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A B S T R A C T

Background. Lactate dehydrogenase (LDH) plays a role in the
glucose metabolism of the human body. Higher LDH levels
have been linked to mortality in various cancer types; however,
the relationship between LDH and survival in incident hemodi-
alysis (HD) patients has not yet been examined. We hypothe-
sized that higher LDH level is associated with higher death risk
in these patients.
Methods. We examined the association of baseline and time-
varying serum LDH with all-cause, cardiovascular and
infection-related mortality among 109 632 adult incident HD
patients receiving care from a large dialysis organization in the
USA during January 2007 to December 2011. Baseline and
time-varying survival models were adjusted for demographic
variables and available clinical and laboratory surrogates of mal-
nutrition–inflammation complex syndrome.
Results. There was a linear association between baseline serum
LDH levels and all-cause, cardiovascular and infection-related
mortality in both baseline and time-varying models, except for
time-varying infection-related mortality. Adjustment for
markers of inflammation and malnutrition attenuated the asso-
ciation in all models. In fully adjusted models, baseline LDH
levels �360 U/L were associated with the highest risk of all-
cause mortality (hazard ratios ¼ 1.19, 95% confidence interval
1.14–1.25). In time-varying models, LDH>280 U/L was associ-
ated with higher death risk in all three hierarchical models for
all-cause and cardiovascular mortality.
Conclusions. Higher LDH level >280 U/L was incrementally
associated with higher all-cause and cardiovascular mortality in
incident dialysis patients, whereas LDH <240 U/L was associ-
ated with better survival. These findings suggest that the assess-
ment of metabolic functions and monitoring for comorbidities
may confer survival benefit to dialysis patients.

Keywords: all-cause mortality, end-stage renal disease, hemo-
dialysis, lactate dehydrogenase

I N T R O D U C T I O N

The metabolism of glucose allows the human body to generate
energy in the form of adenosine triphosphate, which is essential
to sustain life. In the absence of oxygen or healthy mitochon-
dria, energy is generated by a less efficient pathway, involving
the enzyme lactate dehydrogenase (LDH), which converts pyru-
vate to lactate. LDH is an intracellular and ubiquitous enzyme
[1]; thereby, elevated serum LDH levels in the extracellular
space are a marker of tissue breakdown [1, 2].

Serum LDH is a sensitive but not a specific laboratory test that
is routinely available. Elevated levels of serum LDH can be found
in numerous clinical conditions including inflammation, infec-
tion and sepsis [3–8], hemolytic [9–14] or hepatic disorders [15–
17], and in various oncologic conditions [18–24]. Erez et al. [3]
reported that in admitted medical patients higher LDH values
were associated with adverse outcomes such as more admission
days, admission to intensive care units and number of intuba-
tions. Moreover, LDH has been associated with mortality, e.g. in
patients with sepsis [25], severe acute pancreatitis [26], acute
mesenteric ischemia [27], hypoxic hepatitis [28], idiopathic pul-
monary hypertension [29] and patients with cancer [23, 30].

LDH levels are associated with concomitant kidney damage
as seen in elevated LDH levels with the advancement of diabetic
kidney disease [31] and elevated levels of serum LDH have been
observed in end-stage renal disease patients, and were attrib-
uted to the process of hemodialysis (HD) itself [32]. However,
the relationship of LDH with mortality risk has not yet been
studied in incident HD patients. In a large contemporary
cohort of incident HD patients, we examined the association of
serum LDH levels with mortality. The article aimed to study the
impact of LDH from the time of transitioning to HD to remove
potential confounding due to time on dialysis. We believe that
our time-varying analysis can partly answer the important
question of long-term versus short-term impact of increased
LDH on mortality.

