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Abstract
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Background: Universally maximum standardized uptake value (SUVmax) and lactate dehydrogenase (LDH) are used
as tools for response assessment in Hodgkin Lymphoma (HL) patients. Our objectives are to evaluate the predictive
potential and response assessment of total lesion glycolysis (TLG) and metabolic tumor volume (MTV)—maximum
three target lesions—as another alternatives and to investigate the correlation between TLG and MTV with LDH.

Results: Both initial SUVmax and TLG were significantly associated with early patient response (p value 0.03, 0.047,
respectively). An optimal threshold for SUVmax and TLG less than or equal 19.52, and 158.6, respectively, correlated
with better therapeutic response. Initial LDH was moderately correlated with initial values of TLG (r,=04, p value
0.01), MTV (r, =044, p value 0.01) and SUVmax (r,=0.42, p value 0.01).

Conclusion: TLG in correlation with LDH can be significant prognostic factors of therapeutic response in HL. They
can be used for the identification of a subset of HL patients with a better outcome.
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Background
Lymphomas are one of the most common solid tumors
[1]. The role of imaging in management of lymphoma is
essential [2]. Currently, positron emission tomography—
computed tomography (PET/CT) has prominent appli-
cations as staging and during treatment to evaluate the
individual chemosensitivity and subsequently to adapt
further therapy by using Deauville scale [3].

Functional studies with quantitative parameters play
a great role in oncologic management. The universal
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metabolic quantitative parameter is the maximum stand-
ardized uptake value (SUVmax), which reflects the tumor
glucose metabolism of the most aggressive cell com-
ponent [4]. However, it is retrieved from only one voxel
which makes it sensitive to image noise and impacted by
various patient characteristics and imaging parameters.
On the other hand, metabolic tumor volume (MTV) is a
measurement of the viable tumor fraction and can better
estimate tumor burden. The product of multiplying the
mean SUV and the MTV yields the total lesion glycolysis
(TLG) representing the metabolic burden of disease that
depends on both tumor volume and glucose utilization
rate. Thus, MTV or TLG may provide additional valuable
information for prediction of tumor reaction to treat-
ment [5]. Most studies are concerned with whole-body
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MTV (WBMTV) and whole-body TLG (WBTLG), with
few available studies on target lesions’ MTV and TLG.

In this study, we investigated the predictive value of
both target lesions’ MTV and TLG instead of WBMTV
and WBTLG (which are time consuming and need
advanced software) by using the new response evaluation
criteria in lymphoma 2017 [6].

Moreover, despite the availability of multiple studies
searching the correlation between TLG and MTV with
Lactate Dehydrogenase (LDH) in various types of malig-
nancies and lymphoma; yet, there were few available
studies concerning Hodgkin Lymphoma (HL) [7]. We
investigated the association of TLG and MTV with LDH
in HL patients.

Materials and methods

After ethical committee approval, this prospective and
prognostic study was applied in the period from July 2017
till December 2019 at Ain Shams University hospital. A
total of 40 consecutive patients with biopsy proven HL
underwent two PET/CT evaluations, one initial (prior
to therapy) and other interim imaging (after 2—4 cycles
with 3—-4 months interval according to each patient’s
treatment protocol) using RECIL criteria as the golden
standard of the current study. B-symptoms (weight loss
more than 10%, fever and night sweats), laboratory data
(LDH and erythrocyte sedimentation rate (ESR)) and his-
tological specimen were registered from patients’ medi-
cal records.

Inclusion criteria

Any patient presented with HL who did not receive any
therapy, aged 19 years or older with no sex predilection
was included.

Exclusion criteria

Those who were previously treated with chemotherapy,
radiotherapy patients or who underwent any surgical
intervention as line of treatment, with blood glucose
level more than 200 mg/dl, with known allergy to intra-
venous contrast material or with renal impairment were
excluded.

Patient preparation

Pre-procedural assessment of patient’s weight and height.
Blood glucose level of the both PET/CT scans in diabetic
patients was adjusted by the physician to be in the range
of 110-160 mg/dl at the time of examination. Addition-
ally serum creatinine was done before the study and con-
firmed to be within normal range of 0.7-1.4 mg/dL.
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18F-FDG PET/CT imaging

Initial and interim PET/CT were performed using com-
bined PET/CT machine (Discovery IQ 5 ring GE). The
imaging protocol included physical, dietary and labora-
tory instructions like fasting for a minimum of 6 h and
controlling serum glucose level [6]. Each patient was
injected 0.1 mCi/Kg of 18F-FluorodeoxyGlucose (*°F-
FDG@G) intravenously 50—-60 min before image acquisition
[8].

