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Overcorrection versus osmotic demyelination syndrome:
what should we watch out for during management of
symptomatic chronic hyponatremia?
Hyun Lee Ko, Sung Woo Lee
Department of Internal Medicine, Uijeongbu Eulji University Medical Center, Uijeongbu, Republic of Korea

See Article on Page 298–309

Hyponatremia is common in hospitalized patients [1].
Since serum sodium level is a major determinant of serum
osmolality, decreased serum sodium level means that there
is a relative excess of free water in the extracellular space
(Fig. 1A). This excessive water moves into the cells, causing
cellular edema (Fig. 1B) [2]. Hyponatremia is intimately associated with mortality, even in milder forms [3,4]. To date,
however, the mechanism behind the increased risk of mortality with hyponatremia is not known [3]. Although acute
hyponatremia, hyponatremia which develops within 48
hours, can result in death due to catastrophic brain herniation [5], the hazard of mild chronic hyponatremia cannot
be explained by this same mechanism. Therefore, further
investigation is needed to determine whether the hazard of
mild to moderate chronic hyponatremia is real [3,5].
Over a period of about 48 hours after hyponatremia onset, the brain’s cell volume returns to normal by expelling
intracellular solutes and water (Fig. 1C) [2]. Despite this
adaptation, chronic hyponatremia can result in several
symptoms that reflect increased intracranial pressure (e.g.,

vomiting, stupor, coma, and seizure), which requires urgent
management by increasing the serum sodium level [4]. Because intracellular solutes are expelled, overcorrection of
the serum sodium level excessively increases serum osmolality to ultimately induce a further out-shift of intracellular
water. This can result in cellular shrinkage during management of symptomatic chronic hyponatremia (Fig. 1D). This
process is the main pathogenesis of osmotic demyelination
syndrome (ODS) [2].
Overcorrection of serum sodium level in symptomatic
chronic hyponatremia is the major risk factor of ODS development [2,4]. Since the incidence of ODS is very low,
overcorrection has been used as a study outcome (instead
of ODS development) in studies for management of symptomatic hyponatremia [1,4,6]. To date, however, there are
no universal definitions for hyponatremia overcorrection
[4,6,7]. In the SALSA (Efficacy and Safety of Rapid Intermittent Correction Compared With Slow Continuous Correction With Hypertonic Saline In Patients With Moderately
Severe or Severe Symptomatic Hyponatremia) trial, a randomized clinical trial for management of symptomatic hyponatremia [1], overcorrection was defined as an increase
in serum sodium level by >12 mEq/L or >18 mEq/L within
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Figure 1. Movement of free water and intracellular solutes according to extracellular sodium level. (A) Excessive extracellular free
water, (B) cellular edema, (C) adaptive expelling, and (D) cellular shrinkage.

the first 24 or 48 hours, respectively. As a post hoc analysis
of the SALSA trial, in this issue, Yang et al. [8] attempted
to identify risk factors of overcorrection and to develop a
new score called the NASK (hypoNatremia, Alcoholism,
Severe symptoms, and hypoKalemia) score to calculate the
probability of overcorrection during management of symptomatic hyponatremia. In this study, the variables that
were included in the new score were initial serum sodium
level and presence of hypokalemia, severe symptoms, and
chronic alcoholism (Table 1).
There has only been one prior study to be compared with
the study by Yang et al. [8]; Woodfine et al. [6] proposed
the SHOR (Severe Hyponatremia Overcorrection Risk)
score using data from a single-center retrospective cohort
to predict overcorrection during management of hyponatremia. Unlike the study by Yang et al. [8], Woodfine et al.
[6] did not have a predefined threshold for overcorrection.
Therefore, they had to use a latent class analysis to define
overcorrection based on 14 criteria, which resulted in four
classes of overcorrection status: none, unlikely, possible,
and definite. Using a multinomial instead of a binomial
logistic regression, they suggested five risky components
(lower initial serum sodium level, hypokalemia, vomiting,
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somnolence, and low urine osmolality) and three protective components (older age, volume overload, and chest
tumor) of overcorrection (Table 1).
As shown in Table 1, some factors were similar, but others were different between the NASK and SHOR scores.
Lower initial serum sodium, lower serum potassium,
and symptoms suggesting severe signs were robust components to increase the risk of overcorrection. Although
chronic alcoholism scored high points on the NASK, it had
no role in the SHOR score (Table 1). Although age had no
role in the NASK score, older age received negative points
in the SHOR score (Table 1). Different clinical and statistical designs, ethnicities, and management strategies likely
led to these discordant results. Therefore, future large
prospective studies need to be undertaken to validate the
usefulness of the NASK and SHOR scores in management
of symptomatic chronic hyponatremia.
Although ODS is strongly associated with overcorrection
of chronic hyponatremia, other conditions (including alcoholism, malnutrition, and liver transplantation) are also
associated with ODS development, even in the absence
of hyponatremia or overcorrection [2]. This trend might
be due to the control of movement of free water between

