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INTRODUCTION

P
atients receiving hemodialysis experience signif-
icant treatment-related symptoms and are at high

risk for cardiovascular disease and death. The goal
of hemodialysis is to remove water-soluble toxins
of low- and middle-molecular weight, restore the
balance of electrolytes and acid-base status, and
remove excess water. However, hemodialysis itself
can induce organ hypoperfusion, inflammation, and
fibrosis. Intradialytic hypotension is common occur-
ring during 3 in 100 hemodialysis treatments and
affecting all organs.1

Hemodialysis can reduce the blood concentration of
a protein through diffusion down its concentration
gradient between the blood and dialysate, convection
where the protein is pulled by the solution in which it
is dissolved (solvent drag), or by adsorption to the
hemodialysis filter (Figure 1). Conversely, ultrafiltration
increases the concentration of proteins due to water
removal. Proteins can also increase in the blood due to
an increase in production or shift from the intracellular
to intravascular space, or decrease due to a movement
into cells. Protein characteristics, including size and
molecular weight, charge and protein-binding, volume
of distribution, and baseline concentration can all
impact their change during hemodialysis. Furthermore,
covariates such as age, genetically determined sex,
gender, ancestry, weight, comorbidities, and residual
kidney function explain some variation in concentra-
tion between individuals, whereas cointerventions,
treatment time, dialyzer characteristics, vascular access
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type, ultrafiltration volume, the quantity of blood
processed on dialysis, and occurrence of intradialytic
events such as organ hypoperfusion or ischemia lead to
differences during hemodialysis (Figure 1).

Technological advancements have exponentially
expanded the number of proteins that can be simul-
taneously measured in body fluids. Proteome-wide
measurement could provide quantitative assessments
of the effects of hemodialysis. Biomarkers can quan-
titatively assess pathological processes, improve
diagnostic accuracy and risk stratification, and eval-
uate response to therapy. In contrast, patients are
often surprised by the lack of measurable targets
driving dialysis dose decisions, including treatment
frequency and duration.

Patients receiving hemodialysis may never be in
metabolic equilibrium, and the timing of biomarker
measurement relative to hemodialysis treatment can
have significant ramifications. Before proteome-wide
assessment can be incorporated into research, the first
step is to understand proteomic changes observable
during hemodialysis.
METHODS

See supplemental methods for details. Briefly, 44 pa-
tients were randomly selected from the Hemodialysis
Outcomes and SympToms assessment cohort,2 stratified
to include 2/3rds with intradialytic hypotension epi-
sodes, for proteomic assessment of 1163 proteins be-
tween 5 and 500 kilodaltons in size using the Olink
platform (www.olink.com).
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Figure 1. Factors impacting biomarker concentration during a hemodialysis session.
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RESULTS

The average age of participants was 67 years old,
57% were male, with an average of 3 years on dial-
ysis (Supplementary Table S1). Across the 42 partic-
ipants with predialysis and postdialysis
measurements, 189 proteins (16%) decreased and 54
(5%) increased in concentration (P < 4.3 � 10�5,
Supplementary Figure S1 and Supplementary
Table S2). We observed a halving of 2 small mole-
cule positive controls: cystatin C (mean change �1.11
log2 normalized protein expression [NPX] value, P ¼
3.2 � 10�22) and trefoil factor 3 (�0.75 log2 NPX
value, P ¼ 5.0 � 10�20).3 Growth hormone (�1.79
log2 NPX value, P ¼ 3.8 � 10�9) and C-type natri-
uretic peptide (�1.21 log2 NPX value, P ¼ 7.0 �
10�22) were the 2 proteins with the largest decrease
in concentration. The protein with the largest in-
crease in concentration was brain-enriched hyalur-
onan-binding protein (þ0.54 log2 NPX value, P ¼
3.1 � 10�14). Erythropoietin showed interindividual
differences; most individuals had no change but 5
had a doubling in concentration (Figure 2). Unfortu-
nately, data regarding who received exogenous
erythropoietin with each specific treatment was un-
available. As previously evaluated in the Hemodial-
ysis Outcomes and SympToms cohort using the
Abbott Architect assay, we observed no change in
high sensitivity troponin I (þ0.01 log2 NPX value,
P ¼ 0.94) and a decrease in galactin-3 levels (�0.11
log2 NPX value, P ¼ 0.001).