Mid-skull to the level of the mid-thighs contrast-
enhanced PET/CT was performed. Low dose attenuation
correction CT was used and about 90 ml of non-ionic
iodinated contrast material was injected; then, CT
study was done 90 s after contrast administration [9].
The entire patients PET scanning was performed by the
three-dimensional acquisition mode. [10]. Reconstruc-
tion of PET image data sets using CT data for attenua-
tion correction was done and co-registered images were
displayed [11].

Image analysis

Both the initial and interim CT and PET/CT scans were
analyzed by 2 experienced radiologists with at least
5-year experience in nuclear medicine field and decision
was reached by consensus. The images were evaluated
for whole-body detection, follow-up of FDG-avid lymph
nodes and extra-nodal lesions as well as detection of any
new FDG-avid lesions.

The assessment of tumor burden in lymphoma was
performed using contrast-enhanced CT images by the
sum of longest diameters of a maximum of three target
lesions where the three largest ones being selected and
preferably representing multiple sites or organs (Fig. 1)
[6].

All PET/CT fused images were analyzed for visual
assessment and quantitative FDG uptake measurements
(Fig. 1). The SUVmax was determined as the highest SUV
of the pixel in the region of interest (ROI). Either the liver
background SUVmax or mediastinal blood pool SUV-
max was calculated for each patient as an internal refer-
ences with comparison of the tumor activity and avidity.
Initial MTV, summing the volumes of target lesions,
was computed using the SUVmax threshold of 41%.
The TLG was calculated using the following equation:
TLG=MTYV x SUVmean. All parameters were corrected
for Lean Body Mass (LBM) (Fig. 2) [12].

According to the RECIL classification, the interpreta-
tion of scans of lesions with FDG-avid profiles was by
Deauville 5-point scale [6].

Regarding the splenic involvement, focal lesions was
diagnosed by increased FDG uptake more than the
splenic background [13]. Also hepatic involvement was



Ali et al. Egypt J Radiol Nucl Med (2022) 53:26

Page 3 of 9

Fig. 1 A male patient, 31 years old, presented with HL a Axial CE CT image shows the dimensions of left axillary LN 3.6 x 3.46 cm. b Axial fused
image of PET/CT shows the quantitative assessment of left axillary LN SUVmax=5.9 g/ml, MTV=29.51cm®and TLG=1075g

ml, MTV=181cm?®and TLG=1825.5 g)

Fig. 2 Coronal MIP image and Axial fused images of PET/CT of a female patient, 19 years old, presented with HL showing the measurement of PET/
CT parameters of three largest target lesions at different body sites (right hilar LN with SUVmax=6.2 g/ml, MTV=251cm?®and TLG=11.3 g, porta
hepatis LN with SUVmax=8.7 g/ml, MTV=21.71cm?and TLG=115.7 g and left paravertebral retroperitoneal soft tissue lesion with SUVmax =16 g/

diagnosed by increased focal concentration of FDG
against a background of relatively lower normal hepato-
cyte uptake [14]. Bone marrow involvement was either
diffusely increased which is mostly nonspecific, or focally
increased that denotes marrow lesions [15].

Initial and interim studies were compared to determine
the radiological response after receiving chemotherapy.

According to the RECIL 2017 in response assessment,
the patients were classified to two groups CR and nCR
groups. The nCR was an umbrella term encompass-
ing all response patterns other than CR, as described by
the RECIL criteria while CR was a term applied on all
patients who showed complete disappearance of either
all target lesions and all lymph nodes with a long axis less
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than 10 mm or 30% or more decrease in sum of longest
diameters of target lesions with normalization of FDG
PET (Deauville score 1-3) with neither bone marrow
involvement nor new lesions. On the other hand, nCR
is a term applied on all patients who showed either 30%
or more decrease in sum of longest diameters of target
lesions with positive FDG PET (Deauville score 4-5), or
less than 30% reduction, or any increase in the summa-
tion of longest dimensions of the target lesions with any
FDG PET findings associated with bone marrow involve-
ment or new lesion [16].

As a part of the staging procedures in HL patients,
serum LDH was routinely determined by the in-house
laboratory. The tumor marker LDH was extracted from
the clinical data base within 7 days before, up to 7 days
after PET/CT. The upper limit of the reference range is
240 U/L.

In addition, we explored the possibility of association
between the serum LDH and target lesions’ TLG and
MTYV by direct correlation of their absolute values.