Ko and Lee. ODS risk factors

Table 1. Risk factors for overcorrection in symptomatic hyponatremia
Factor
Initial sodium level (mEq/L)

Hypokalemia (K+ <3.0 mEq/L)
Symptom
Chronic alcoholism
Age (yr)

Volume overload
Urine osmolality, <150 mOsm/kg
Chest tumor
Score range

NASK score [8]
≤110: 7 points
110–115: 4 points
115–120: 2 points
120–125: 0 points
3 points
Severe symptomsa: 3 points

SHOR score [6]
<110: 4 points
110–112: 2 points
112–114: 1 point
114–116: 0 points
1 point
Vomiting: 2 points
Somnolence: 2 points

7 points
40–50: 0 points
50–60: –1 point
60–70: –2 points
70–80: –3 points
80–90: –4 points
–5 points
4 points
–5 points
–14 to 13 points

0–20 points

NASK, hypoNatremia, Alcoholism, Severe symptoms, and hypoKalemia; SHOR, Severe Hyponatremia Overcorrection Risk.
a
Severe symptoms included vomiting, stupor, coma, and seizure.

intracellular and extracellular spaces by serum osmolality
and not by serum sodium level. Therefore, any solutes that
abruptly increase the extracellular osmolality in the brain
can cause ODS. In addition, some conditions (including
chronic alcoholism and hypokalemia) can have a synergistic effect on development of ODS, even if the serum sodium level is within the recommended range [4].
What should we watch out for during management of
symptomatic chronic hyponatremia? Overcorrection of
serum sodium level itself has no clinical role unless it is
tightly associated with ODS development. Development of
further tools to predict overcorrection during management
of hyponatremia will be helpful. However, prediction and
prevention of overcorrection are not sufficient. Tailored approaches to treat symptomatic chronic hyponatremia need
to be exercised in full consideration of various risk factors
of ODS beyond overcorrection.
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Are older adults safe and suitable candidate donors or
recipients for kidney transplantation?
Yu Ah Hong
Division of Nephrology, Department of Internal Medicine, Daejeon St. Mary’s Hospital, College of Medicine, The Catholic University of Korea,
Daejeon, Republic of Korea

See Article on Page 372–383

Because the prevalence of end-stage renal disease (ESRD)
is increasing worldwide, the number of elderly dialysis
patients has been consistently increasing. According to
the Korean Renal Data System (KORDS), the mean age of
patients on prevalent dialysis was 65.0 years, and patients
aged ≥65 years represented more than half of dialysis patients in 2019 in Korea [1]. This trend is paralleled by an
increasing rate of kidney transplant (KT) in the elderly
population. Due to the shortage of kidney donors and both
the increase in age and life expectancy of dialysis patients,
many elderly ESRD patients are dying while waiting for KT.
Based on the Korean Network for Organ Sharing (KONOS)
2019 annual report, the mean wait time for KT in elderly
dialysis patients aged ≥75 years (2,706 days) and aged 65
to 74 years (1,944 days) was longer than for all dialysis
patients (1,737 days). Although eligible older recipients reported longer survival than dialysis patients who remained
on the waiting list [2], older dialysis patients often experience difficulties in undergoing KT due to high comorbidity
and increased risk of early postoperative complications
and immunosuppression. To date, there is no definitive