VC The Author(s) 2020. Published by Oxford University Press on behalf of ERA-EDTA. All rights reserved.
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M A T E R I A L S A N D M E T H O D S

Study population and data source

This observational cohort study used data from a large dialy-
sis organization (LDO) in the USA with detailed patient-level
sociodemographic, comorbidity, laboratory, dialysis treatment
and vital status parameters. The original source population in-
cluded 208 820 adult (�18 years old) incident HD patients initi-
ating treatment between 2007 and 2011, with follow-up
through 31 December 2011. Patients were included in the study
if they had at least 60 days of total treatment during their total
follow-up time, were undergoing thrice-weekly in-center HD
throughout the entire study period, and had treatment data and
at least one LDH measurement during their baseline quarter
(the first 91 days) of dialysis. The final study population com-
prised 109 632 incident HD patients (Supplementary data,
Figure S1). All data were obtained from the electronic records
of the LDO. The study was approved by the Institutional
Review Committee of the University of California, Irvine
Medical Center. Given the large sample size, anonymity of the
patients studied and non-intrusive nature of the research, the
requirement for written consent was waived.

Clinical and demographic measures

In this database, race/ethnicity is self-categorized; dialysis
patients select the race and/or ethnicity with which they most
closely identify [non-Hispanic White (White), African-
American, Hispanic, Asian, others]. Blood samples were drawn
using uniform techniques in all dialysis clinics and were trans-
ported to a single, central laboratory typically within 24 h. All
laboratory values were measured using automated and stan-
dardized methods in the central laboratory. Most laboratory
parameters, including LDH, albumin, creatinine, bicarbonate,
phosphorus and calcium, were measured monthly. Serum
ferritin was measured at least quarterly. Hemoglobin was mea-
sured at least monthly in all patients and weekly to biweekly in
most patients. Single-pool Kt/V was used to estimate dialysis

dosage, and normalized protein catabolic rate (nPCR) was mea-
sured monthly as an indicator of daily protein intake.

To minimize measurement variability, all repeated labora-
tory and clinical measurements for each patient during the 91-
day patient quarter were averaged. Average values were
obtained for up to 20 patient quarters for each patient.
Measurements in the first 91-day patient quarter were consid-
ered as baseline. Post-HD dry weight and baseline height were
used to calculate body mass index (BMI). Furthermore, the
presence or absence of comorbid conditions were identified
based on International Classification of Diseases-9 codes for the
following 13 comorbid conditions (Supplementary data, Table
S1): (i) alcohol dependence; (ii) atherosclerotic heart disease
(ASHD); (iii) congestive heart failure (CHF); (iv) other cardio-
vascular disease; (v) cerebrovascular disease; (vi) chronic ob-
structive pulmonary disease; (vii) diabetes mellitus; (viii)
dyslipidemia; (ix) human immunodeficiency virus; (x) malig-
nancy; (xi) hypertension; (xii) sickle cell disease; and (xiii) lupus
erythematosus.

Exposure and outcome ascertainment

LDH was the main exposure of interest. Patients were cate-
gorized according to the following seven categories of LDH
spaced into 40 U/L intervals and according to the distribution
of LDH in the population: <160, 160 to <200, 200 to <240,
240 to <280, 280 to <320, 320 to <360 and �360 U/L. Both
baseline and time-varying LDH models were examined. The
main outcome of interest was all-cause mortality, which was
ascertained from the LDO database. Cardiovascular and
infection-related mortality were also examined.

Cardiovascular mortality was categorized as having one of
the following causes of death: acute myocardial infarction; peri-
carditis, including cardiac tamponade; ASHD; cardiomyopathy;
cardiac arrhythmia; cardiac arrest, cause unknown; valvular
heart disease; pulmonary edema due to exogenous fluid; CHF;
pulmonary embolus; cerebrovascular accident including
intracranial hemorrhage; and ischemic brain damage or anoxic
encephalopathy. Infection-related mortality was categorized as
having one of the following causes of death: septicemia due to
internal vascular access; septicemia due to vascular access
catheter; bacterial peritoneal access infectious complication;
fungal peritoneal access infectious complication; peritonitis
(complication of peritoneal dialysis); gangrene septicemia
due to peripheral vascular disease; other septicemia; cardiac
infection (endocarditis); pulmonary infection (pneumonia, in-
fluenza); and abdominal infection [peritonitis (not component
of peritoneal dialysis, perforated bowel, diverticular disease,
gallbladder)].

