0.23; DLBCL, 0.76 ± 0.35; p =
0.03) using a coarse filter (Fig. 6; Table 3). For the differ-
entiation between all CLL and DLBCL of Richter syn-
drome, receiver operating characteristic analysis derived
for 6.86 as the cut-off value for the entropy of heteroge-
neity (sensitivity 0.81, specificity 0.74, PPV 0.63, NPV
0.88) and 58.56 as the cut-off value for mean intensity
(sensitivity 0.79, specificity 0.72, PPV 0.60, NPV 0.86)
(Fig. 7).

Discussion

We performed a standardized CT texture analysis of
contrast-enhanced CT image data in order to quantify
ultrastructural tissue differences and differences in the
intensity and distribution of contrast enhancement be-
tween two lymphoma types. Our results show signifi-
cant differences in first-order CT textural features,
which may allow for CT-based differentiation and diag-
nosis of CLL transformation into DLBCL.

In this study, we first compared CTTA features of indolent
CLL with those of DLBCL of RS and found significant dif-
ferences in terms of mean intensity and average (noise-
corrected image intensity) which proved higher in CLL,

Table 2 Computed tomography texture analysis values in patients with
aggressive CLL (n = 8) and patients with DLBCL of Richter syndrome
(n = 18) on portal-venous phase CT images using a coarse filter. A

Kruskal-Wallis test was applied. P values have been adjusted after
Bonferroni correction. * p < 0.05

CLL (aggressive course) DLBCL (Richter syndrome) p value (CLL vs. DLBCL)

Coarse Filter Mean Entropy Uniformity Mean Entropy Uniformity Mean Entropy Uniformity

Heterogeneiy -0.0004 5.02 0.01 -0.02 6.36 0.01 .92 .06 .73

Intensity 64.65 5.82 0.02 54.18 5.78 0.02 .04* 1.0 1.0

Average 62.75 3.71 0.09 53.89 3.99 0.09 .29 .73 .62

Deviation 17.31 2.85 0.19 17.71 3.28 0.16 1.0 .73 .62

Skewness -0.0004 4.53 0.13 -0.002 4.87 0.11 .48 1.0 .99

Entropy (Co-occurence Matrix) 0.71 6.42 0.05 0.34 5.74 0.18 .16 1.0 1.0

Difference Variance (Co-occurence Matrix) 0.10 5.40 0.06 0.05 4.91 0.19 .20 1.0 1.0

Number non-uniformity (NGLDM) 0.66 4.69 0.17 0.76 4.04 0.24 .52 .92 .35

Entropy (NGLDM) 1.19 6.65 0.02 1.10 6.76 0.02 1.0 1.0 .1.0

Contrast (NGTDM) 171.62 4.51 0.32 89.82 3.40 0.43 .73 .68 .57

Fig. 4 Texture parameter values
of intensity mean and
heterogeneity entropy in patients
with DLBCL (Richter
transformation, n = 18) compared
with that in the aggressive group
of CLL patients (n = 8). A
Kruskal-Wallis test was ap-
plied. Adjusted p values are
shown after Bonferroni cor-
rection. ** = p < 0.001
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entropy of heterogeneity which was double as high for
DLBCL of RS, and uniformity of heterogeneity which was
lower in DLBCL of RS. These CTTA features are reflecting
higher tissue attenuation in CLL (mean intensity) and higher
tissue heterogeneity of DLBCL of RS (higher entropy and
lower uniformity of heterogeneity). As we applied CTTA on
contrast-enhanced CT image data, the calculated textural fea-
tures are expected to reflect both ultrastructural tissue

properties as well as differences in the vascular network be-
tween the investigated lymphoma types. The lower mean in-
tensity (attenuation) values of DLBCL of RS were therefore
surprising as the microvascular density of CLL should be
similar when compared with that of DLBCL, or even in-
creased in DLBCL [33, 34]. However, microvascular areas
of the DLBCL are known to show more variability, and
interspaced areas of tumor necrosis and apoptosis are

Fig. 5 Receiver operating
characteristic (ROC) analysis
based on the texture parameters
heterogeneity entropy (a) and in-
tensity mean (b). Intensity mean
has been proven to be signifi-
cantly different between patients
with aggressive CLL and patients
with DLBCL of Richter syn-
drome. Discriminating cut-off
values have been determined for
optimal differentiation between
the two groups

Fig. 6 Texture parameter values
of intensity mean and
heterogeneity entropy in patients
with DLBCL (Richter
transformation, n = 18) compared
with that in the entire group of
CLL patients (both the indolent
and aggressive subtype, n = 34).
A Kruskal-Wallis test was ap-
plied. Adjusted p values are
shown after Bonferroni correc-
tion. ** = p < 0.001
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presumed to be responsible for a lower mean attenuation on
CECT irrespective of the visual presence of larger areas of
necrosis [35]. Based on our results, one may speculate that
the vessel wall permeability and thus diffusion of contrast
medium in the extravascular space are greater in CLL; how-
ever, we were unable to further assess this finding as no tumor
perfusion data were available in our cohort. Nevertheless,
these results indicate the existence of sufficiently accurate

cut-off values that may allow the differentiation of indolent
CLL from DLBCL of Richter syndrome, including 58.56 for
mean intensity and 6.68 for entropy heterogeneity. Second, we
separately evaluated the subgroup of aggressive CLL which is
expected to show more similarities with the aggressive
DLBCL of RS and, indeed, we found only one significant
difference between the two which was again the mean inten-
sity. The calculated cut-off values of 58.63 for mean intensity

