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ARTICLE INFO ABSTRACT
Keywords: Introduction: Cancer cachexia is a clinical condition characterized by recognizable “sickness behaviors” accom-
Lactate Dehydrogenase (LDH) panied by loss of lean body tissue. The Global Leadership on Malnutrition (GLIM) has proposed phenotypic

Cancer Cachexia

(unintentional weight loss, low body mass index and low muscle mass) and aetiologic (reduced food intake and
Global Initiative on Malnutrition (GLIM)

. inflammation or disease burden) diagnostic criteria. Recent work has suggested serum lactate dehydrogenase
Systemic Inflammatory Response (SIR) . . . L. . . . . . . . .
CRP (LDH) might represent a 3rd aetiologic criteria. Little is known of its relationship with GLIM. A systematic review
Modified Glasgow Prognostic Score (mGPS) and meta-analysis of their comparative prognostic value and association was performed.

Neutrophil Lymphocyte Ratio (NLR) Methods: A search of electronic databases (PubMed, Medline, Ovid, Cochrane) up to February 2023 was used to

Cancer identify studies that compared the prognostic value of LDH and components of the GLIM criteria in cancer. An
analysis of the relationship between LDH and the components of GLIM was undertaken where this data was
available. RevMan 5.4.1 was used to perform a meta-analysis for each diagnostic criteria that had 3 or more
studies which reported hazard ratios with a 95 per cent confidence interval for overall survival (OS).
Results: A total of 119 studies were reviewed. Advanced lung cancer was the most studied population. Included in
the meta-analysis were 6 studies (n=2165) on LDH and weight loss, 17 studies (n=7540) on LDH and low BMI, 5
studies (n=758) on LDH and low muscle mass, 0 studies on LDH and food intake and 93 studies (n=32,190) on
LDH and inflammation. There was a significant association between elevated serum LDH and each of low BMI
(OR 1.39, 1.09 - 1.77; p=0.008), elevated NLR (OR 2.04, 1.57 — 2.65; p<0.00001) and elevated CRP (OR 2.58,
1.81 - 3.67; p<0.00001). There was no association between elevated serum LDH and low muscle mass. Only one
study presented data on the association between LDH and unintentional weight loss. Elevated LDH showed a
comparative OS (HR 1.86, 1.57 - 2.07; p<0.00001) to unintentional weight loss (HR 1.57, 1.23 - 1.99;
p=0.0002) and had a similar OS (HR 2.00, 1.70 — 2.34; p<0.00001) to low BMI (HR 1.57, 1.29-2.90; p<0.0001).
LDH also showed an OS (HR 2.25, 1.76 — 2.87; p<0.00001) congruous with low muscle mass (HR 1.93, 1.14 -
3.27; p=0.01) and again, LDH conferred as poor an OS (HR 1.77, 1.64-1.90; p<0.00001) as elevated NLR (HR
1.61, 1.48 — 1.77; p<0.00001) or CRP (HR 1.55, 1.43 — 1.69; p<0.00001).
Conclusion: Current literature suggests elevated serum LDH is associated with inflammation in cancer (an
aetiologic GLIM criterion), however more work is required to establish the relationship between LDH and the
phenotypic components of GLIM. Additionally, elevated serum LDH appears to be a comparative prognosticator
of overall survival in cancer when compared to the GLIM criteria.

1. Introduction definition of cancer cachexia has steadily evolved over time. It is
generally thought of as disease related malnutrition with increasing

Cachexia is a broad term used to describe recognisable “sickness importance placed upon systemic inflammation (McGovern et al.,
behaviours” or symptoms associated with loss of lean body tissue (Bar- 2022). Recently, the Global Leadership Initiative on Malnutrition
acos et al., 2018). Frequently present in advanced malignancy, the (GLIM) have developed standardised diagnostic criteria for malnutrition
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(Cederholm et al., 2019). This consists of three phenotypic criteria
(involuntary weight loss, low BMI, reduced muscle mass) and two
aetiologic criteria (reduced food intake and inflammation or disease
burden). Cachexia is diagnosed by the presence of one criterion from
each category.

Recent work by McGovern et al. (2023) has examined the relation-
ship between lactate dehydrogenase (LDH) and the GLIM criteria in a
prospective cohort of palliative cancer patients. They found that LDH
was independently associated with 3-month survival independent of
weight loss, BMI, skeletal muscle mass, metastatic disease or systemic
inflammation. They concluded that LDH might represent an additional
aetiologic criterion within the GLIM framework.

LDH is a constituent intracellular enzyme from the oxidoreductase
class which catalyses the conversion of pyruvate to lactate with the
reduction of NAD™ to NADH and vice versa (Farhana and Lappin, 2023).
Cells in anaerobic or hypoxic environments cannot generate adenosine
triphosphate (ATP) by oxidative phosphorylation. An upregulation of
LDH facilitates an alternate yet inefficient pathway for energy produc-
tion. As such, it is integral to anaerobic metabolism. Cancer cells
demonstrate an affinity for the anaerobic metabolism of glucose, with
the generation of large amounts of lactate, often despite the presence of
oxygen (Warburg, 1956; Walenta and Mueller-Klieser, 2004; Claps et al.,
2022). The reason for this observation, termed the “Warburg Effect”,
remains unclear. Some have theorized that this diverts bioactive
glycolytic substrates for use by rapidly dividing cancer cells, or that this
outpaces the relatively slow mitochondrial electron transfer chain. The
chaotic and precocious nature of tumor vasculature also creates regions
of hypoxia and tumor necrosis which will result in further anaerobic
production of lactate. Excreted by tumor and host cells, lactate will
reduce the pH of the surrounding tumor microenvironment (TME)
before it is ultimately converted back to pyruvate by the “Cori cycle” in
the liver. This results in amplified gluconeogenesis with a reactive
hyperinsulinemia which ultimately leads to insulin resistance, a
contributing factor to the phenotype of cachexia (Masi and Patel, 2021).
Much work has focused on the importance of the tumor-host interaction
(McAllister and Weinberg, 2014; Roxburgh and McMillan, 2014, 2012)
and lactate as an orchestrator of metabolic reprogramming within the
TME is one such example (Ippolito et al., 2019). Work has shown that
lactate is pro-tumorigenic promoting angiogenesis, metastasis and
tumor resistance with additional roles in immunosuppression and tumor
evasion (Claps et al., 2022; Certo et al., 2021). Thus, LDH may play an
important role in the tumor-host interaction that results in the dysre-
gulated metabolism and systemic inflammation which drives cancer
cachexia.

Elevated serum lactate dehydrogenase (LDH) is recognized to be a
predictor of disease progression and poorer survival in cancer. However,
the biological mechanisms underlying this observation, how this relates
to tumor burden or if this represents a therapeutic target remains un-
clear. To date there has been little work on the relationship between
LDH and the GLIM criteria and their relative prognostic value. This
systematic review and meta-analysis aimed to compare the prognostic
value of LDH and GLIM on overall survival (OS) in patients with cancer
and examine the association between LDH and GLIM where possible.

2. Methodology

The following systematic review and meta-analysis was performed
according to a pre-defined protocol described in the updated 2020
PRISMA-P statement. A search of the electronic databases PubMed,
MEDLINE and Embase (Excerpta Medica Database) up to 31st January
2023 was performed. This utilized a combination of Medical Subject
Heading (MeSH) terms and keywords to include all cancer, lactate de-
hydrogenase and the GLIM criteria. The full search syntax has been
included in the supplementary material. The terms searched were:
“lactate dehydrogenase”, “LDH”, “Global Leadership Initiative on
Malnutrition”, “GLIM”, “weight loss”, “body mass index”, “BMI”, “body
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weights and measures”, “muscle mass”, “sarcopenia”, “food intake”,
“modified Glasgow Prognostic Score”, “mGPS”, “C-reactive protein”,
“CRP”, “neutrophil-lymphocyte ratio”, “NLR”, “neoplasm” and “cancer”.

Structuring the search as outlined above produced 1575 results
(Fig. 1). Titles and abstracts were screened for relevance and any du-
plicates removed (n=140). Articles were excluded if there was no full
text (n=151), they were not published in English (n=103), they were a
review (n=24) or survival was not the primary outcome (n=977). A full
text review of the remaining 180 papers was performed. Included
studies investigated a measurable prognostic outcome (overall survival
(0S), time to death (TTD), cancer specific survival (CSS) or disease free
survival (DFS)) in patients with cancer for both serum LDH and a
component of the GLIM criteria (weight loss, low BMI, reduced muscle
mass, inflammation, food intake). Until recently, the GLIM consensus
did not objectively define inflammation. Therefore, as previous reviews
have highlighted both the prevalent use and prognostic value of the
modified Glasgow prognostic score (mGPS) and neutrophil lymphocyte
ratio (NLR) these were chosen to represent systemic inflammation
(Dolan et al., 2018, 2017a, 2017b; Shimoyama et al., 2024). Addition-
ally, they reflect the hepatic and myeloid components respectively of the
systemic inflammatory response. Additional studies were excluded if
they had less than 80 subjects (n=43), did not present survival as hazard
ratios with 95% confidence intervals (n=20) or were publications on
data from the same cohort (n=4). Where two papers by the same author
appeared to investigate the same cohort, the larger cohort with more
substantial follow up was included. Overall survival was the only
outcome used in the meta-analysis due to the inconsistency in TTD, CSS
and DFS outcomes reported amongst the papers. Lastly, the references of
included studies were examined to identify additional relevant papers
(n=6). Two senior authors agreed on strict inclusion and exclusion
criteria. The first author performed the search and review of abstracts,
and a second senior author was consulted where advice was required
concerning inclusion. The STROBE checklist (Vandenbroucke et al.,
2007) was used to evaluate the quality of eligible studies. Extracted data
was stored electronically and included author, country, trial design,
sample size, cancer type, intervention (if any), number of events/deaths,
length of follow up, timing of measurements and values chosen, multi-
variable and univariable survival analysis and a brief description of the
population studied (Supplementary Table). Results are presented in a
descriptive fashion for each different component of the GLIM criteria. A
meta-analysis was undertaken for each individual component of the
GLIM criteria where at least 3 studies presented hazard ratios (HR) with
a 95 per cent confidence interval using the same outcome measure.

2.1. Statistics

The hazard ratios and 95% CIs for overall survival were taken
directly from each article. Whenever both estimates were presented, the
multivariable analysis was taken over the univariable analysis. There
were a minority of studies which only presented univariable analysis
(see Supplementary Table). Hazard ratios were log transformed prior to
pooling. All meta-analysis was undertaken using Review Manager
(RevMan)[Computer program]. Version 5.3. Copenhagen: The Nordic
Cochrane Centre, The Cochrane Collaboration, 2014, using the random
effects (DerSimonian-Laird) model. Heterogeneity between studies was
evaluated by both Tau? and I2. All p-values were 2-sided and p<0.05
were considered statistically significant. Visual analysis of funnel plots
was performed to assess publication bias (see Supplementary Material).”