Statistical analysis

Statistical analysis was performed using MedCalc statis-
tical software for Windows (MedCalc Software, Mari-
akerke, Belgium). Data for initial SUV, TLG and MTV
were expressed as median and range while data for ini-
tial LDH, ESR and B-symptoms were expressed as both
number and percentage. Mann—Whitney U test was used
to evaluate the differences of initial TLG, MTV and SUV
between CR and nCR groups. Receiver operator char-
acteristic (ROC) curve analysis was performed to deter-
mine optimum thresholds and the diagnostic accuracy
of the initial SUV and TLG in distinguishing the differ-
ent groups. The diagnostic accuracy of both initial SUV
and TLG was evaluated in terms of sensitivity, specificity,
positive predictive value (PPV), negative predictive value
(NPV), and area under the ROC curve (AUC). Spear-
man’s rank correlation was used to describe the corre-
lations between the initial LDH and the initial PET/CT
parameters (SUV, TLG and MTV). Chi-squared test was
used for comparison of initial LDH, ESR and B-symp-
toms between the two groups. For all tests, all P val-
ues were two-tailed and a p value <0.05 was considered
significant.

Results

Clinical and demographic data of the studied patients
Initial demographic, clinical and pathologic character-
istics of 40 patients are listed in Table 1. (21 males and
19 females). The median age was 30.5 years old ages
(range, 19-85 years old). A maximum of three largest
target lesions was assessed per patient with a total of 110
lesions in 40 patients. Twenty-six patients (65%) showed
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Table 1 Clinical and demographic data of the studied patients

n=40
Age, median (range) 30.5 years
(19—
85 years)
Gender
Male 21
Female 19
B symptoms
Positive 24
Negative 16
LDH
Normal 4
Elevated 36
ESR
Normal 0
Elevated 40
Ann Arbor stage
| 8
Il 18
Il
v
Histology
Nodular sclerosis 24
Mixed cellularity 16
Target lesions
LNs 75
Other lesions 17
Splenic lesions 10
Bone lesions 8
RECIL response to CTH
Complete response 26
Partial response* 8
Minor response** 4
Stable disease 0
Progressive disease 2

*Partial Response means 30% or more reduction of the summation of longest
dimensions of the target lesions but not a complete response with Positive
FDG-PET findings

**Minor Response means between 10 and 30% reduction of the summation of
longest dimensions of the target lesions with FDG-PET findings

CR while fourteen (35%) showed a nCR on interim imag-
ing (Figs. 3, 4, 5).

PET parameters Predictive ability

The initial PET metabolic parameters including SUV-
max, MTV and TLG of both CR and nCR groups are
listed in Table 2. Patients with CR were found to signifi-
cantly had lower levels of SUVmax and TLG compared
to patients with nCR (p value 0.03, 0.047, respectively).
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Fig. 3 Coronal MIP images and Axial fused images of PET/CT of a female patient, 47 years old, presented with stage IIl HL. On the left, the initial film
shows three target lesions (left cervical level IV LN with SUVmax=6.38 g/ml, MTV = 2.64cm?* and TLG = 9.9 g, amalgamated retrocaval paratracheal
LN with SUVmax=6.96 g/ml, MTV=9.97cm?> and TLG = 38.9 g and preaortic and precaval LNs with SUVmax =649 g/ml, MTV =24.57 cm> and
TLG=90.6 g. On the right, the interim film shows complete anatomical and metabolic clearance of the lesions on the left side (CR group)

Initial Film Interm Film

Fig. 4 Coronal MIP images and Axial fused images of PET/CT of a male patient, 24 years old, presented with stage Il HL. On the left, the initial
film shows two target lesions (right Supraclavicular LN with SUV max=21.35 g/ml, MTV=4.59cm? and TLG=61 g and pretracheal retrocaval LNs
with SUV max=23.1 g/ml, MTV =16.16cm? and TLG = 227 g). On the right, the interim film shows complete metabolic resolution with marked
anatomical regression of right Supraclavicular LN while the other shows SUV max =7.4 g/ml, MTV =8.02cm> and TLG =37 g denoting partial
metabolic response (non-CR group)
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Initial Film

Interim Film

Fig. 5 Coronal MIP and Axial fused images of PET/CT of a male patient, 32 years old, presented with stage Il HL. On the left, the initial film shows
two target lesions (left cervical amalgamated LN with SUV max = 11.2 g/ml, MTV =28.7cm? and TLG = 279.7 g and amalgamated mediastinal nodal
mass with SUV max=12.2 g/ml, MTV = 3624cm’ and TLG=2777.9 9). On the right, the interim film shows SUV max=12 g/ml, MTV=69.1 6cm?’
and TLG=552.2 g of cervical lesion, SUV max=11.3 g/ml, MTV =165cm?® and TLG = 1605.7 g of mediastinal lesion and denovo left hilar LN SUV
max=11 g/ml, MTV=2.95cm? and TLG = 28.9 g denoting progressive metabolic response (non-CR group)