Patients were followed from their first dialysis date until they
were censored for one of the following reasons: death, renal
transplantation, discontinuation of dialysis, transfer to another
dialysis clinic or end of the study period (31 December 2011).

Statistical analysis

Baseline patient characteristics were summarized using pro-
portions, means [standard deviation (SD)] or median [inter-
quartile range (IQR)] and were compared across strata of LDH

KEY LEARNING POINTS

What is already known about this subject?

• in previous studies, higher lactate dehydrogenase
(LDH) levels have been found to be associated with
cancer.

What this study adds?

• this study adds insight on the relationship between
LDH levels and survival among hemodialysis patients.

What impact this may have on practice or policy?

• this study will impact practice and improve quality of
care by prompting physicians to be more attentive to
LDH and its potential impact on patient outcomes and
survival.

LDH and dialysis mortality 705
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using tests for trend. We used Cox proportional hazard regres-
sions for both baseline and time-varying measures to examine
the association of LDH (reference: 240 to <280 U/L) with 5-
year all-cause, cardiovascular and infection-related mortality.
The proportionality assumption was checked using plots of log
[�log(survival rate) against log(survival time)]. We additionally
explored potentially nonlinear relationships between LDH and
mortality outcomes using restricted cubic spline models using
median LDH values of 235.2 and 191.25 U/L as references for
baseline and time-varying models, respectively, and with four
knots placed at the 5th, 35th, 65th and 95th percentile values of
LDH.

All models were examined across three levels of hierarchical
multivariate adjustment as follows: (i) unadjusted: including
LDH as primary exposure of interest; (ii) casemix: adjusted for
demographic data (age, gender, race/ethnicity), the first 11 of
the 13 above-listed comorbid conditions, post-dialysis systolic
and diastolic blood pressure (BP), primary insurance
(Medicare, Medicaid and other), vascular access type [central
venous catheter (CVC), arteriovenous (AV) graft, AV fistula,
other AV access and unknown) and dialysis dosage as indicated
by single-pool Kt/V; and (iii) casemix þ malnutrition inflam-
mation complex (MICS) (fully adjusted): adjusted for covariates
of the casemix model plus markers of the MICS including se-
rum albumin, serum creatinine, calcium, phosphorus, ferritin,
hemoglobin, alkaline phosphatase, parathyroid hormone, iron
saturation, white blood cell (WBC) count, BMI, aspartate ami-
notransferase, lymphocyte percentage, total iron binding capac-
ity, iron concentration and nPCR. In additional analysis, we
also examined a fourth level of adjustment (iv) casemix þ
MICS þ sickle cell þ lupus: adjusted for sickle cell disease and
lupus erythematosus. In order to investigate possible effect
modification of the LDH–mortality association, we additionally
examined associations of higher LDH (�250 U/L) versus lower
LDH (<250 U/L) across strata of a priori selected demographic,
comorbid and laboratory subgroups in fully adjusted models.
LDH was dichotomized at 250 U/L (�250 U/L versus <250 U/
L) for subgroup analyses because this was the cohort median.
Interactions between LDH and the modifier of interest were
tested using the Wald’s test.

Missing covariate data (under 1% for most laboratory and
demographic variables) were imputed using imputation by
means or missing category. Analysis were implemented using
SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA), Stata ver-
sion 13 (Stata Corp., College Station, TX, USA) and SigmaPlot
version 12.5 (Systat Software, San Jose, CA, USA).