3. Results

After final review of the full texts, 119 papers were suitable for
systematic review (Fig. 1 - PRISMA diagram). Separating the papers into
those examining both LDH and the different components of the GLIM
criteria produced: 39 studies on weight loss and/or low BMI (Abdel--
Rahman, 2018, 2019; Aben, 2011; Banna, 2022; Bremnes, 2003;
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Duplicate records removed: n = 140

Excluded: n=1248
e No full text: n=151
* Not English language: n=103
* Review: n=24
*  Survival not primary outcome: n=977

Excluded after full text review: n=67
e Less than 80 subjects: n=43
e No HRs (95% Cl): n=20
* Same data set/cohort: n=4

Included after hand search of references: n=6
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Fig. 1. PRISMA-P diagram showing selection of studies for review.

Fukushima, 2015; Gravis, 2015; Hoang, 2012; Huang, 2015; Hwang,
2015; Jung, 2014; Kanemasa, 2018; Kim, 2015, 2018;
Knetki-Wroblewska, 2021; Lara, 2015; Li, 2017; Liu, 2016; Lu, 2013;
Okamoto, 2019; Rutkowski, 2020; Shah, 2015; Shibuki, 2022; Simmons,
2019b; Smith, 2011; Song, 2016; Sougioultzis, 2011; Suzuki, 2019,
2020; Takemura, 2019; Tang, 2016; Tanrikulu, 2010; Tanriverdi, 2014;
Tsai, 2021; Vigano, 2000; Wang, 2018a, 2019, Zeng, 2016a,b), 6 studies
on skeletal muscle mass (Burkart, 2019; Fukushima, 2015; Go, 2016;
Kim, 2015; Park, 2016; Veasey Rodrigues, 2013), 0 studies on food
intake and 106 studies on systemic inflammation (Shibuki et al., 2022;
Tang et al., 2016; Banna et al., 2022; Suzuki et al., 2020; Fukushima
etal., 2015; Takemura et al., 2019; Berghoff et al., 2017; Stangl-Kremser
et al., 2020; Vogl et al., 2006; Chan et al., 2021; Jimenez-Zepeda et al.,
2016; Ksienski et al., 2022; Mercier and Voutsadakis, 2019; Nicholas
et al., 2018; Templeton et al., 2014; Pinto et al., 2018; Cao et al., 2017;
Chen et al., 2022, 2018; Cui et al., 2018; Deng et al., 2017; Guo et al.,
2018; He et al., 2021, 2015; Hong et al., 2015; Hu et al., 2020; Jiang
et al., 2020; Li et al., 2015, 2013a, 2013b; Liu et al., 2017; Ma et al.,
2022a, 2022b; Peng et al., 2020; Pu et al., 2021; Wang et al., 2014a,
2018b, 2014b; Xie et al., 2021; Yang et al., 2017; Yu et al., 2017; Zhang
et al., 2022, 2015; Zhao et al., 2022, 2021; Zhou et al., 2015a, 2015b;
Drpa et al., 2020; Olgun and Diker, 2023; Jorgensen et al., 2017; Bigot
et al., 2017; Chasseuil et al., 2018; Di Blasi et al., 2022; Atzpodien et al.,
2003; Boegemann et al., 2017; Desch et al., 2017; Haas et al., 2013;
Hartrampf et al., 2022; Heppt et al., 2017; Klumper et al., 2022; Kripp
et al., 2014; Reinert et al., 2020; Bersanelli et al., 2020; Buttigliero et al.,
2017; Capone et al., 2018; Casamassima et al., 2005; Cocorocchio et al.,
2020; Del Prete et al., 2015; Loupakis et al., 2019; Marcheselli et al.,
2020; Pisano et al., 2021; Hashimoto et al., 2009; Ishioka et al., 2012; Ito
et al., 2019; Kamba et al., 2014; Kanemasa et al., 2016; Nakagawa et al.,
2013; Nakai et al., 2010; Nakamura et al., 2016; Namikawa et al., 2019;

Takada et al., 2020; Takemura et al., 2020; Tamura et al., 2021; Tanizaki
etal., 2018; Tatsugami et al., 2015; Uehara et al., 2021; Xue et al., 2014;
Yamada et al., 2020; Yamazaki et al., 2021; Kang et al., 2014; Suh and
Ahn, 2007; Suh et al., 2010; Maas et al., 2019; Strijker et al., 2021;
Aamdal et al., 2022a, 2022b; Baicus et al., 2014; Teterycz et al., 2018;
Ng et al., 2021; Mirili et al., 2019; Giri et al., 2022; Peyton et al., 2020;
Sonpavde et al., 2014; Li et al., 2018; Nakagawa et al., 2017; Artac et al.,
2017; Saito et al., 2009). For conciseness, results of individual studies
can be found in the supplementary material. From the 119 studies
included in the meta-analysis, only 10 failed to provide multivariable
survival analysis (8%).

3.1. The relationship between elevated LDH and weight loss

Six studies (n=2165) examined the prognostic value of both unin-
tentional weight loss and elevated LDH. There were 3 papers on
advanced lung cancer (Bremnes et al., 2003; Lara et al., 2015; Tanriverdi
et al., 2014), 2 on all palliative cancer (Simmons et al., 2019a; Vigano
etal., 2000) and 1 on advanced gastric cancer (Sougioultzis et al., 2011).
Patients received palliative chemoradiotherapy or supportive treatment
only. One randomized control trial of chemotherapy regimes in small
cell lung cancer did include both early and advanced disease (Bremnes
et al., 2003). All measurements were taken at baseline and no study
recorded serial measurements of either weight or LDH. Only two studies
were prospective (Supplementary Tables). Five studies used multivari-
able and one used univariable survival analysis (Supplementary Tables).

The prevalence of weight loss amongst all studies was 38% whereas
48% of patients had an elevated serum LDH. There was not sufficient
data to analyze the prevalence between early and advanced disease or
different cancer types. Only one study examining weight loss explicitly
presented data on the association with elevated LDH (Lara et al., 2015).
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Lara et al. retrospectively analyzed data on 329 patients from trials of
platinum-based chemotherapy in advanced small cell lung cancer. Of 89
patients losing >5% body weight 30 had an elevated LDH (30/89, 34%)
compared to 86 out of 240 weight stable patients (86,/240, 36%).

The largest of the remaining studies on weight loss was a prospective
observational cohort investigating prognostic factors in advanced cancer
patients over an 18-year period (Simmons et al., 2019a). Of 478 sub-
jects, 462 experienced weight loss however only 190 (190/478, 41%)
had experienced weight loss >2.5% of their body weight in the previous
3 months. In comparison, 375 (375/478, 75%) subjects had an elevated
LDH (>250 U/L). Although this suggests that elevated LDH is more
prevalent than weight loss in advanced cancer, the study did not break
down the number of patients with elevated LDH within each weight loss
category. Bremnes et al. performed a retrospective analysis of prognostic
factors in a randomized control trial of chemotherapy regimes in limited
versus extensive small cell lung cancer (Bremnes et al., 2003). They
found that amongst patients with early-stage disease 26% (55/210) had
an elevated LDH and 15% (32/211) had lost more than 10% of their
bodyweight whereas in advanced disease this changed to 52%
(110/212) and 35% (77/220) respectively. Again, they did not present
data on the prevalence of elevated LDH amongst the patients with
weight loss and this was a common observation amongst included
studies.

3.2. The prognostic value of elevated LDH compared to weight loss

Of the six studies (n=2165) that investigated weight loss, four
(n=1659) used a percentage loss (>5%, 2.5-10.0) (Bremnes et al., 2003;
Lara et al., 2015; Simmons et al., 2019a; Sougioultzis et al., 2011) whilst
the remaining two (n=506) used fixed amounts over time (10 kg and
8.1 kg) (Tanriverdi et al., 2014; Vigano et al., 2000). There were three
studies (n=40) with incomplete data on weight loss (Bremnes et al.,
2003; Simmons et al., 2019a; Sougioultzis et al., 2011). There were 1836
deaths. Meta-analysis (Fig. 2) resulted in a pooled HR for OS with un-
intentional weight loss of 1.57 (1.23 - 1.99, p=0.0002). The median
value used for elevated LDH was 395 U/L (225 - 618 U/L) and was
unclear in 2 papers (n=713) (Lara et al., 2015; Tanriverdi et al., 2014). 3
papers (n=430) declared incomplete data on serum LDH in their cohort
(Bremnes et al., 2003; Simmons et al., 2019a; Tanriverdi et al., 2014).
Meta-analysis (Fig. 2) showed a pooled HR for OS with elevated LDH of

Table 1

Pooled hazard ratios (HR) for overall survival (OS) in papers examining the
effect of both lactate dehydrogenase (LDH) and a Global Leadership Initiative on
Malnutrition (GLIM) diagnostic criteria (weight loss, low body mass index
(BMI), low muscle mass and systemic inflammation) in cancer. NLR=neutrophil
lymphocyte ratio.

Marker N Pooled HR for OS (95% CI)  Heterogeneity

The prognostic value of LDH compared to weight loss

LDH 2165 1.81 (1.57 - 2.07) 12=0% p=0.50
p<0.00001

Weight Loss 2165 1.57 (1.23 -1.99) p=0.0002 12=72% p=0.003

The prognostic value of LDH compared to low BMI

LDH 6978 2.00 (1.70 - 2.34) 12=41% p=0.04
p<0.00001

Low BMI 6978 1.57 (1.29-2.90) p<0.0001 12=88% p<0.00001

The prognostic value of LDH compared to low muscle mass

LDH 818 2.25(1.76 - 2.87) 12=37%, p=0.17
p<0.00001
Low Muscle 818 1.93 (1.14 - 3.27) p=0.01 12=88%,
Mass p<0.00001

The prognostic value of LDH compared to systemic inflammation
LDH 37,185  1.77 (1.64 - 1.90) 12=90% p<0.00001

p<0.00001

NLR 19,344  1.61 (1.48 - 1.77) 12=66% p<0.00001
p<0.00001

CRP 22,885  1.55 (1.43 - 1.69) 12=83% p<0.00001
p<0.00001
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1.81 (1.57 - 2.07, p<0.00001).
3.3. The relationship between elevated LDH and low BMI

Seventeen papers (n=7540) examined the prognostic value of both
low BMI and elevated serum LDH in cancer (Shibuki et al., 2022; Tsai
et al., 2021; Hoang et al., 2012; Kim et al., 2015, 2018; Li et al., 2017;
Liu et al., 2016; Lu et al., 2013; Zeng et al., 2016a; Huang et al., 2015;
Suzuki et al., 2020; Zeng et al., 2016b; Wang et al., 2019; Fukushima
et al., 2015; Takemura et al., 2019; Jung et al., 2014; Hwang et al.,
2015). Studies included eight different cancer types (lung=3,
nasopharyngeal=3, urothelial cell cancer=3, lymphoma=3,
myeloma=2, gastric=1, pancreatic=1, hepatocellular=1). All but 2
papers included advanced, metastatic or unresectable cancer. No study
recorded serial measurements of either BMI or serum LDH, with both
measured at baseline or diagnosis. Only two studies were prospective
(Supplementary Table). Fifteen studies used multivariable and two
studies used univariable survival analysis (Supplementary Table).