Table 2 Comparison between quantitative PET/CT parameters
of the CR and nCR groups

CR nCR p value

Initial SUVmax

Median 183 303 p=0.03*

Range 4.7-744 13.6-108.3
Initial TLG

Median 1380 288

Range 26.1-16134 57.9-3057.6 p=0.047*
Initial MTV

Median 295 30.8

Range 2.7-2033 8.8-390.5 p=0.26

*Statistically significant

No significant association was found between the initial
MTYV of both groups (p value 0.26) (Table 2).

Their optimum threshold values to differentiate
between CR and nCR groups were 19.52 for SUVmax and
158.6 for TLG with similar sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV),
accuracy and area under the curve (AUC) (Table 3).

Regarding their diagnostic performance in distinguish-
ing CR group from nCR group, there was no statistically
significant difference between initial SUV and initial TLG
(p value 0.82) (Fig. 6).

LDH correlation to PET parameters

The initial LDH was moderately associated with initial
values of TLG (r,=0.4, p value 0.01), MTV (r,=0.44, p
value 0.01) and SUVmax (r,=0.42, p value 0.01).

Table 3 The diagnostic accuracy of quantitative PET/CT parameters for differentiation of CR from the nCR group

Parameter Optimum Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%) AUC p value
threshold value

Initial SUVmax <1952 539 85.7 87.5 50 65 0.71 0.01*

Initial TLG <1586 539 85.7 875 50 65 0.69 0.036*

" Statistically significant
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Fig. 6 Receiver operating characteristic curve analyses. The
specificity and sensitivity of using baseline SUV and baseline TLG in
differentiating CR and non-CR groups were compared. No significant
differences existed between the AUCs of baseline SUV and baseline
TLG

Clinical characteristics predictive ability

Other factors including initial LDH, ESR showed no sig-
nificant association between their levels and treatment
response (x 2=2.33, 3.6 and p value 0.13, 0.06, respec-
tively) whereas B-symptoms were associated with treat-
ment response where patients with no B symptoms at
initial evaluation were significantly more prevalent in
the CR group as opposed to the nCR group (x 2=5.79,
p value 0.02).

Discussion

To improve HL treatments, the recent studies goal is to
achieve the best chance of curing well with the least pos-
sible long-term risks of chemotherapy. Subsequently,
modern approaches have attempted to investigate PET/
CT parameters predictive ability to define subgroups of
patients who will show early response after start of ther-
apy [17]. The most commonly studied parameter is SUV-
max, but unfortunately, it reflects the metabolic activity
of the most aggressive tumor cell [5], while the functional
imaging parameters (MTV and TLG) overcome SUVmax
limitation as they evaluate the total volume and meta-
bolic activity of tumor cells [18]. In our study, the predic-
tive value of the initial quantitative indices of PET/CT
(SUVmax, TLG, MTV) has been evaluated during the
management of HL.

As many criteria were developed to assess the
tumors therapeutic response, Tawfik et al. reported
that PET response criteria in solid tumor (PERCIST)
had improved the PET/CT predictive value [19]. So we
adopt a new RECIL criteria with a simple approach of
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estimating PET/CT parameters’ values from maximum
three largest target lesions rather than the whole-body
approach. We have found that the initial SUVmax and
TLG showed a good predictive value to distinguish
between the patients with CR from those with nCR.

Similarly, the available literature has demonstrated
the predictive value of TLG as an effective tool for
response evaluation in FDG-avid lymphoma. Wang
et al. reported that initial TLG tends to be supe-
rior to SUVmax and MTV in predicting survival [20].
Moustafa et al. suggested that TLG is an independent
predictor of survival in malignant lymphoma especially
in high risk patients and may be an influential predictor
of lymphoma outcome [21].

Pike et al. and Zaucha et al. considered TLG as a very
strong prognostic parameter which can improve the
predictive value of PET/CT and was associated with
interim PET response [22, 23]. El-Galaly et al. and Guo
et al. suggested that high initial total TLG predicts sig-
nificantly worse progression [24, 25].

Our threshold value of TLG is much lower than that
of previous work by Pike et al. and Akhtari et al. who
reported WBTLG cutoff value of 3318 in advanced HL
and 1703 in early-stage HL, respectively. It is clear that
this is variation is due to different methods of tumor
burden assessment. However, our cutoff value requires
more validation [22, 26].