upper age limit for KT, but it is still debated whether elderly
patients should be placed on the waiting list for KT or remain on dialysis.
In addition, elderly donors have been gradually increasing over the past decades to expand the donor pool and
reduce waiting times for KT. Historically, the discard rates
of kidneys from elderly deceased donors (DDs) were high;
however, longevity matching to provide kidneys of elderly
DDs to elderly recipients or patients with a shorter life expectancy recently allowed better allocation of kidneys in
current clinical practice. In living donor (LD) KT, selection
and allocation of suitable elderly individuals as living KT
donors are more difficult and complex. Lower baseline
kidney function and high comorbidities of elderly donors
can shift the balance of benefit and risk, with poorer graft
function for the recipient and increased perioperative
complications and longer-term risks for the donor. Therefore, acceptance of older adults as kidney donors remains
controversial.
In the present issue of Kidney Research and Clinical Practice, Lim et al. [3] investigated the clinical effects of donor
or recipient age on patient survival and graft outcomes of
KT recipients over 20 years. A total of 1,023 KT recipients
was divided into four groups of donors and recipients
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based on 60 years of age: old-to-old, young-to-old, old-toyoung, and young-to-young groups. Among participants,
129 recipients (12.6%) were >60 years of age at the time of
KT, and 154 patients (15.1%) received a kidney from older
donors aged ≥60 years. During the follow-up period of 69.2
months, elderly recipients experienced significantly higher mortality, especially infection-related mortality, than
younger recipients; however, the incidence of cardiovascular and cancer-related mortality did not differ between elderly and younger recipients. Elderly individuals receiving
a kidney from elderly and younger donors were associated
with 3.06- and 2.89-fold higher risk of all-cause mortality,
respectively, compared with younger individuals receiving
a kidney from younger donors. However, significant differences were not found regarding the incidence of delayed
graft function, graft failure, acute and late rejection, and infection-related hospitalization between elderly and younger recipients.
Several researchers reported that increased recipient age
has a critical effect on the clinical outcomes of KT. Elderly
recipients experience more infection-related complications and are at increased risk of death due to infections
[4]. In contrast, the incidence of acute rejection is generally
thought to decline with increased recipient age [4]. The
higher infectious complications and lower acute rejection
in elderly recipients might be due to the combined effects
of immunosenescence and immunosuppressive medications. Immunosenescence, defined as dysregulation of
the immune system caused by aging, is associated with
weaker immune responses and increases disease susceptibility such as tumors and infections in elderly transplant
recipients [5]. Immunosenescence affects both the innate
and adaptive immune systems, with the most notable
changes observed in the adaptive T cell immune system in
transplant recipients [6]. Aging-related thymic involution
reduces the T cell thymic output and results in reduced
numbers of naïve T cells and T regulatory cells. Aging also
leads to accumulation of memory T cells associated with
increase in cytokine production and defective CD4+ and
CD8+ memory T cell function. Furthermore, commonly
used immunosuppressive agents for KT have age-specific
effects. Aging decreases total body clearance of calcineurin
inhibitors and increases intracellular lymphocyte calcineurin inhibitor concentrations in transplant recipients
[7]. Therefore, higher drug levels after similar dosing of
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immunosuppressive agents can induce greater immune
compromise in elderly recipients. Because the classical
immunosuppressive protocols have been established in
clinical trials, from which elderly patients are often excluded, the optimal immunosuppressive regimens and use of
microbial prophylaxis have not been established in elderly
recipients [4]. The effects of aging on the immune system
should be further investigated to assist with tailored immunosuppressive regimens and appropriate infection prophylaxis for elderly recipients.
Donor age has also been a crucial factor for reduced graft
function and lower graft and patient survival [8]. Lim et al.
[3] found that the proportion of transplant recipients with
serum creatinine levels of ≥1.5 mg/dL at 1 year after KT was
higher in recipients from elderly donors than in recipients
from younger donors. Elderly individuals who received a
kidney from elderly donors had lower kidney function than
recipients who received a kidney from younger donors
during the five years after KT. In addition, young individuals
receiving a kidney from elderly donors were associated with
2.41-fold higher risk of death-censored graft failure compared with young individuals receiving a kidney from young
donors. However, significant differences were not found in
the incidence of delayed graft function and graft failure between recipients from elderly and younger donors.
The pathophysiologic mechanism for negative outcomes
of increased donor age in KT can be explained by immunosenescence. When transplanting the kidney, activation
of innate immune responses occurs in the donor organ,
particularly in response to organs donated after brain
death and graft ischemia. Aging affects the co-stimulation
of dendritic cell precursors and dendritic cells and hinders
the function of neutrophils and natural killer cells. These
age-associated effects result in impaired function of the innate immune system [9]. Substantial number of passenger
dendritic cells deriving from the transplanted kidney have
been shown to disseminate into the recipient. The immunogenicity in an older transplanted kidney affects transplant
recipients through passenger dendritic cells. In addition,
aging can influence the detrimental consequences of renal
ischemia/reperfusion injury (IR) during KT by increasing
immunogenicity in the allograft [6]. Aging also enhances
the development of atherosclerosis, which in an allograft,
contributes to the risk of allograft vasculopathy by activating
the production of monocyte- and T cell-attracting chemo-