Only two studies included patients with early disease. Zeng and
colleagues (Zeng et al., 2016a) retrospectively analyzed 1593 patients
with non-metastatic nasopharyngeal carcinoma (20% T1, 44% T2 or 8%
Stage 1 and 41% Stage II), where the mainstay of treatment is radio-
therapy in early disease or concurrent chemoradiotherapy in locally
advanced disease while Wang et al. retrospectively analyzed 419 he-
patocellular carcinoma patients treated by curative resection (Wang
et al., 2019).

Amongst included studies the prevalence of elevated serum LDH was
33% whereas only 23% of patients had a low BMI. There was not suf-
ficient data to analyze the prevalence between early and advanced
disease or different cancer types. Five studies (n=2109) presented data
on the relationship between low BMI and an elevated serum LDH (Tsai
et al., 2021; Li et al., 2017; Liu et al., 2016; Jung et al., 2014; Hwang
et al., 2015) (supplementary material). A retrospective analysis of 742
patients with extranodal natural killer/T-cell lymphoma was the largest
of these studies (Li et al., 2017). The authors observed an elevated serum
LDH in 32% (82/254) of patients with a low BMI compared to 26%
(129/488) of patients with a BMI>20. Meta-analysis (Fig. 3.) showed an
OR of 1.39 (1.09 - 1.77, p = 0.008) for elevated serum LDH amongst
patients with a low BML

3.4. Prognostic value of elevated LDH compared to low BMI

Seventeen papers (n=7540) examined the prognostic value of both
low BMI and elevated serum LDH in cancer (Shibuki et al., 2022; Tsai
et al., 2021; Hoang et al., 2012; Kim et al., 2015, 2018; Li et al., 2017;
Liu et al., 2016; Lu et al., 2013; Zeng et al., 2016a; Huang et al., 2015;
Suzuki et al., 2020; Zeng et al., 2016b; Wang et al., 2019; Fukushima
et al., 2015; Takemura et al., 2019; Jung et al., 2014; Hwang et al.,
2015). There were 3244 deaths. The median value used for low BMI was
<20 (18 - 25). Three studies (n=20) reported incomplete data on BMI in
their cohort (Lu et al., 2013; Zeng et al., 2016b; Wang et al., 2019;
Takemura et al., 2019) and three studies (n=398) did not present what
proportion of their cohort had a low BMI (Suzuki et al., 2020; Fukushima
et al., 2015; Takemura et al., 2019). Meta-analysis (Fig. 4.) showed a
pooled HR for OS with low BMI of 1.57 (1.29 — 1.90, p<0.0001).

Eleven papers (n= 5296) declared the cut off value used for elevated
LDH with a median value of 246 U/L (168.5 — 486 U/L) (Shibuki et al.,
2022; Tsai et al., 2021; Kim et al., 2015, 2018; Li et al., 2017; Zeng et al.,
2016a; Huang et al., 2015; Suzuki et al., 2020; Zeng et al., 2016b; Wang
et al., 2019; Takemura et al., 2019). Of these, 2 (n=310) papers did not
present the proportion of patients in the normal and elevated LDH
groups (Suzuki et al., 2020; Takemura et al., 2019), and 2 papers
(n=282) declared incomplete data on LDH (Tsai et al., 2021; Zeng et al.,
2016b). Five papers (n=2156) used the “upper limit of normal” without
declaring the value (Hoang et al., 2012; Liu et al., 2016; Lu et al., 2013;
Jung et al., 2014; Hwang et al., 2015) and one of these papers declared
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Hazard Ratio Hazard Ratio

Study or Subgroup  log[Hazard Ratio] SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Weight Loss
Bremnes 2003 0.235 0.1199 109 322 21.4% 1.26[1.00, 1.60] il
Lara 2015 0.4279 0.1651 89 240 18.1% 1.53[1.11,2.132] =
Simmons C 2019 0.146 0.0594 190 272 253% 1.16[1.03,1.30] ol
Sougioltzis 2011 0.675 0.1905 90 221 16.3% 1.96 [1.35, 2.85] —
Tanriverdi 2014 0.9838 0.3303 227 157 9.1% 2.67[1.40,511] I
Vigano 2000 0872 0311 109 99 9.8% 2.391.30, 4.40] —
Subtotal (95% CI) 814 1311 100.0% 1.57 [1.23,1.99] L 3
Heterogeneity: Tau®= 0.06; Chi*=18.15,df=5(P=0.003), F=72%
Test for overall effect: Z= 3.67 (P =0.0002)
2.1.4 Elevated LDH
Bremnes 2003 0.4377 01303 165 257 291% 1.85[1.20, 2.00] -
Lara 2015 0.717 01522 122 207 21.3% 2.05[1.52,2.76] -
Simmaons C 2019 0.8332 0.2835 335 111 6.1% 2.30[1.32,4.01] e
Sougioltzis 2011 0.5472 0.1314 173 138 28.6% 1.73[1.34, 2.24] -
Tanriverdi 2014 1.0648 0.3827 0 0 34% 2.901[1.37,6.14] —
Vigano 2000 0.5878 0.2069 a5 142 11.5% 1.80[1.20,2.70] —
Subtotal (95% CI) 880 855 100.0% 1.81[1.57, 2.07] ¢
Heterogeneity: Tau*= 0.00; Chi*=4.44 df=5(P=0.49), F=0%
Test for overall effect: Z=8.42 (P = 0.00001)

0.01 01 10 100

Better Survival Poorer Survival

Fig. 2. Forest Plot showing pooled hazards ratios (HR)for overall survival (OS) from studies which reported the prognostic value of both lactate dehydrogenase

(LDH) and weight loss (a phenotypic GLIM criterion) in cancer.

Table 2

Odds ratios (OR) for the association between an elevated serum lactate dehy-
drogenase (LDH) and any of the Global Leadership Initiative on Malnutrition
(GLIM) criteria for cancer cachexia. There was insufficient data to estimate OR
for weight loss or food intake. BMI= body mass index. NLR=neutrophil
lymphocyte ratio.

GLIM Criterion N OR for elevated LDH (95% CI) P value

Phenotypic

Weight Loss - - -

Low BMI 2109 1.39 (1.09 - 1.77) p=0.008

Low Muscle Mass 660 1.31 (0.82 -2.11) p=0.26

Aetiologic

Inflammation CRP 652 2.58 (1.81 - 3.67) p<0.00001
NLR 3664 p<0.00001

2.04 (1.57 - 2.65)
Reduced Food Intake - -

incomplete data on LDH (n=39) (Lu et al., 2013). Additionally, 1 paper
used the log of LDH (n=88) (Fukushima et al., 2015). Meta-analysis
(Fig. 4.) showed a pooled HR for OS with elevated LDH of 2.00 (1.70
- 2.34, p<0.00001).

3.4.1. The relationship between elevated LDH and reduced muscle mass
There were five studies (n=818) which reported the presence of both
elevated serum LDH and reduced muscle mass amongst their subjects
(lung =1, lymphoma=1, pancreatic=1, urothelial cell=1,various=1)
(Kim et al., 2015; Fukushima et al., 2015; Park et al., 2016; Veasey
Rodrigues et al., 2013; Go et al., 2016). All cohorts included advanced,
palliative or unresectable cancers. There were no prospective studies

and muscle mass and serum LDH were assessed at baseline or the time of
diagnosis (Supplementary Table). All five studies performed multivari-
able survival analysis (Supplementary Table).

Across all studies the prevalence of elevated LDH was 48% whereas
70% of patients had reduced muscle mass. Four studies (n=533) pre-
sented data on the relationship between elevated LDH and reduced
muscle mass in their cohort (Kim et al., 2015; Park et al., 2016; Go et al.,
2016; Burkart et al., 2019). There was not sufficient data to analyze the
prevalence between early and advanced disease or different cancer
types. The largest of these studies was a retrospective analysis of 187
patients receiving R-CHOP chemotherapy for diffuse large B-cell lym-
phoma. They found that LDH was elevated in 61% (28/46) of patients
with sarcopenia compared to 57% (81/141) in those without (Go et al.,
2016). Although a smaller sample size, it was another study of lym-
phoma patients that showed the only significant association between
LDH and reduced muscle mass (p=0.047) (Burkart et al., 2019).
Meta-analysis of these four studies did not produce a significant asso-
ciation with an OR of 1.31 (0.82 - 2.11, p = 0.26) for elevated serum
LDH amongst patients with sarcopenia (Fig. 5).

3.4.2. Prognostic value of elevated LDH compared to reduced muscle mass

Amongst the five studies reporting the prognostic value of both
elevated LDH and reduced muscle mass the median cut off for low SMI
was 53.7 cm?/m? (43 - 55 cmz/mz) in men and 40 cm?/m? (38.5 —
55 cmz/mz) in women. The median value for raised LDH was 486 U/L
(225 - 618 U/L). One study (n=88) used the log of serum LDH
(Fukushima et al., 2015) and one study (n=88) did not state the value
used for raised LDH (Park et al., 2016). One paper (n=306) did not make

Low BMI Control Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Hwang 2015 13 26 249 536 9.5% 1.15[0.52, 2.53] -
Jung 2014 ] 24 28 169 52% 1.33[0.46, 3.89] I —
Liz017 82 254 129 488 53.5% 1.33[0.95,1.89] il
Liu 2016 43 106 51 145 22.4% 1.68 [0.95, 2.64] T
Tsai 2021 11 29 92 332 9.5% 1.68[0.73, 3.50] T
Total {95% CI) 439 1670 100.0% 1.39[1.09,1.77] <
Total events 160 549
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Fig. 3. Forest plot showing Odds Ratio (OR) for association between an elevated serum lactate dehydrogenase (LDH) and a low body mass index (BMI).
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Low BMI or Elevated LDH Control
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Hazard Ratio Hazard Ratio