Proteins were more likely to decrease in concen-
tration if they were smaller in size (r ¼ 0.37, 95%
confidence interval: 0.31–0.43, P ¼ 2.2 � 10�16),
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positively charged (r ¼ �0.26, 95% confidence
interval: �0.32 to �0.19, P ¼ 6.4 � 10�14), and had a
greater baseline concentration (r ¼ �0.21 95% con-
fidence interval: �0.27 to �0.14, P ¼ 3.0 � 10�9,
Supplementary Figure S2). In univariate regression,
no single protein surpassed the Bonferroni-adjusted
association threshold with intradialytic hypotension.
An increase in thrombomodulin, which decreased
during dialysis on average (�0.04 log2 NPX value,
P ¼ 0.01), was the strongest association with intra-
dialytic hypotension (bSystolic BP drop ¼ 0.021, P ¼
0.00011; boccurrence of SBP < 70 mm Hg ¼ 0.11, P ¼
0.003). There was an excess of cardiovascular bio-
markers among the top 20 nominally associated with
intradialytic hypotension (13 of 90 proteins on the
Olink cardiovascular disease panel in the top 20, P <
0.05, Pbinomial ¼ 2.8 � 10�8, Supplementary
Figure S3) and all increased in concentration with
intradialytic hypotension.
DISCUSSION

We evaluated the concentration of 1163 blood pro-
teins before and after hemodialysis using an
antibody-based proteomics platform with Bonferroni-
significant changes observed in 21% of proteins.
Despite most proteins being larger than 40 kilo-
daltons in size and not expected to pass through the
dialysis filter, protein characteristics including
smaller size, positive charge, and higher baseline
concentration were associated with larger drops in
concentration during hemodialysis. Perhaps more
interesting than proteins that drop in concentration
are those that increase because they must come from
Kidney International Reports (2024) 9, 177–181



Figure 2. Changes in the concentration of selected biomarkers during a single hemodialysis session measured in a high-throughput assay.
Paired pre- and post-dialysis concentration of (a) Cystatin C, (b) Trefoil factor 3, (c) Brain-enriched hyaluronan-binding protein, (d) Erythro-
poietin, (e) Troponin I, and (f) Galectin-3.
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an exogenous or intracellular source. We did not find
an individual protein associated with intradialytic
hypotension beyond a Bonferroni-corrected multiple
testing threshold; however, our sample size was
limited in this exploratory pilot study. There was
significant enrichment for cardiovascular biomarkers
among those nominally associated with intradialytic
hypotension, and all of them increased in
concentration.

Whether intradialytic hypotension is a cause or
effect of cardiovascular disease, recent evidence un-
derscores its importance as a negative prognostic
event portending future adverse outcomes.1 Previous
proteomic studies of dialysis patients utilized mass
spectrometry,4,5 and multi-omic investigations such
as proteome-wide association studies and proteome-
wide Mendelian randomization using antibody-
based or aptomer-based protein quantification for
studying kidney disease are growing in popularity.6

How to adapt these methods to patients treated with
hemodialysis is an open question. Evaluating the
impact of 436 Olink-measured proteins on COVID-19
outcomes in 97 patients on hemodialysis, samples
were drawn prior to treatment and 48 to 72 hours
Kidney International Reports (2024) 9, 177–181
from the preceding treatment.7 Similarly, 92 Olink
cardiovascular biomarkers were measured in 369
patients on hemodialysis, with samples collected
immediately before commencement of dialysis.8 We
show that proteome-wide measurement is sensitive to
identify changes during hemodialysis and before-
dialysis and after-dialysis measurement could be
helpful in unravelling mechanisms behind intra-
dialytic symptomatology.

Patients often ask why 12 hours of hemodialysis per
week is required. Hemodialysis can leave patients
feeling “washed out” or symptomatic. Encouraging
adherence to treatment time can be difficult. Shifting the
assessment of dialysis adequacy from a single small
molecule, exemplified by Kt/Vurea or urea reduction ra-
tio, to a comprehensive assessment of adequacy that
improves quality of life and overall survival is needed.9

Quantitative assessment of numerous biomarkers, in
addition to traditional small molecule kinetic modeling,
clinical measures, symptoms, and goals of care could be
combined into a precision dialysis prescription.
Providing patients with quantitative measurement of
changes during hemodialysis, and targets to reach,
could improve treatment satisfaction and quality of life.
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Although our dataset is broad, evaluating 1163
proteins, the number of participants was small, limiting
the ability to evaluate patient-related or dialysis
prescription-related variables in multivariate models.
Similarly, the power to test individual proteins with
intradialytic symptomatology or subsequent cardio-
vascular events was inadequate. In addition, partici-
pants were limited to European ancestry and recruited
at a single center, only 1 membrane was evaluated, and
slow low-efficiency dialysis, continuous renal replace-
ment therapy, hemodiafiltration, or isolated ultrafil-
tration were not evaluated.

In conclusion, blood proteins change in concentra-
tion during a single hemodialysis treatment that can be
measured on a proteome-wide scale. Changes are
related to protein characteristics; however, significant
interindividual differences exist, especially in the
context of intradialytic events. Further high-
throughput proteomic studies are needed to assess
dialysis adequacy, test biomarker-symptom associa-
tions, and improve risk prognostication of patient
important adverse events.
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SUPPLEMENTAL MATERIAL

Supplementary File (PDF)

Supplementary Methods.

Supplementary Data (.xls) Biomarker changes during a

hemodialysis session as measured on the Olink platform.