R E S U L T S

Baseline demographics and clinical characteristics
according to LDH

Among the 109 632 incident HD patients, the average age
(6SD) was 63 6 15 years old, and there were 44% females, 31%
African-Americans and 58% diabetic patients. Table 1 shows
baseline demographic, clinical and laboratory characteristics in
the total cohort and across LDH strata. Patients with higher
LDH were younger, included more women and had a higher

prevalence of diabetes, CHF, Medicaid patients and CVC access
type when compared with patients with the lowest LDH levels.
In particular, among patients with the highest LDH level
�360 U/L, 92% had a CVC access type. Patients with higher
LDH also had lower albumin levels, higher creatinine, higher
iron and higher ferritin levels, as well as higher WBC count.

Association of LDH with mortality

Over a median (IQR) follow-up time of 493 days (230–921),
there were 28 972 deaths (26%) and crude death rate of 15.6
death per 100 person-years [95% confidence interval (CI) 15.5–
15.8]. Figure 1 displays 5-year all-cause, cardiovascular and
infection-related death hazard ratios (HRs) across categories of
baseline and time-varying LDH in all 109 632 patients. Using
LDH 240 to <280 U/L as the reference, there was a linear rela-
tionship between LDH and mortality outcomes. In the baseline
model, the highest risk LDH (�360 U/L) was associated with a
37% higher risk of all-cause mortality in the unadjusted model
(HR ¼ 1.37, 95% CI 1.30–1.43; Figure 1A and Supplementary
data, Table S2). The association was greater after adjustment for
demographics and comorbidities, but attenuated to a 19%
higher mortality risk in the fully adjusted model (HR ¼ 1.19,
95% CI 1.14–1.25; Figure 1A and Supplementary data, Table
S2). In an additional model, adjusting for sickle cell disease and
lupus erythematosus showed comparable mortality risk
(Supplementary data, Figure S2). Similar associations were ob-
served for cardiovascular and infection-related mortality, even
though less consistent for the infection-related mortality
(Figure 1B and C; Supplementary data, Tables S3 and S4).
Sensitivity analyses using restricted cubic spline models also
showed a linear association between baseline LDH and all-
cause mortality across all models of adjustments
(Supplementary data, Figure S3A–C).

To ascertain short-term LDH–mortality associations and to
account for changes in serum LDH levels over time, we also ex-
amined associations of time-varying associations of LDH with
mortality outcomes, where direct linear relationships were also
observed. Time-varying LDH �360 U/L was associated with
48% higher risk of all-cause mortality in the fully adjusted
model (HR ¼ 1.48, 95% CI 1.40–1.56; Figure 1D and
Supplementary data, Table S5). Restricted cubic spline models
for time-varying LDH and all-cause mortality showed J-shaped
associations across all models of adjustments; however, LDH
levels lower than the reference point of 191.25 U/L had lower
mortality risk (Supplementary data, Figure S3D–F). Similar
associations were observed for cardiovascular and less consis-
tently for infection-related mortality (Figure 1E and F;
Supplementary data, Tables S6 and S7).

Subgroup analyses examining the association between LDH
level dichotomized as<250 U/L (reference) and�250 U/L with
all-cause mortality were examined across strata of clinically rel-
evant subgroups. All-cause mortality effect estimates in fully ad-
justed models were above unity in all examined subgroups,
indicating higher risk of death with higher LDH (�250 U/L)
across all strata (Figure 2). However, significant interactions
were noted for the following subgroups: gender, AV fistula,
BMI, diabetes, CHF, liver disease, albumin and WBC

706 S.Y. Ryu et al.
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(Supplementary data, Table S8). Stronger associations were ob-
served for those with AV fistula access type, higher albumin, no
diabetes and higher BMI.

D I S C U S S I O N

In this study including a large cohort of incident HD patients,
both baseline and time-varying models showed higher serum
LDH levels had positive associations with higher risk of all-
cause and cardiovascular mortality. However, the association
with infection-related mortality was less robust. Higher LDH
level >280 U/L was incrementally associated with higher all-
cause and cardiovascular mortality in incident dialysis patients.
Non-diabetic, African-American, younger female patients with
Medicaid insurance, CVC or those with CHF also tended to
have higher LDH levels. Higher LDH also correlated with ele-
vated aspartate aminotransferase and alkaline phosphatase.
Although associations were consistent in showing positive HRs
across subgroup analyses, effect estimates were particularly
higher in patients with higher albumin, AV fistula, higher BMI
and non-diabetics.