Study or Subgroup log[Hazard Ratio] SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Low BMI
Fukushima 2016 -0.0835 0.0344 1] 1] 7.8% 0.92 [0.86, 0.98] Il
Hoang 2012 0.7372 0.2484 30 820 52% 2.09[1.28,3.40] —
Huang 2015 0.6898 0.1464 258 142 67% 1.99 [1.50, 2.66] -
Hwang 2015 1.0647 0.3901 26 562 3.5% 2.801[1.35,6.23] e
Jung 2014 0.605 0.3061 24 169  4.5% 1.83[1.01,3.34] e
Kim 2015 0178 0.1859 24 125 6.1% 1.19[0.83,1.72] T
Kim 2017 0.8402 0.2644 19 108 5.0% 2.32[1.38, 3.89] S
Liz017 0.2855 0.116 133 609 71% 1.33[1.06, 1.67] ™~
Liu 2016 05237 0.2428 251 106 5.3% 1.69[1.05, 2.72] —
Lu 2013 0.6476 0.2306 51 241 5.5% 1.91[1.22,3.00] B
Shibuki 2022 0.0218 0.1491 198 120 6.6% 1.02[0.76,1.37] T
Suzuki 2020 0.5304 0.1949 0 0 6.0% 1.70[1.16, 2.49] -
Takemura 2018 0.3429 0.2011 0 0 59% 1.41[0.95, 2.09] ™
Tsai 2021 07792  0.363 30 348 3.8% 218[1.07, 4.44] —
Wang 2013 0.3894 0157 39 370 6.5% 1.481(1.09, 2.01] —
Zeng 2016 0.9548 0.136 132 1461 6.8% 2.60[1.99, 3.39] -
Zeng Z 2016 -0.0677 0.0653 2086 652 7.6% 0.93[0.82, 1.06] N
Subtotal (95% CI) 1421 5833 100.0% 1.57 [1.29, 1.90] *
Heterogeneity: Tau*=0.12; Chi*=138.59, df=16 (P < 0.00001); #= 88%
Testfor overall effect: Z= 4.55 (P = 0.00001)
2.1.2 Elevated LDH
Fukushima 2016 1.196 0.3641 0 0 38% 3.31[1.62,6.79) I
Hoang 2012 0.5553 01417 273 877 1% 1.74[1.32,2.30] -
Huang 2015 0.438 0.1477 219 181 10.7% 1.55[1.186, 2.07] -
Hwang 2015 1.248 03782 262 300 36% 3.48[1.66,7.31] e
Jung 2014 0.4903 0.2983 33 160 5.1% 1.63[0.91, 2.93] T
Kim 2015 0.4699 0.2005 93 56 8.3% 1.60[1.08, 2.37) —
Kim 2017 0.6113 0.2189 0 0 75% 1.84[1.20, 2.83] I
Liz2017 0.3063 01222 21 531 121% 1.36 [1.07,1.73] ™
Liu 2016 0.854 02677 100 151 5.9% 2.35[1.39, 3.97) I
Lu 2013 0.8784 0.2611 a1 210 6.1% 2.411[1.44,4.02] —_—
Shibuki 2022 1.11 04132 113 205 31% 3.03[1.35,6.82] e
Suzuki 2020 1.1923  0.459 0 0 26% 3.29[1.34,8.10]
Takemura 2018 0.6168 0.2898 0 0 53% 1.85[1.05, 3.27] —
Tsai 2021 0.7244 0.2681 103 258 5.9% 2.06[1.22, 3.49) I
Wang 2019 0.9342 0.2242 76 343 TA4% 2.55[1.64, 3.95] I
Zeng 2016 1.9808 08383 180 1413 0.7% 7.25[1.15, 45.69]
Zeng Z 2016 3.0259 1.1751 234 360 0.5% 20.61[2.06, 206.24] —_—*
Subtotal (95% CI) 1948 4745 100.0% 2.00[1.70, 2.34] [
Heterogeneity: Tau®= 0.04; Chi®= 27.34, df=16 (P=0.04), F=41%
Testfor overall effect: Z=8.49 (P < 0.00001)
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Fig. 4. Forest plot showing pooled hazard ratios (HR) for overall survival (OS) from studies which reported the prognostic value of both elevated serum lactate
dehydrogenase (LDH) and low body mass index (BMI)(a phenotypic GLIM criteria) in cancer.

Reduced Muscle Mass Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Burkhart 2019 41 65 18 44 27.9% 247 113,541 —
Go 2016 28 46 81 141 34.4% 1.15[0.58, 2.27]
Kim 2015 74 118 19 31 26.3% 1.06 [0.47, 2.40] —
Park 2016 20 71 4 11 11.4% 0.69[0.18, 2.60] e
Total (95% CI) 300 227 100.0% 1.31[0.82, 2.11] <
Total events 163 122
Heterogeneity: Tau®= 0.05; Chi*= 3.80, df=3 (P=0.28); F=21% b t t |
Testfo?overgll effect 2= 1..1 IP= []Qé) ( " 0.0 0.1 - 100
Control Reduced Muscle Mass

Fig. 5. Forest plot showing odds ratio (OR) for the association between an elevated serum lactate dehydrogenase (LDH) and reduced muscle mass (a phenotypic

GLIM criterion) in cancer.

clear how many subjects fell into the raised LDH group (Veasey Rodri-
gues et al., 2013). Across all studies there were 413 deaths.
Meta-analysis (Fig. 6.) on the effect of reduced muscle mass on OS
showed a pooled HR of 1.93 (95 per cent ci,1.14-3.27, p=0.01).
Meta-analysis (Fig. 6.) on the effect of elevated LDH on OS showed a
pooled HR of 2.25 (95 per cent ci,1.76-2.87, p<0.00001).

3.4.3. The relationship between elevated LDH and systemic inflammation
One hundred and six studies (n=35,427) investigated the prognostic
effect of serum LDH and markers of systemic inflammation on OS. Of
these, sixty-four studies used NLR and fifty-nine studies used CRP. There
were seventeen studies which reported the prognostic value of both NLR

and CRP (Supplementary Table).

3.4.4. LDH and NLR

Included in the meta-analysis were fifty seven studies (n=18,664)
which reported the presence of both elevated serum LDH and NLR
amongst their subjects (lung=18, melanoma=7, prostate=5, color-
ectal=5, head and neck=4, renal=3, gastric=2, various=2,
glioblastoma=2, lymphoma=2, pancreatic=1, penile=1, ovarian=1,
urothelial=1, gallbladder=1, uveal=1, myeloma=1). Thirty seven
included cohorts with only advanced, recurrent or metastatic cancer (n=
10288).The remaining 20 papers included populations with both early
and advanced disease (n=8376). There were no studies of early cancer
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Hazard Ratio Hazard Ratio

Study or Subgroup log[Hazard Ratio] SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1 Reduced Muscle Mass
Fukushima 2015 1.2234 0.2967 53 35 19.2% 3.40[1.90, 6.08] —
Go 2016 0.7476 0.248 46 141 206% 211 [1.30,3.43] —
Kim 2015 0.5031 0.2367 118 31 208% 1.65[1.04, 2.63] =
Park 2016 1.0892 04627 76 12 143% 2.97[1.20, 7.36] .
Veasey-Rodrigues 2013 0.0386 0.0192 144 162 25.0% 1.04 [1.00,1.08]
Subtotal (95% ClI) 437 381 100.0% 1.93[1.14,3.27] <
Heterogeneity: Tau®= 0.29; Chi*= 32.60, df= 4 (P < 0.00001); F= 88%
Test for overall effect: Z= 2.46 (P = 0.01)
1.2.2 Elevated LDH
Fukushima 2015 1.0824 0.1689 1] 0 27.3% 295([212,4.11]
Go 2016 1.0418 0.2886 78 109 14.0% 2.83[1.61, 4.99] -
Kim 2015 0.4699 0.2005 93 56 22.7% 1.60[1.08, 2.37] —
Park 2016 06715 0.3081 24 58 12.6% 1.86 [1.07, 3.58] =
Veasey-Rodrigues 2013 0.7613 0.1954 1] 0 234% 214[1.46,3.14] ——
Subtotal (95% Cl) 195 223 100.0% 2.25[1.76, 2.87] <
Heterogeneity: Tau®=0.03; Chi*=6.38,df=4 (P=017), F=37%
Test for overall effect Z=6.49 (P = 0.00001)
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Fig. 6. Forest plot of pooled hazard ratios (HR) for overall survival (OS) in studies which reported the prognostic vale of both elevated serum lactate dehydrogenase

(LDH) and reduced muscles mass (a phenotypic GLIM criterion) in cancer.

alone. Only three studies (n=386) were prospective (Pinto et al., 2018;
Klumper et al., 2022; Aamdal et al., 2022b) and only one study per-
formed serial measurements (Klumper et al., 2022), the remainder
recording NLR and LDH at baseline or time of diagnosis (Supplementary
Table). Fifty-two studies performed multivariable and five studies uni-
variable survival analysis (Supplementary Table).

The median value used for raised NLR was 3.42 (range 0.38 - 6.1).
This data was not available in 4 studies; 1 papers (n=132) gave no
indication of the chosen cut off used for raised NLR (Nicholas et al.,
2018), 1 paper (n=196) used the median as a cut off but did not state the
value (Yamada et al., 2020), 1 paper(n=848) analyzed NLR on the
logarithmic scale (Sonpavde et al., 2014) and 1 paper (n=1729)
analyzed patients by quartiles (Giri et al., 2022).

Sixteen studies (n=6644) did not declare the proportion of subjects
who fell into the raised NLR category (Aamdal, 2022b; Bersanelli, 2020;
Chan, 2021; Giri, 2022; He, 2021; Li, 2018; Mercier and Voutsadakis,
2019; Namikawa, 2019; Ng, 2021; Peng, 2020; Pinto, 2018; Takada,
2020; Takemura, 2019, 2020; Tamura, 2021; Yamada, 2020). Seven
studies declared incomplete data on NLR in their cohort. There were 10,
170 deaths across all papers that looked at raised LDH and NLR. Three
studies did not report the number of deaths in their cohort.

3.4.5. The association between elevated NLR and elevated LDH
Across all studies utilizing NLR, the prevalence of elevated LDH was
41% whereas 45% of subjects had a raised NLR. Nine studies (n=3664)

presented data on the relationship between an elevated NLR and serum
LDH (Wang et al., 2018a; Mercier and Voutsadakis, 2019; Cao et al.,
2017; Deng et al., 2017; Boegemann et al., 2017; Buttigliero et al., 2017;
Kang et al., 2014; Giri et al., 2022; Shao and Cai, 2015). One large study
of 1729 myeloma patients examined the prognostic value of
pre-treatment biomarkers. They found that 16% (71/432) of patients
whose NLR value fell in the 4th quartile (3.32 — 16.49) had an elevated
LDH, compared to 8% (35/433) of patients in the lowest quartile
(0.17-1.43) (Giri et al., 2022). Another retrospective review looked at
prognostic factors in those receiving etoposide and platinum based
chemotherapy regimes for small cell lung cancer. Similarily, they found
that 35% (86/245) of patients with raised NLR (>3.18) also had an
elevated LDH, whereas this fell to 23% (106/462) in patients with a low
NLR (<3.18) (Cao et al., 2017).

Meta-analysis (Fig. 7.) showed an OR for elevated serum LDH in the
presence of elevated NLR of 2.04 (95 per cent ci, 1.57 - 2.65,
p<0.00001).

3.4.6. The prognostic value of elevated NLR
Meta-analysis (Fig. 8.) of the effect of raised NLR on OS gave a HR of
1.61 (95 per cent ci, 1.48 - 1.77, p<0.00001).