The mean concentration and changes during dialysis for
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all measured biomarkers, as well as the association of

changes with dialysis variables, are provided in the data

supplement.

Figure S1. Change in biomarkers during one session of

hemodialysis. Distribution of the concentration change of

1061 biomarkers during a single hemodialysis session of

42 study participants. Whereas 189 significantly

decreased in concentration, 54 significantly increased in

concentration (P < 5 � 10�5).

Figure S2. Biomarker characteristics includingsize (A), charge

(B), and baseline concentration (C) impact the change in

concentration on dialysis. Each point represents the change

in a single biomarker during a single dialysis session.

Figure S3. Enrichment of cardiovascular biomarkers in

those associated with intradialytic hypotension. Thirteen

of the 20 biomarkers associated with hypotension were

cardiovascular biomarkers (all had an increase in

concentration with hypotension; Pindividual marker < 0.01;

Penrichment ¼ 2.8 � 10�10).

Table S1. Cohort data. Descriptive statistics of nested case-

control cohort evaluated for changes in biomarker

concentration during a single session of hemodialysis.

Table S2. Biomarker changes during a hemodialysis

session as measured on the Olink platform.

REFERENCES

1. Keane DF, Raimann JG, Zhang H, Willetts J, Thijssen S,

Kotanko P. The time of onset of intradialytic hypotension

during a hemodialysis session associates with clinical pa-

rameters and mortality. Kidney Int. 2021;99:1408–1417. https://
doi.org/10.1016/j.kint.2021.01.018

2. Collister D, Mazzetti A, Bhalerao A, et al. Variability in cardiac

biomarkers during hemodialysis: a prospective cohort study.

Clin Chem. 2021;67:308–316. https://doi.org/10.1093/clinchem/

hvaa299

3. Vilar E, Boltiador C, Viljoen A, Machado A, Farrington K.

Removal and rebound kinetics of cystatin C in high-flux he-

modialysis and hemodiafiltration. Clin J Am Soc Nephrol.
2014;9:1240–1247. https://doi.org/10.2215/CJN.07510713

4. Han S, Yang K, Zhu H, Liu J, Zhang L, Zhao J. Proteomics

investigation of the changes in serum proteins after high- and

low-flux hemodialysis. Ren Fail. 2018;40:506–513. https://doi.
org/10.1080/0886022X.2018.1491406

5. Bonomini M, Sirolli V, Pieroni L, Felaco P, Amoroso L,

Urbani A. Proteomic investigations into hemodialysis therapy.

Int J Mol Sci. 2015;16:29508–29521. https://doi.org/10.3390/

ijms161226189

6. Lanktree MB, Perrot N, Smyth A, et al. A novel multi-ancestry

proteome-wide Mendelian randomization study implicates

extracellular proteins, tubular cells, and fibroblasts in esti-

mated glomerular filtration rate regulation. Kidney Int.
2023;104:1170–1184. https://doi.org/10.1016/j.kint.2023.08.025

7. Gisby J, Clarke CL, Medjeral-Thomas N, et al. Longitudinal

proteomic profiling of dialysis patients with COVID-19 reveals

markers of severity and predictors of death. eLife. 2021;10:

e64827. https://doi.org/10.7554/eLife.64827
Kidney International Reports (2024) 9, 177–181

https://doi.org/10.1016/j.ekir.2023.10.020
https://doi.org/10.1016/j.kint.2021.01.018
https://doi.org/10.1016/j.kint.2021.01.018
https://doi.org/10.1093/clinchem/hvaa299
https://doi.org/10.1093/clinchem/hvaa299
https://doi.org/10.2215/CJN.07510713
https://doi.org/10.1080/0886022X.2018.1491406
https://doi.org/10.1080/0886022X.2018.1491406
https://doi.org/10.3390/ijms161226189
https://doi.org/10.3390/ijms161226189
https://doi.org/10.1016/j.kint.2023.08.025
https://doi.org/10.7554/eLife.64827


RESEARCH LETTER
8. Feldreich T, Nowak C, Fall T, et al. Circulating proteins as

predictors of cardiovascular mortality in end-stage renal dis-

ease. J Nephrol. 2019;32:111–119. https://doi.org/10.1007/

s40620-018-0556-5
Kidney International Reports (2024) 9, 177–181
9. Perl J, Dember LM, Bargman JM, et al. The use of a multidi-

mensional measure of dialysis adequacy-moving beyond

small solute kinetics. Clin J Am Soc Nephrol. 2017;12:839–847.
https://doi.org/10.2215/CJN.08460816
181

https://doi.org/10.1007/s40620-018-0556-5
https://doi.org/10.1007/s40620-018-0556-5
https://doi.org/10.2215/CJN.08460816

	Proteome-Wide Changes in Blood Biomarkers During Hemodialysis
	Introduction
	Methods
	Results
	Discussion
	Disclosure
	Acknowledgments
	Author Contributions
	Supplemental Material
	References