Not much is known about LDH, in particular for incident
HD patients with past studies focusing on its role in cancer. We
speculate that non-diabetic, African-American and younger fe-
male HD patients with Medicaid insurance may be getting
medical treatment later than their counterparts and receive less
predialysis care, resulting in emergent dialysis initiation with a
CVC access type. These patients may represent those who are
sicker at the time of dialysis initiation. In addition, sickle cell
anemia is also commonly found in African-American patients
and lupus erythematosus in females, and both conditions have
been associated with higher LDH levels [33–35]. Some studies
have demonstrated that dialysis patients with lupus erythema-
tosus and sickle cell disease have a higher mortality risk than
patients with other causes of end-stage renal disease [36–39].
Of note, McClellan et al. [39] highlighted the importance of
pre-dialysis nephrology care in attenuating the increased mor-
tality risk in patients with sickle cell disease. However, in our
study adjustment for lupus erythematous and sickle cell disease
did not reverse the LDH–all-cause mortality association;
thereby, the contribution of these comorbidities does not fully
explain the relationship between higher LDH and mortality ob-
served in HD patients.

Furthermore, the dialysis procedure itself may cause an in-
crease in LDH levels, since mechanical hemolysis can occur in
extracorporeal blood systems such as dialysis and subsequently
a raise in LDH can be measured [40, 41]. In this regard, Vaziri
et al. [32] reported an increase in total serum LDH level after a
single passage through the extracorporeal system, which could
originate from platelets. In addition, Cheng et al. [42] reported
that HD patients had higher LDH level in comparison with is-
chemic heart disease patients and a healthy control group,
claiming a higher anaerobic metabolism/activity in HD
patients. We therefore speculate that frail dialysis patients
might be less likely to compensate an injury caused by the dialy-
sis procedure, which would be represented by higher LDH lev-
els. Conversely, we found that patients with higher baseline
LDH tended to have higher pre-dialysis systolic and diastolicT
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BP, as well as higher post-dialysis systolic BP, which may not fit
the pattern of a ‘typical’ frail patient [43, 44].

Moreover, results of our subgroup analysis showed higher
risk estimates of mortality for patient subgroups that are seem-
ingly healthier and that prior studies have shown to have better
survival on HD, including those with higher BMI [45–48], non-
diabetics [45], higher albumin [46, 49, 50] and lower WBC [51,
52]. We cannot explain these counterintuitive findings; how-
ever, it may be that LDH might be a useful prognostic marker
in the dialysis population that is considered to be at less risk.

Previous published data suggested that inflammatory cells
may release LDH to such a degree that higher concentrations
may be measured in the serum [5], and LDH has been associ-
ated with other inflammatory markers [53–56]. In our study,
higher LDH was also associated with higher levels of inflamma-
tion as indicated by its relationship with lower levels of
albumin, higher levels of WBC and higher ferritin levels at base-
line (Table 1). The relationship between inflammation and
mortality in end-stage renal disease has been well established
[57]; however, the LDH–mortality associated in our study
was attenuated but not mitigated after adjustment for surro-
gates of inflammation and malnutrition. We therefore believe
that inflammation may not fully account for the observed