3.4.7. LDH and CRP
There were forty seven studies (n=17,924) which reported the
presence of both elevated serum LDH and CRP amongst their cohorts

Raised NLR Normal NLR Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
Boegemann 2017 15 17 47 78 2.6% 5.11[1.09, 23.87]
Buttigliero 2017 K| 46 22 43 B.7% 1.97 [0.84, 4.66] n
Cao 2017 86 245 106 462 16.5% 1.82[1.29, 2.59] ——
Deng 2017 118 191 78 169 12.7% 4.07 [2.50, 6.65] -
Giri 2022 113 864 73 864 17.3% 1.63[1.19,2.22] -
Kang 2014 38 a9 77 128 9.7% 1.20[0.63, 2.27] o
Mercier 2019 33 61 K3l a9 9.3% 221113, 4.29] —_—
Shao 2015 16 42 26 70 7.5% 1.04 [0.47, 2.29]  —
VWang 2018 46 96 24 86 101% 2.381[1.28, 4.41] —_—
Yu 2017 19 46 18 93 7.6% 2.93[1.34,6.40] E—
Total {(95% CI) 1627 2083 100.0% 2.04 [1.57, 2.65] L 3
Total events 815 403
Heterogeneity: Tau®= 0.08; Chi*= 17.84, di= 9 (P = 0.04); F= 50% iﬂ 0 011 1?0 1EID=
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Fig. 7. Forest plot showing odds ratios (OR) for the association between elevated serum lactate dehydrogenase (LDH) and elevated neutrophil lymphocyte ratio

(NLR) (an aetiologic GLIM criterion) in cancer.
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Elevated NLR Normal NLR Hazard Ratio Hazard Ratio
Study or Subgroup  log[Hazard Ratio] SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
Aamdal 2022 06824 01951 i} 1] 20% 1.98[1.35, 2.90] ———
Banna 2022 1.0875 0.3293 a6 42 1.2% 2.881[1.581,549] —_—
Bersanelli 2020 0.38 01546 i} 1] 2.3% 1.46[1.08, 1.98] —
Bigot 2017 05554 0.2634 61 a8 1.5% 1.74[1.04, 2.82] G
Boegemann 2017 0.4966 0.3071 17 T8 1.3% 1.64 [0.90, 3.00] T
Buttigliero 2017 1.15 0.3789 64 46 1.0% 316 [1.50, 6.65] E—
Cao 2017 0.0254 01058 248 459 26% 1.03[0.84,1.27] T
Capone M 2018 1.0477 0.2947 27 To 1.4% 2.85[1.60,5.08] —
Chan 2021 0.3804 0.1596 1] 1] 22% 1.46[1.07, 2.00] —
Chen 2018 0.4952 0.2229 127 234 1.8% 1.64 [1.06, 2.54] —
Chen 2022 1.408 05447 36 49 0.6% 4.091[1.41,11.90]
Cocarocchio 2020 0.872 0.3049 42 48 1.3% 2.39[1.32,4.39] -
Cui2018 0.4509 01768 G 93 21% 1.87[1.11,2.22] -
Del Prete 2015 05285 0.2324 126 g2 1.7% 1.70[1.08, 2.68] =
Deng 2017 0301 01435 197 123 24% 1.35[1.02,1.79] -'—
Drpa 2020 04036 0.3479 40 40 1.1% 1.50 [0.76, 2.96] T
Giri 2022 04114 01386 i} 0o 24% 1.581[1.15,1.98] e
Guo 2018 0.3646 0.1108 299 08 2E% 1.441.16,1.79] a
He 2021 -0.1309 0.1888 1] 1] 20% 0.88 [0.61,1.27] -1
Hong 2014 -0.0963 01178 1849 730 26% 0.91[0.72,1.14] b &
Hu 2020 0.2487 0.3833 68 157 1.0% 1.28[0.60, 2.72] 1T
Jiang 2020 0.8866 0.33 144 343 1.2% 2431.27 463 —_—
Kang 2014 0.3814 01885 a8 128 20% 1T461[1.01,212] ™
Klumper 2022 0.504 0.2571 a1 a1 16% 1.66[1.00, 2.74] =
Ksienski 2022 0628 01788 TE 226 21% 1.87[1.32, 2.66] -
LiJ 2018 -01756 0.3122 i} 1] 1.3% 0.84 [0.45,1.59] .
Liu 2017 0.739 03382 32 107 1.1% 2.091[1.08, 4.08] —
Loupakis 2019 06956 0.1481 123 167 23% 2.001[1.50, 2.68] -
Maas 20149 01065 0.2011 336 143 1.9% 1.11[0.75,1.64] T
Marcheselli 2020 05794 01657 224 296 2.2% 1.781[1.29, 2.47] e
Mercier 2019 0.4434 01965 1] 1] 20% 1.56 [1.06, 2.29] —
Mirili 20149 01222 04038 55 46 0.9% 1.131[0.51, 2.49]  —
Mamikawa 2018 06255 0.3524 1] o 11% 1.87[0.94, 3.73] !
Mg 2021 01327 01816 1] 1] 21% 1.14[0.80,1.63] T
Peng 2020 09128 0.3366 1} a 1.2% 2.491[1.29 4.82] —
Peyton 2020 0.3784 01682 152 180 22% 1.46[1.05, 2.03] =
Pinto 2018 1.4877 04323 i} 1] 0.8% 4.43101.90,10.33]
Pisano 2021 06106 0.2867 142 g3 1.4% 1.84[1.05, 3.23] —
Pu 2021 06749 0.3307 69 115  1.2% 1.96[1.03, 3.79] —
Sonpavde 2014 0.441 0.0833 594 254 28% 1.85[1.32,1.83] -
Takada 2020 05789 01274 1] 1] 25% 1.781[1.39, 2.29] -
Takemura 2018 05873 0.2418 1] a 1.7% 1.80[1.12, 2.89] ——
Takemura 2020 0.8581 0.2242 1] 1] 1.8% 2.36[1.52, 3.66] .
Tamura 2021 0.7995 0.2399 i} 1] 1.7% 2.221[1.39, 3.56] -
Templeton 2014 0.5668 0.1553 261 96  2.3% 1.76[1.30, 2.39] e
Teterycz 2018 1.0087 0.2878 78 136 1.4% 2.741[1.56,4.82] I
Uehara 2021 05309 0.3911 19 a2 0.9% 1.70[0.79, 3.66] T
Wang 2018 06465 0.2872 96 a6 1.3% 1.91[1.07, 3.42] —
Wang @ 2014 -0.1104 01472 192 247 23% 0.90 [0.67,1.19] -r
Wang X 2014 -0.1104 01472 46 63 2.3% 0.90 [0.67,1.19] -T
Hie 2021 0.4402 01432 212 106 24% 1.55[1.17, 2.06] -
Yamada 2020 0.4089 01811 0 o 20% 1.51[1.03,2.19] i
Yang 2017 0.7589 0.25849 48 47 1.5% 2.141[1.29, 3.59] I
Yu 2017 07071 0.2297 46 93 1.7% 2.03[1.29, 3198 -
Zang 2022 -0.3755 0.2876 74 lt:] 1.4% 0.69[0.39,1.21] — T
Zhang 20145 0.4848 011189 52 626 26% 1.62[1.30,2.02] -
Zhao 2021 1.3553 0.1995 233 196 1.9% 3.88[2.62, 573 -
Total (95% CI) 5108 6839 100.0% 1.61 [1.48,1.77] [}
Heterogeneity: Tau®= 0.07, Chi*=163.51, df= 56 {P = 0.00001); F= 66% :U o1 011 150 1EIIJ:
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Fig. 8. Forest plot of pooled hazard ratios (HR) for overall survival (OS) associated with elevated neutrophil lymphocyte ratio (NLR)(aetiologic GLIM criterion) from
studies reporting the prognostic value of both NLR and elevated lactate serum dehydrogenase (LDH) in cancer.

included in the meta-analysis (Aamdal, 2022b; Atzpodien, 2003; Simmons, 2019a; Strijker, 2021; Suh and Ahn, 2007; Suzuki, 2020;
Berghoff, 2017; Casamassima, 2005; Desch, 2017; Di Blasi, 2022; Takada, 2020; Takemura, 2019, 2020; Tamura, 2021; Tanizaki, 2018;
Fukushima, 2015; Guo, 2018; Haas, 2013; Hartrampf, 2022; Hashimoto, Tanrikulu, 2010; Tatsugami, 2015; Vogl, 2006; Wang et al., 2014b; Xie,
2009; Heppt, 2017; Ishioka, 2012; Jimenez-Zepeda, 2016; Kamba, 2014; 2021; Xue, 2014; Yamada, 2020; Zhou, 2015b) (renal=8, pancreatic=6,
Kanemasa, 2016; Klumper, 2022; Kripp, 2014; Li, 2013b, 2018; Ma, melanoma=5, urothelial=6, lung=5, various=5, lymphoma=3,
2022b; Maas, 2019; Nakagawa, 2013, 2017; Nakai, 2010; Nakamura, prostate=2, glioblastoma=2, colorectal=1, gastric=1, breast=1,
2016; Olgun and Diker, 2023; Reinert, 2020; Saito, 2009; Shibuki, 2022; nasopharyngeal=1, myeloma=1). Thirty eight (n=13,768) of these only
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included subjects with advanced, recurrent or metastatic cancer (Sim-
mons et al., 2019a; Shibuki et al., 2022; Suzuki et al., 2020; Fukushima
et al., 2015; Takemura et al., 2019; Berghoff et al., 2017; Vogl et al.,
2006; Guo et al., 2018; Ma et al., 2022b; Wang et al., 2014b; Xie et al.,
2021; Olgun and Diker, 2023; Di Blasi et al., 2022; Atzpodien et al.,
2003; Haas et al., 2013; Hartrampf et al., 2022; Heppt et al., 2017;
Klumper et al., 2022; Kripp et al., 2014; Reinert et al., 2020; Casa-
massima et al., 2005; Hashimoto et al., 2009; Ishioka et al., 2012; Kamba
et al., 2014; Nakagawa et al., 2013; Nakai et al., 2010; Nakamura et al.,
2016; Takemura et al., 2020; Tamura et al., 2021; Tanizaki et al., 2018;
Tatsugami et al., 2015; Xue et al., 2014; Yamada et al., 2020; Suh and
Ahn, 2007; Strijker et al., 2021; Aamdal et al., 2022b; Nakagawa et al.,
2017; Saito et al., 2009). The remaining 9 papers (n=4156) included
populations with all stages of disease (Tanrikulu et al., 2010;
Jimenez-Zepeda et al., 2016; Li et al., 2013b; Zhou et al., 2015b; Desch
et al., 2017; Kanemasa et al., 2016; Takada et al., 2020; Maas et al.,
2019; Li et al., 2018). There were no studies of early cancer alone. Only 3
studies (n=308) took serial measurements of LDH and CRP (Klumper
et al., 2022; Suh and Ahn, 2007; Saito et al., 2009), with all remaining
studies (n=17,656) recording levels at diagnosis or baseline. Only six
(n=1357) of the included studies measuring CRP and LDH were pro-
spective (Simmons et al., 2019a; Di Blasi et al., 2022; Klumper et al.,
2022; Kripp et al., 2014; Suh and Ahn, 2007; Aamdal et al., 2022b)
(Supplementary Table). Forty-five studies used multivariable and 2
univariable survival analysis (Supplementary Table).