Both initial SUVmax and TLG have similar sensitiv-
ity, specificity, accuracy, ROC as a diagnostic tool in
distinguishing the CR from the nCR. We deduce that
patients with low initial target lesions” TLG will have a
better outcome than those with higher values. We sug-
gest that TLG can be used as an alternative to SUVmax
because SUVmax provides limited semiquantitative
estimate of single voxel activity of a tumor mass and
is affected by various factors like image noise, uptake
period, body composition and plasma glucose level [5].

The study by Pike et al. was inconsistent with our
results, where they demonstrated the predictive value
of MTV as an effective tool for response evaluation.
They measured the initial total MTV and MTV of the
bulkiest lesion in advanced HL patients to evaluate
whether both could predict prognosis and interim PET
response. They reported that initial MTYV is associated
with interim PET response [22].

Moustafa et al. suggested that MTV is an independ-
ent predictor of malignant lymphoma survival and out-
come [21].

Also El-Galaly et al., Guo et al. and Kanoun et al. stud-
ies were different with our results as they reported that
tumor burden quantification by initial WBMTV may
enhance prognostication and proved that lymphoma
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patients with a low initial MTV had a better prognosis
than those with a high MTV [24, 25, 27].

Zaucha et al. and Cottereau et al. considered MTV as
a very strong prognostic parameter being superior to
the available parameters [23, 28].

On the contrary, our results show that the initial
MTV does not have significant difference between
patients with CR and nCR. This difference may be
attributed to the methodological differences regard-
ing tumor burden assessment. We adopted quantita-
tive assessment of only maximum three largest target
lesions, while other investigators measured total MTV.

Unlike the three target lesion approach, the whole-
body approach may more reliably reflect the patient’s
tumor status and treatment response in terms of MTV
assessment. Son et al. and Pellegrino et al. stated that
using the sum of PET/CT parameter of all patient’s
lesions was more expressive of the metabolically active
tumor volume than measuring it at one site [29, 30].

Elevated LDH is associated with high tumor burden
as cancer cells are dependent on anaerobic metabolism
with subsequent production of lactate from glucose
(Warburg effect) [31].

Subsequently, LDH can be used to monitor response
to chemotherapy for certain types of cancers like lym-
phoma by assessing it at diagnosis, after treatment, and
during follow-up [31]. Although there are few stud-
ies correlating LDH to SUVmax [7], to the best of our
knowledge, there are no reports investigating the cor-
relation of LDH with TLG or MTV in HL.

We have found a significant correlation between
the initial LDH and initial SUVmax, MTV and TLG.
A possible explanation for this correlation is attrib-
uted to the major role of nicotinamide adenine
dinucleotide reduced/ nicotinamide adenine dinucleo-
tide oxidized (NADH/NAD+) homeostasis in vari-
ous metabolic reactions including glucose metabolism
whereas NADH/NAD+ are up regulated in tumor cells
in order to maintain its survival reduction of pyruvate
to lactate (the Warburg effect) by LDH to produce
NAD-+ [32].

This increased glucose metabolism accounts for FDG
accumulation into cancer cells and subsequently all
quantitative parameters especially TLG which is theoret-
ically superior to other measurements because it incor-
porates both parameters by taking into account the level
of glucose accumulation within the total volume of all the
regions of all ROIs [33].

Our finding regarding SUVmax correlation with LDH
is consistent with Ucar et al. who found in 34 patients
-13 patients had HL- that end of treatment (EOT) SUV-
max are related to the EOT laboratory parameters such
as LDH [34] and inconsistent with Li et al. who found
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in 103 patients -19 had HL- that SUVmax at biopsy site
was not significantly correlated with LDH [7].

This study was limited by few limitations. First, its
short duration including only interim PET/CT stud-
ies with unavailability of EOT. Functional parameters
of EOT would have given more comprehensive evalua-
tion of the quantitative indices. However, the retrieved
quantitative indices of initial scans could give insights
into prognosis and the effectiveness of therapy. Sec-
ond, the heterogeneous patient population in terms of
the pathological subtypes and chemotherapy regimen.
More prospective studies dedicated to specific patho-
logical subtypes and treatment regimen will be more
appropriate for proper functional indices assessment.

Conclusion

In conclusion, the initial three target lesions’ TLG—
based on RECIL criteria—in correlation with LDH
can predict early interim therapeutic response in HL
patients and may be used for identification of a subset
of patients with a better outcome which subsequently
may help later in decision making and management
adjustment of these patients after more future studies
to be with highest curative chance and the least possi-
ble long-term risks.
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