LDH–mortality association. In addition, we could not demon-
strate a robust association in our baseline and time-varying
model of high LDH and increased infection-related mortality
risk in incident HD patients, while this association was stronger
for CV mortality. However, LDH has been described as a prog-
nostic marker in infectious disease states [58–63]. We can only
speculate about reasons for this discrepancy to our findings. For
instance, chronic kidney disease patients are more susceptible
to infections due to an impaired immune defense [64–68],
which might hinder the immune cells to shift their energy pro-
duction from oxidative phosphorylation to aerobic glycolysis.
This step allows immune cells to rapidly generate energy for ef-
fector functions in the presence of oxygen [69, 70]. LDH may
catalyze the final step of aerobic glycolysis, resulting in the pro-
duction of lactate. However, a study in renal transplant patients,
whose immune response is impaired by immunosuppressive
agents, showed an association between higher LDH concentra-
tions and 90-day mortality in patients suffering from severe
community-acquired pneumonia [59]. Therefore, we also have
to consider that ascertainment of infection-related mortality
in our cohort might have occurred less frequent. Further re-
search is warranted to clarify the association between LDH and
infection-related mortality in HD patients.
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FIGURE 1: Baseline all-cause (A), cardiovascular (B) and infection-related (C) mortality, and time-varying all-cause (D), cardiovascular (E)
and infection-related (F) mortality HRs (and 95% CI error bars) by LDH levels across three levels of multivariable adjustment in 109 632 inci-
dent HD patients.
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The above-mentioned shift in energy production from mito-
chondrial oxidative phosphorylation to aerobic glycolysis may
also contribute to the process of diseases such as pulmonary hy-
pertension, heart failure, atherosclerosis or polycystic kidney
disease [71]. This shift, also called the ‘Warburg effect’, results
in the production of lactate in the presence of oxygen [71–73].
Thus, higher LDH levels might be a proxy of undiagnosed
advancing disease. In our cohort, there was a higher prevalence
of CHF and ASHD comorbidity among patients with higher
LDH. We suggest that monitoring of LDH levels in HD patients
might screen/identify ‘seemingly healthy’ patients with undiag-
nosed (advancing) disease. Identifying and cause-specific treat-
ment of the underlying condition might improve outcomes in
HD patients. Also, LDH itself might be a promising therapeutic
target [74–76].

Our study has some limitations, not merely due to the
observational nature of the study design. Furthermore, potential
confounding cannot be ruled out. For instance, therapy with
pharmacologic agents may result in increased LDH levels. This
was not examined because home medication data were not
available systematically in this cohort. In addition, we could not
account for other comorbidities associated with higher LDH in-
cluding other benign hemolytic disorders such as post-partum
thrombotic microangiopathy/atypical hemolytic uremic
syndrome, autoimmune hemolytic anemia or paroxysmal noc-
turnal hemoglobinuria. We also have no data on markers of in-
flammation such as C-reactive protein or markers of oxidative
stress. In addition, for the time-varying model in our analysis,

we could not account for new-onset diseases. However, we do
believe that selection bias may be minimal given that the
decision to measure LDH levels was made uniformly at the clinic
level and was not individualized. In addition, we believe the risk
of information bias was not high given that all of the LDO facili-
ties are under uniform administrative care, and all laboratory
tests are performed in one single laboratory with optimal
quality-assurance monitoring. Even though the data used in this
study are approximately a decade old, we believe that our study
should be noted for its inclusion of a large, diverse and represen-
tative incident cohort of HD patients, with ability to account for
a large number of biomarkers and examine cause-specific mor-
tality outcomes.

C O N C L U S I O N

In conclusion, the results of this study signify that among US
incident HD patients, higher serum LDH levels substantially
increased the risk of all-cause mortality and CV mortality.
Further studies using more recent data are needed to qualify
our findings, determine the clinical utility of measuring LDH in
predicting mortality outcomes in HD and determine the molec-
ular mechanism involved.

S U P P L E M E N T A R Y D A T A

Supplementary data are available at ndt online.
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FIGURE 2: Subgroup analysis of all-cause mortality hazard ratios (and 95% CI error bars) of baseline (A) and time-varying (B) high LDH
(LDH �250 U/L) versus low LDH (LDH <250 U/L) after adjustment for casemix þMICS variables. AST, aspartate aminotransferase; CBVD,
cerebrovascular disease; COPD, chronic obstructive pulmonary disease; Hgb, hemoglobin; HIV, human immunodeficiency virus.
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