The median value used for raised CRP was >3 mg/L (range 0.3 — 50).
This data was not available in 5 studies. Three papers (n=611) analyzed
the log of CRP (Fukushima et al., 2015; Haas et al., 2013; Ishioka et al.,
2012), 2 studies (Hartrampf et al., 2022; Nakai et al., 2010) analyzed
CRP per unit increase (n=200) and 1 study (n=196) used the median
CRP as the cutoff without stating the value (Yamada et al., 2020). Six
studies (Aamdal, 2022b; Li, 2013a; Maas, 2019; Simmons, 2019a;
Strijker, 2021; Zhou, 2015b) used a modified Glasgow Prognostic Score
(mGPS) of >1 (n=6021) and as such the CRP cutoff in these papers was
taken as >10 mg/L. One paper (n=130) did not state the value chosen
for elevated CRP (Ma et al., 2022b).

Thirteen studies (Suzuki et al.,, 2020; Takemura et al., 2019;
Jimenez-Zepeda et al., 2016; Ma et al., 2022b; Di Blasi et al., 2022;
Desch et al., 2017; Heppt et al., 2017; Hashimoto et al., 2009; Ishioka
et al., 2012; Takada et al., 2020; Takemura et al., 2020; Li et al., 2018;
Nakagawa et al., 2017) did not make clear what proportion of subjects
fell into the raised CRP category (n=3985). Twelve studies (Aamdal,
2022b; Haas, 2013; Klumper, 2022; Kripp, 2014; Maas, 2019; Naka-
gawa, 2013; Nakamura, 2016; Olgun and Diker, 2023; Reinert, 2020;
Strijker, 2021; Tatsugami, 2015; Xie, 2021) had incomplete data on CRP
(n=2232). There were 11,934 deaths across all papers which looked at
both raised LDH and CRP. Five studies did not declare the number of
deaths in their cohort.

3.5. The association between elevated CRP and elevated LDH

Three papers (n=652) presented data on the association between an
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elevated serum CRP and LDH (Li et al., 2013a; Zhou et al., 2015b; Saito
etal., 2009). The prevalence of raised CRP (38%, 251/652) and elevated
LDH (38%, 250/652) was similar. Half of patients with an elevated CRP
also had an elevated LDH (50%, 125/251), compared to 33% (125/382)
of patients without a raised CRP. The largest of these studies, a retro-
spective analysis of the prognostic value of mGPS in 359 patients with
small cell lung cancer, found that elevated LDH was present in 64%
(74/115) of patients with an mGPS >1 (CRP>10) compared to only 42%
(96/225) of patients with an mGPS of 0 (CRP<10) (Zhou et al., 2015b).
Meta-analysis showed a significant association (Fig. 9.) between
elevated serum LDH and CRP (OR 2.58, 1.81 - 3.67, p<0.00001).

3.6. The prognostic value of elevated CRP

Meta-analysis (Fig. 10.) on the effect of raised CRP on OS showed a
HR of 1.55 (95 per cent ci,1.43-1.69, p<0.00001).

3.7. The prognostic value of elevated LDH

Ninety-three studies, totaling 32,190 subjects, were included in the
meta-analysis of elevated LDH and OS (Aamdal, 2022b; Atzpodien,
2003; Banna, 2022; Berghoff, 2017; Bersanelli, 2020; Bigot, 2017;
Boegemann, 2017; Buttigliero, 2017; Cao, 2017; Capone, 2018; Casa-
massima, 2005; Chan, 2021; Chen, 2018, 2022; Cocorocchio, 2020; Cui,
2018; Del Prete, 2015; Deng, 2017; Desch, 2017; Di Blasi, 2022; Drpa,
2020; Fukushima, 2015; Giri, 2022; Guo, 2018; Haas, 2013; Hartrampf,
2022; Hashimoto, 2009; He, 2021; Heppt, 2017; Hong, 2015; Hu, 2020;
Ishioka, 2012; Jiang, 2020; Jimenez-Zepeda, 2016; Kamba, 2014;
Kanemasa, 2016; Kang, 2014; Klumper, 2022; Kripp, 2014; Ksienski,
2022; Li, 2013a, 2018; Liu, 2017; Loupakis, 2019; Ma, 2022b; Maas,
2019; Marcheselli, 2020; Mercier and Voutsadakis, 2019; Mirili, 2019;
Nakagawa, 2013, 2017; Nakai, 2010; Nakamura, 2016; Namikawa,
2019; Ng, 2021; Olgun and Diker, 2023; Peng, 2020; Peyton, 2020;
Pinto, 2018; Pisano, 2021; Pu, 2021; Reinert, 2020; Saito, 2009; Shi-
buki, 2022; Simmons, 2019a; Sonpavde, 2014; Strijker, 2021; Suh,
2010; Suh and Ahn, 2007; Suzuki, 2019; Takada, 2020; Takemura,
2019, 2020; Tamura, 2021; Tanizaki, 2018; Tanrikulu, 2010; Tatsu-
gami, 2015; Templeton, 2014; Teterycz, 2018; Uehara, 2021; Vogl,
2006; Wang, 2018a,a; Wang et al., 2014b; Xie, 2021; Xue, 2014;
Yamada, 2020; Yang, 2017; Yu, 2017; Zhang, 2015, 2022; Zhao, 2021;
Zhou, 2015a,b). Eighty-six studies (n=26667) used cutoff values to
determine elevated LDH. The median value chosen was 241 U/L (158.95
- 502 U/L). Twenty-six of these studies (n=8157) did not declare the
value chosen for the upper limit of normal (Templeton et al., 2014; Hong
et al., 2015; Liu et al., 2017; Ma et al., 2022b; Wang et al., 2018b; Zhao
et al., 2021; Bigot et al., 2017; Di Blasi et al., 2022; Boegemann et al.,
2017; Heppt et al., 2017; Klumper et al., 2022; Buttigliero et al., 2017;
Cocorocchio et al., 2020; Del Prete et al., 2015; Kamba et al., 2014;
Kanemasa et al., 2016; Nakagawa et al., 2013; Takemura et al., 2020;
Tamura et al.,, 2021; Tatsugami et al., 2015; Yamada et al., 2020;
Aamdal et al., 2022b; Teterycz et al., 2018; Giri et al., 2022; Peyton
et al., 2020; Nakagawa et al., 2017). Four studies (n=4807) calculated

Elevated CRP Normal CRP Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
LiJy 2013 )| 75 22 110  28.9% 2.82[1.46,5.43] —a—
Saito 2008 20 61 7 47 13.4% 2.79[1.08,7.31]
Zhou 2015 T4 1158 96 225 BTT7% 2.43[1.52,3.86] -
Total (95% CI) 251 382 100.0% 2.58 [1.81, 3.67] o
Total events 125 125
Heterogeneity: Tau®*= 0.00; Chi*=0.16, df=2 (P=0492), F=0% o1 o1 e 100

Test for overall effect: Z=5.27 (P = 0.00001)
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Fig. 9. Forest plot of odds ratios (OR) for the association between elevated serum lactate dehydrogenase (LDH) and elevated CRP (aetiologic GLIM criterion)

in cancer.
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Hazard Ratio Hazard Ratio

Study or Subgroup log[Hazard Ratio] SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
Aarndal 2022 0.4563 0.2031 53 94 20% 1.58[1.08, 2.35] —
Atzpodien 2003 0313 01111 203 222 3.0% 1.37[1.10,1.70] —
Berghoff 2017 0.4224 0.077 713 853  3.4% 1.53[1.31,1.77] =
Casamassima 2005 0.36 0.1492 58 42 26% 1.43[1.07,1.92] —
Desch 2017 0.3825 0.3771 1 0 09% 1.47[0.70, 3.07] T
Di Blasi 2022 0.1066 0.0344 a 0 37% 1.11[1.04,1.19] ~
Fukushima 2015 0.2223 0.0934 1 0 32% 1.25[1.04,1.50] -

Guo 2018 0.2546 0.1014 488 319 31% 1.29[1.08,1.57] "-
Haas 2013 0.2734 0.1098 56 59 3.0% 1.31 [1.08, 1.63] e
Hartrampf 2022 0.0927 0.0372 a 0 37% 1.10[1.02,1.18] r
Hashimoto 2009 0.5776 0.1479 0 0 26% 1.78[1.33,2.38] -
Heppt 2017 2.4955 0.7009 0 0 03% 1213[3.07,47.91]

Ishioka 2012 0.8594 0.103 1 0 31% 2.36[1.93, 2.89] -
Jimenez-Zepeda 2016 -0.6084 0.5396 a 0 05% 0.54[0.19,1.57] e
Karba 2014 1.0286 0.285 9 135 1.4% 2.80[1.60, 4.89] —_—
Kanemasa 2016 0.9369 0.3641 174 189 1.0% 2.55[1.25,5.21] —_—
Klumper 2022 0.6472 0.3783 79 23 09% 1.91[0.91, 4.01] T
Kripp 2014 0.4742 01219 135 104 29% 1.61[1.27,2.04] -
LiJ 2018 0.6097 0.2915 0 0 1.4% 1.84 [1.04, 3.26] I
LiJy 2013 0.6691 0.2665 110 75 1.5% 1.95[1.16, 3.29] —
Maas 2019 0.4289 0.2726 16 200 1.5% 1.54 [0.90, 2.62] T
Ma Y 2022 0.5158 0.1892 a 0 22% 1.67 [1.16, 2.43] -
Nakagawa 2013 0.9705 0.2599 49 57 1.6% 2.64 [1.59, 4.39] —_—
Nakagawa 2017 0.392 0.2 a 0 20% 1.48[1.00,2.19] —
Nakai 2010 0.1439 0.0485 a 0 36% 1.15[1.05,1.27] o
MNakarnura 2016 0.0552 0.3793 49 46  09% 1.06[0.50, 2.22] e
Olgun 2023 0.0382 0.0319 0 0 37% 1.04[0.98,1.11]

Reinert 2020 -0.1138 0.3608 44 28 1.0% 0.89[0.44,1.81] T
Saito 2008 1.0203 0.2872 61 47 1.4% 2.77[1.58, 4.87] —
Shibuki 2022 0.7095 0.2564 160 158 1.6% 2.03[1.23, 3.36] —
Simmons 2019 0.5803 0.1355 43 275 2.7% 1.79[1.37,2.33] -
Strijker 2021 0.3339 0.0365 2193 736 37% 1.40[1.30,1.50] -

Su 2007 0.6895 0.2787 23 0 1.4% 1.99[1.15, 3.44] —_—
Suzuki 2020 0.995 02221 a 0 18% 2.70[1.75,4.18] -_—
Takada 2020 0.9525 0.1323 0 0 28% 2.59[2.00, 3.36] =
Takemura 2018 0.5516 0.2328 0 0 1.8% 1.74[1.10,2.74] —
Takemura 2020 0.9558 0.226 1 0 1.8% 2.60 [1.67, 4.05] -
Tarnura 2021 0.3308 0.1587 234 187 2.5% 1.39[1.02,1.90] —
Tanizaki 2017 1.2896 0.7592 0 0 03% 363[0.8216.08 T
Tanrikulu 2010 0.4372 0.1567 229 134 25% 1.55[1.14,2.11] -
Tatsugarmi 2015 0.5824 0.1704 190 126 2.3% 1.79[1.28, 2.50] -
Yogl 2006 1.1109 05275 76 23 05% 3.04[1.08, 8.54]

Wang X 2014 0.2799 0.096 176 263 3.2% 1.32[1.10,1.60] —

Xie 2021 -0.1876 0.1599 102 112 25% 0.83[0.61,1.13] -

Hue 2014 0.4587 0.1512 85 184  2.5% 1.58[1.18,2.13] -
Yamada 2020 0.3317 0.2213 a 0 19% 1.39[0.90, 2.15] T
Zhou 2015 0.4165 01733 121 238 2.3% 1.52[1.08,2.13] —
Total (95% CI) 5929 4999 100.0% 1.55[1.43, 1.69] [}
Heterogeneity: Tau?= 0.05; Chi*= 269.07, df= 46 (P < 0.00001); F= 83% lu 01 051 150 10[]:

Test for overall effect: Z=10.40 (P < 0.00001)

Better Survival Poorer Survival

Fig. 10. Forest plot of pooled hazard ratios (HR) for overall survival (OS) associated with elevated CRP (aetiologic GLIM criterion) in studies reporting the prognostic

value of both CRP and elevated serum lactate dehydrogenase (LDH) in cancer.