Fig. 7 Receiver operating
characteristic (ROC) analysis
based on the texture parameters
heterogeneity entropy (a) and in-
tensity mean (b) which have been
proven to be significantly differ-
ent between patients with both
indolent and aggressive CLL and
patients with DLBCL of Richter
syndrome. Discriminating cut-off
values have been determined for
optimal differentiation between
the two groups

Table 3 Computed tomography texture analysis values in patients with
indolent and aggressive CLL (n = 34) and patients with DLBCL of
Richter syndrome (n = 18) on portal-venous phase CT images using a

coarse filter. A Kruskal-Wallis test was applied. p values have been
adjusted after Bonferroni correction. ** p < 0.001; p < 0.05

CLL (indolent and aggressive course) DLBCL (Richter syndrome) p value (CLL vs. DLBCL)

Coarse Filter Mean Entropy Uniformity Mean Entropy Uniformity Mean Entropy Uniformity

Heterogeneiy -0.02 3.22 0.01 -0.02 6.36 0.008 .49 < .001** .22

Intensity 67.85 5.77 0.02 54.18 5.78 0.02 < .001** .99 .92

Average 66.23 3.68 0.11 53.89 3.99 0.09 .02* .40 .40

Deviation 21.98 3.18 0.17 17.71 3.28 0.16 .43 1.0 1.0

Skewness -0.02 4.01 0.21 -0.002 4.87 0.11 1.0 .51 .95

Entropy (Co-occurence Matrix) 0.59 6.02 0.08 0.34 5.74 0.18 .06 1.0 1.0

Difference Variance (Co-occurence Matrix) 0.09 5.35 0.09 0.05 4.91 0.19 .08 1.0 .95

Number non-uniformity (NGLDM) 0.61 4.47 0.18 0.76 4.04 0.24 .03* .76 .11

Entropy (NGLDM) 1.25 6.27 0.07 1.10 6.76 0.02 .37 .79 1.0

Contrast (NGTDM) 126.77 3.501 0.44 89.82 3.40 0.43 1.0 1.0 1.0
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and 6.63 for entropy heterogeneity (which also differed but
not reaching statistical significance) may therefore also allow
the differentiation of aggressive CLL from DLBCL of RS.
Finally, similar cut-off values apply to the entire group of
CLL for differentiation from DLBCL of RS. Comparing all
CLL patients with DLBCL of RS patients yielded additionally
a significant difference in NGLDM. The separate assessment
of the two subgroups of CLL with lower extramedullary tu-
mor burden / low growth dynamic and CLL with rapidly en-
larging lymph nodes and hepatosplenomegaly but no histopa-
thology evidence of Richter transformation showed similarly
significant differences to DLBCL with lower values of mean
intensity and mean average as well as higher values of entropy
of heterogeneity for DLBCL. Notably, mean intensity and
entropy of heterogeneity values were significantly different
in the more aggressive CLL group than in DLBCL of RS.
Pathology findings in all patients were consulted for under-
standing our CTTA results.

The need for additional imaging markers was our motiva-
tion for the evaluation of CT texture analysis for the differen-
tiation of CLL and DLBCL of Richter syndrome. The Richter
transformation occurs generally at a single location. CT mor-
phologic changes at follow-up may suggest this complication,
but the complementary characterization of such findings, e.g.,
by means of CTTA, would be wishful and we therefore be-
lieve that this post-processing tool could enhance the diagnos-
tic accuracy of CT in this respect.

The role of first-order textural features and, in particular, of
tumor heterogeneity for tumor assessment as well as its impli-
cations for prognosis and for treatment response monitoring
has been evaluated previously in other tumor entities [36–38].
Lubner et al found that pretreatment tumor heterogeneity in
primary renal cell carcinomas correlates with histology and
clinical outcome [22]. Ganeshan et al found strong correla-
tions between the esophageal tumor heterogeneity, tumor me-
tabolism, stage, and survival [25]. The same authors found
similar results in non-small cell lung carcinomas where tumor
heterogeneity predicted survival [26]. In a report by Ng et al,
tumor heterogeneity predicted 5-year survival in colorectal
carcinomas [24]. Many other studies focused on the overall
benefit of using CTTA features for tumor characterization,
discrimination, for prediction of response to therapy, and sur-
vival [39–41]. Goh et al reported a continuous decrease in the
heterogeneity of renal cell carcinomas during successful treat-
ment with tyrosine kinase inhibitors [42].

Our study has limitations. First, image data evaluation was
performed retrospectively and the number of patients is limit-
ed. This could have impacted the examination protocol and
the CTTA quantification results. However, at our institution,
CT protocols including the administered contrast agent vol-
ume are standardized which minimizes variability of used
imaging parameters. Nevertheless, the contrast agent volume
was not adapted to bodyweight and, therefore, this might have

influenced to some extent the quantification of tissue attenua-
tion and related CTTA features (e.g., mean intensity). Second,
we did not address extranodal involvement by Richter trans-
formation in order to ensure comparability of results. Third,
we used only a limited number of CT textural features in order
to limit the complexity of the results. However, the most fre-
quently applied and robust textural features are those of the
first-order and in particular the heterogeneity which has been
by far most often used as a noninvasive surrogate for spatial
heterogeneity in cellular density, angiogenesis (if contrast-
enhanced studies are evaluated as in our own study), and
necrosis. Moreover, these features are less affected by image
noise.

In conclusion, CTTA features of ultrastructure and vascu-
larization are significantly different in patients with CLL com-
pared with those with DLBCL of Richter syndrome, which
may allow complementary to visual features for a noninvasive
differentiation by contrast-enhanced CT.
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