HRs based on per/unit increases in LDH (Zhou et al., 2015b; Hartrampf
et al., 2022; Nakai et al., 2010; Strijker et al., 2021) and two studies
(n=935) analyzed LDH on the logarithmic scale (Fukushima et al., 2015;
Sonpavde et al., 2014).

Seventeen studies (n=4749) failed to provide the percentage of
participants that were above their chosen cut off for elevated LDH
(Suzuki et al., 2020; Takemura et al., 2019; Stangl-Kremser et al., 2020;
Chan et al., 2021; Liu et al., 2017; Ma et al., 2022b; Desch et al., 2017;
Bersanelli et al., 2020; Pisano et al., 2021; Hashimoto et al., 2009;
Namikawa et al., 2019; Takada et al., 2020; Takemura et al., 2020;
Tanizaki et al., 2018; Yamada et al., 2020; Ng et al., 2021; Nakagawa
et al., 2017). Twenty-six studies (Aamdal, 2022b; Banna, 2022; Bergh-
off, 2017; Buttigliero, 2017; Capone, 2018; Casamassima, 2005;
Cocorocchio, 2020; Giri, 2022; Haas, 2013; Hartrampf, 2022; Hashi-
moto, 2009; Heppt, 2017; Hong, 2015; Klumper, 2022; Kripp, 2014;
Loupakis, 2019; Ma, 2022b; Maas, 2019; Mercier and Voutsadakis,
2019; Nakagawa, 2013; Olgun and Diker, 2023; Peyton, 2020; Reinert,
2020; Tatsugami, 2015; Xie, 2021; Yang, 2017) had incomplete data
regarding serum LDH in their cohort (n=2687). There were 19,569
deaths across all studies. Five papers did not make clear the number of
patients who died (Hong et al., 2015; Peng et al., 2020; Olgun and Diker,
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2023; Takada et al., 2020; Maas et al., 2019).
Meta-analysis (Fig. 11.) of elevated LDH showed a HR for OS of 1.77
(95 per cent ci, 1.64 — 1.90, p<0.00001).

4. Discussion

The present review is the first to examine the association between
LDH and GLIM criteria and compare their relative prognostic value on
overall survival in cancer. The current results showed that an elevated
serum LDH was associated with both an elevated NLR and an elevated
CRP (both measures of systemic inflammation and aetiologic factors in
GLIM criteria). In contrast, the association between an elevated LDH and
a low BMI was weaker and not seen with weight loss or low skeletal
muscle mass (phenotypic GLIM criterion). Furthermore, meta-analysis
of 119 papers and more than 40,000 patients confirmed LDH as prog-
nostic of overall survival in cancer when compared to both the pheno-
typic and aetiologic GLIM criteria. Therefore, the present results suggest
that the measurement of LDH is a useful addition to GLIM criteria in
patients with cancer.

The results of the present review are consistent with a recent study
that, in 436 patients with advanced cancer, reported a direct association
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Elevated LDH Normal LDH Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Total Total Weight IV, dom, 95% CI v, 95% ClI
Aamdal 2022 07219 0.204 63 85  1.2% 2.06[1.38,3.07) -
Atzpodien 2003 0.2653 0.1354 95 330 1.5% 1.30[1.00,1.70] ™
Banna 2022 0.706 0.2933 54 38 08% 2.03[1.14, 360 —
Berghoff 2017 0.415 0.0767 441 844  1.7% 1.51[1.30,1.76) =
Bersanelli 2020 0.0575 0.2041 0 0 1.2% 1.06 [0.71,1.58] T
Bigot 2017 05679 0.2552 38 17 1.0% 1.76[1.07,2.91] —
Boegemann 2017 0.8542 0.3428 62 34 07% 2.35(1.20, 4.60) —_—
Buttigliero 2017 0.2788 0317 53 36 0.8% 1.32[0.71, 2.46) T
Cao 2017 0.347 0.1009 192 515 1.6% 1.41[1.16,1.72) -
Capone M 2018 09211 03131 45 50 0.8% 2.51[1.36, 4.64] —_—
Casamassima 2005 0.2523 01237 9 91 1.5% 1.29[1.01, 1.64] e
Chan 2021 0.7128 02298 0 o 11% 2.04 [1.30,3.20 ——
Chen 2018 0.2423 02249 46 39 11% 1.27(0.82,1.98) T
Chen 2022 0.2214 0.2971 103 258 08% 1.25[0.70,2.23) T
Cocorocchio 2020 1.4688 0.3135 49 39 08% 4.34[2.35,8.03] —_—
Cui 2018 0.3639 0.1756 60 99 1.3% 1.44[1.02,2.03) —
Del Prete 2015 1.0106 01917 95 13 1.2% 2.75[1.89,4.00) -
Deng 2017 0.3841 01474 151 169 1.4% 1.47[1.10,1.96] —
Desch 2017 01716 04019 0 0 06% 1.19(0.54, 2.61] b
Di Blasi 2022 0.7391 03014 72 166 0.8% 2.09(1.16,3.78) -
Drpa 2020 05252 0.2056 56 85 1.2% 1.69[1.13,2.53] =
Fukushima 2015 07117 0358 0 0 07% 2.04[1.01,4.11] R
Giri 2022 03982 0.1454 186 917 1.4% 1.49([1.12,1.98) —
Guo 2018 0.7145 01857 234 573 1.2% 2.04[1.42,294) -
Haas 2013 0.1866 0.1903 79 168 1.2% 1.21[0.83,1.75) T
Hartrampf 2022 0.0572 0.0241 0 0 18% 1.06[1.01,1.11]
Hashimoto 2009 05906 0.1411 0 0 1.4% 1.81[1.37,2.38) -
He 2021 03842 0162 a7 147 1.3% 1.4711.07,2.02) e
Heppt 2017 1.8679 06123 55 40 03%  6.47[1.9521.50
Hong 2015 0.4524 0.0599 342 576 1.7% 1.57 [1.40,1.77] -
Hu 2020 0.6934 0.3284 68 157 0.7% 2.00[1.05,3.81] —
Ishioka 2012 1.5829 03043 0 0 08% 4.87[2.68,8.84) -
Jiang 2020 08866 033 144 343 0.7% 2.43[1.27,483] —
Jimenez-Zepeda 2016 0.9297 0.365 69 312 07% 253[1.24,518] —_—
Kamba 2014 1.0663 0.4954 9 135 0.4% 290[1.10,7.67]
Kanemasa 2016 1.4269 0.2626 197 166 0.9% 417 [2.49,6.97) -
Kang 2014 04102 0171 115 72 1.3% 1.51[1.08,2.11] —
Klumper 2022 0.8686 0.2939 52 49 0.8% 2.38[1.34,4.29) —_—
Kripp 2014 07282 01719 163 103 1.3% 2.07[1.48,2.90] -
Ksienski 2022 07211 0181 127 175 1.4% 2.06[1.50,282) -
LiJ2018 0.5792 0.2794 351 339 0.9% 1.78[1.03,3.09 —
LiJy 2013 1.0081 02771 53 132 09% 2.74[1.59,4.72) -
Liu 2017 06556 0.217 0 0 1.1% 1.93[1.26, 2.95) -
Loupakis 2019 0.6607 0.1582 175 78 1.4% 1.94[1.42, 2.64] -
Maas 2019 03783 01879 46 101 1.2% 1.46[1.01,2.11] —
Marcheselli 2020 1.1084 0.1869 274 101 1.2% 3.03(2.10,4.37] -
MaY 2022 0.4255 0.1893 0 o 1.2% 1.53[1.06, 2.22] —
Mercier 2019 04731 02116 64 86 1.1% 1.60[1.08, 2.43] —
Mirili 2019 06591 0.2998 44 57 0.8% 1.93[1.07,3.48) —
Nakagawa 2013 0.6546 0.2872 23 87  09% 1.92[1.10,3.38] —
Nakagawa 2017 0.6607 0.1955 1] 0 1.2% 1.94[1.32,2.84) -
Nakai 2010 02529 0.1139 0 0 16% 1.29[1.03,1.61] —
Nakamura 2016 09583 0.3584 50 48 07% 2.61(1.29,5.26) I
Namikawa 2018 0.549 0.2821 0 0 09% 1.73[1.00,3.01] —
Ng 2021 0.9664 0.2193 0 o0 11% 263[1.71,4.04] _—
Olgun 2023 0.004 0.0015 69 40 1.8% 1.00[1.00,1.01]
Peng 2020 0.6533 0.3031 a7 15 0.8% 1.92[1.06, 3.48] e
Peyton 2020 0.5516 0.1758 82 168 1.3% 1.74[1.23, 2.45) =
Pinto 2018 1.4651 0.4409 86 42 05%  4.33[1.82,10.27)
Pisano 2021 0.466 0.2277 0 0 11% 1.59[1.02, 2.49] —
Pu 2021 0.0983 0.3091 44 140 0.8% 1.10[0.60, 2.02] -1
Reinert 2020 0.1641 04077 18 B4 0.6% 1.18(0.53, 2.62] -
Saito 2008 02523 01237 27 81 1.5% 1.29[1.01,1.64] —
Shibuki 2022 111 0.4132 13 205 0.6% 3.03[1.35,6.82) =
Simmons 2019 0.8332 02835 142 336 09% 2.30([1.32,4.01] —
Sonpavde 2014 0.441 0.0833 335 M1 1.7% 1.55[1.32,1.83] -
Strijker 2021 0.1638 0.0303 1] o 1.8% 1.18[1.11,1.25) =
Su 2007 0.7359 0.2392 47 46 1.0% 2.09[1.31,3.34) -
Suh 2010 05433 01779 94 115  1.3% 1.73[1.22, 2.46) -
Suzuki 2020 11923  0.459 0 0 05% 3.29(1.34,8.10)
Takada 2020 0.3474 01475 0 0 1.4% 1.42[1.06,1.89] —
Takemura 2018 06168 0.2893 0 0 09% 1.85[1.05,3.27) —
Takemura 2020 1.3031 0.2767 0 0 09% 3.68(2.14,6.33] —_—
Tamura 2021 05273 0.2204 3 390 1.1% 1.69[1.10, 2.61] —
Tanizaki 2017 07213 05428 0 0 04% 2.06[0.71, 5.96] -
Tanrikulu 2010 0.8068 0.1767 0 0 13% 2.24[1.58,3.17] -
Tatsugami 2015 07711 0.2041 42 273 1.2% 216[1.45,3.23] -
Templeton 2014 1.0232 01315 175 182 1.5% 2.78(2.15,3.80] -
Teterycz 2018 1.1586 0.3061 100 115  08% 3.19[1.75,5.81] -
Uehara 2021 0.8921 0.3928 41 60  0.6% 2.4401.13,527] —
Yogl 2006 1.1109 05275 3 B8 0.4% 3.04[1.08,8.54]
Wang 2018 05327 0.4401 70 12 05% 1.70(0.72, 4.04) T
Wang Q 2014 -0.2263 0.3521 92 347 07% 0.80[0.40,1.59) e
Wang X 2014 05942 0114 39 75 1.6% 1.81[1.45,2.27] -
Xie 2021 0.2703 0.1283 136 181 1.5% 1.31[1.02,1.68) —
Xue 2014 05042 01976 38 231 1.2% 1.66[1.12,2.44] —
‘Yamada 2020 0.7248 02018 0 0 1.2% 2.06[1.39,3.07 —
Yang 2017 0.3534 0.2584 36 58 1.0% 1.42[0.86, 2.36) T
Yu 2017 06835 02447 37 102 1.0% 1.98[1.23,3.20) -
Zang 2022 0.2918 01799 70 72 1.3% 1.34[0.94, 1.90] ™
Zhang 2015 0.2512 01768 52 626 1.3% 1.29[0.91,1.82) ™
Zhao 2021 09707 01713 148 281 1.3% 2.64[1.89, 3.69) -
Zhou 2015 0.0994 0.0507 0 0 1.8% 1.10[1.00,1.22) r
Total (95% CI) 6973 12576 100.0% 1.77 [1.64, 1.90] ]
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Fig. 11. Forest plot of pooled hazard ratios (HR) for overall survival (OS) associated with an elevated serum lactate dehydrogenase (LDH) in studies that presented
the prognostic value of LDH and inflammation (neutrophil lymphocyte ratio or CRP) in cancer.
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between LDH and aetiologic factors of GLIM criteria (systemic inflam-
mation as evidenced by NLR and mGPS) but not phenotypic factors such
as weight loss, low BMI and low muscle mass (McGovern et al., 2023).
Therefore, the present results consolidate the relationship between
lactate and the systemic inflammatory response in patients with cancer.
In addition to LDH other potential biomarkers of cancer cachexia have
been proposed but not incorporated into the GLIM criteria (Lipocalin-2,
Angiotensin-II, HS6ST2, TGFB1 etc.). It remains to be determined
whether, like LDH, a case can be made for their inclusion as a GLIM
criterion for routine clinical measurement. Furthermore, whether
normalizing lactate results in a reduction of systemic inflammation or
vice versa is also unclear. However, this question is likely to become of
increasing importance in the treatment of GLIM defined cancer
cachexia.

Recently, the cachexia community has focused on the prognostic
value of body composition in cancer. Indeed, the foundation of earlier
cachexia definitions centered around weight loss, low BMI and low
muscle mass (McGovern et al., 2022; Fearon et al., 2011). Each of these
phenotypes confer poor prognostic value in cancer (Abbass et al., 2019,
2020a, 2020b), but without a causal link, may represent surrogate
markers of an underlying aetiologic process and therefore not a useful
clinical therapeutic target. In particular, each component of body
composition must be considered in the context of the patient’s consti-
tution, comorbidity and conditioning prior to diagnosis. The increasing
prevalence of old age and obesity in the cancer population leaves the
importance of clinically relevant definitions of cancer associated weight
loss, low BMI and low muscle mass unclear since there is the potential
confounding of primary sarcopenia and sarcopenic obesity respectively
to consider. Furthermore, there is the potential confounding of the
presence of the systemic inflammatory response on the prognostic value
of low muscle mass to consider. A recent paper by Hacker et al. exam-
ined the relationship between systemic inflammation (as measured by
mGPS) and skeletal muscle index in patients with advanced gastric and
esophageal cancer. They reported that tumor associated systemic
inflammation was associated with low muscle mass and was the domi-
nant prognostic factor and postulated that there was no direct rela-
tionship between sarcopenia and survival (Hacker et al., 2022).

Recently, the definition of cancer cachexia has evolved to include
measurement of the systemic inflammatory response and indeed some
have argued that cancer cachexia is primarily a systemic inflammatory
syndrome rather than a nutritional syndrome (Maccio et al., 2023). In
the present review it was of particular interest that an elevated serum
LDH was associated with an elevated systemic inflammatory response
and had comparative prognostic value in patients with cancer. There-
fore, it may be that LDH will be a clinically useful addition to the GLIM
etiological criteria and a useful therapeutic target.

It has long been recognized that all mammalian cells abhor poor
perfusion and hypoxia. The precocious and chaotic vasculature within
tumors can result in areas of both hypoxia and necrosis. This will result
in increased lactate production, mediated by LDH, which leaks into the
TME. Furthermore, as first observed by Warburg, cancer cells are pre-
disposed to aerobic glycolysis and the production of lactate despite the
presence of oxygen. This results in rising levels of lactate throughout the
TME with various pro-tumorigenic consequences having been demon-
strated (Ippolito et al., 2019; Certo et al., 2021). Although much remains
unclear this would support the comparative prognostic value and asso-
ciation between inflammation and LDH highlighted by this review.

In the present review the median percentage weight loss was 5%, in
keeping with the GLIM criteria. However, this represented a small
number of studies. This is likely explained by the lack of available data
on weight loss in retrospective cohorts as this requires an accurate
baseline weight and serial measurement. In contrast, a larger number of
studies provided data on BML GLIM classifies a low BMI as <20 kg/m? if
<70 years old (Asia:<18.5) and <22 kg/rn2 if >70 years old (Asia: <20).
The average value of <20 used to determine low BMI in this review was
consistent with GLIM and other commonly used malnutrition screening
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tools such as MUST. In the present review there were no studies that
examined the association between, or prognostic value of, food intake
and LDH in patients with cancer. This is perhaps not surprising given the
difficulty involved in accurately measuring food intake. Nevertheless,
this association is of considerable interest given the above discussion on
the phenotypic and aetiologic criteria in the GLIM definition of cancer
cachexia and the current approach to replacing or surpassing any calorie
deficit in cancer patients. Recent studies have shown the effectiveness of
supplementing nutritional intake amongst cancer patients is much
reduced in the presence of inflammation (Merker et al., 2020; Bargetzi
et al., 2021). In terms of low muscle mass the GLIM criteria allow the
identification of muscle mass by any “valid body composition assess-
ment method”. These broad criteria can include anything from physical
examination and bioelectrical impedance to advanced imaging tech-
niques. However, these methodologies are likely to be inferior to the
extensively validated computed tomography (CT) measurement of
muscle mass at the level of the 3rd lumbar vertebra (Hansen et al.,
2021). All studies in the present review assessed muscle mass in this way
and therefore the comparison of the LDH with BMI and low muscle mass
is likely to be a valid one.

The present systematic review and meta-analysis had several limi-
tations. In particular, the random-effects model utilised by RevMan,
compared with other more elaborate models in R packages and Stata,
have been shown to generate confidence intervals that are too narrow
and p-values that are low. This may result in false positive results.
Similarly, publication bias was assessed by visual inspection of funnel
plots. This showed that larger studies had effects that were symmetri-
cally distributed around the effect line however smaller studies were
more likely to have a skewed effect, perhaps suggesting an element of
non-reporting bias. Furthermore, there are innate shortcomings associ-
ated with retrospective studies. This introduces bias due to missing data,
loss to follow up and potential confounding. Additionally, routinely
available serum biomarkers represent attractive tools in prognostica-
tion, however they require standardized and validated use. The current
review includes papers which used very different values to represent
elevated LDH, NLR and CRP. Some studies did not state the value chosen
and only declared that LDH was elevated above the locally assigned
upper limit of normal. The mGPS (CRP >10 and Albumin <35) has been
extensively validated as a tool for studying systemic inflammation in
cancer (Abbass et al., 2020a; McMillan, 2013; Proctor et al., 2015, 2011;
Dolan et al., 2020), however only 8 out of 106 included studies on
inflammation used this tool (supplementary tables). Future work on the
etiology and prognosis of cancer cachexia should aim to utilize stan-
dardized tool such as the mGPS. Furthermore, few of the included
studies presented data on the association between elevated LDH and the
GLIM criteria which constrained this aspect of the meta-analysis. The
decision to use survival data (represented by hazard ratios) as an in-
clusion criteria may have missed some studies which presented data on
the association alone. As such, there was limited data on the association
between LDH and GLIM to perform subgroup analysis by tumor type or
stage. However, the majority of HRs were based on multivariable sur-
vival analyses (109 out of 119 studies, 92%) univariable survival anal-
ysis was unlikely to be a major source of error in the present review.
Further prospective studies are required to show that LDH has sub-
stantial added prognostic value, after adjusting for all other GLIM
criteria. Finally, it is possible that ethnicity and geographical location
result in different tumor-host interactions. A large proportion of
included studies originated from Japan, Korea and China. A recent re-
view of inflammatory markers in breast cancer (Savioli et al., 2022)
found that Asian studies often use lower thresholds for NLR which may
reflect differences in levels of inflammation between geographical lo-
cations. It might be reasonable to expect a similar difference in the levels
of serum LDH present in advanced cancer between Asian and Western
populations.

The present review confirms the prognostic value of LDH, in the
context of GLIM, in patients with cancer. Additional studies should aim
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to confirm the independent prognostic value of LDH by correcting for
the GLIM criteria. Given that it is an objective measure of metabolic
dysfunction, LDH may prove to be a useful addition to the GLIM criteria
to improve treatment stratification and response. Future prospective
work is required to define the interactions between LDH and the GLIM
criteria and in early or resectable disease. Additionally, further work on
LDH in the tumor microenvironment may define mechanisms by which
the tumor and host interact resulting in the cancer cachexia state.

5. Conclusion

Elevated serum LDH was associated with the systemic inflammatory
response in patients with cancer (an aetiologic GLIM criterion). This
supports previous work proposing elevated LDH become the 3rd aetio-
logic criteria of GLIM. Additionally, LDH had similar prognostic value
when compared to GLIM criteria including weight loss, low BMI, low
muscle mass and systemic inflammation.
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