Hong. kidney transplantation in the older adults

Table 1. Effects of aging on donor kidney and transplant recipients after kidney transplantation
Effects

Results

Kidney from older donor
Increased immunogenicity
Increased susceptibility to renal ischemia/reperfusion injury
Functional impairment of repair system
Increased graft atherosclerosis
Decreased nephron number
Increased incidence of acute rejection
Increased risk of graft failure
Increased risk of delayed graft function
Increased transplant vasculopathy

kines [6]. Last, the major characteristics of aging kidney are
a decrease in glomerular filtration rate, loss of functioning
nephrons, and increase of glomerulosclerosis and tubular
atrophy. These features can contribute to decreasing the
functional reserve of kidneys received from elderly donors,
which might increase their susceptibility to IR injury and
decrease transplant kidney function. Table 1 summarizes
the effects of aging on donor kidney and transplant recipients after KT.
Although acceptance of older adults as living kidney donors appears appropriate, the decline in kidney function
after donation in elderly donors requires precise pretransplant donor workup. Because most LD have reduced kidney
function after donation, all older LD candidates should
continue to be assessed and carefully selected to minimize
the risk of post-donation adverse outcomes [10]. Thus, a
living kidney donation from elderly donors who have been
thoroughly screened and continuously followed up can
be safe. In cases of DDs, the Kidney Donor Risk Index and
Kidney Donor Profile Index scoring systems are widely used
to predict posttransplant graft function. The use of these
indicators can aid in selecting suitable elderly DDs. Taken
together, these findings suggest that elderly kidney donors
can be acceptable for KT with active preoperative surveillance and careful perioperative management.
Currently, elderly recipients and donors are no longer a
contraindication of KT. Transplant programs should consider older patients with ESRD as acceptable KT candidates
if any contraindications do not exist during the evaluation
process. The decision regarding eligibility for KT in elderly
recipients must be made in the best interest of recipients
based on objective medical and surgical criteria. The use of
selected kidneys from elderly donors can result in favorable

Older recipient
Reduced numbers of naïve T cells and T regulatory cells
CD4+ and CD8+ memory T cell dysfunction
Increased cytokine production
Increased levels of immunosuppressive agents
Multiple comorbidity conditions
Increased patient death
Increased infection-related complications
Lower incidence of acute rejection
Increased risk of graft failure

patient and graft outcomes and expand the donor pool.
Further research and public debate on patient selection
and appropriate management of older donors and recipients are needed to improve patient and graft survival after
receiving or donating a kidney.

Conflicts of interest
The author has no conflicts of interest to declare.

Funding
This work was supported by a National Research Foundation of Korea (NRF) grant, funded by the Korean government (MSIT) (No. 2021R1C1C1012208), and by a Cooperative Research Grant 2019 from the Korean Society of
Nephrology.

ORCID
Yu Ah Hong, https://orcid.org/0000-0001-7856-4955

References
1. Hong YA, Ban TH, Kang CY, et al. Trends in epidemiologic characteristics of end-stage renal disease from 2019 Korean Renal
Data System (KORDS). Kidney Res Clin Pract 2021;40:52–61.
2. Heldal K, Hartmann A, Grootendorst DC, et al. Benefit of kidney
transplantation beyond 70 years of age. Nephrol Dial Transplant
2010;25:1680–1687.
3. Lim J, Lee GY, Jeon Y, et al. Elderly kidney transplant recipients
have favorable outcomes but increased infection-related mortality. Kidney Res Clin Pract 2022;41:372–383.

www.krcp-ksn.org

273

Kidney Res Clin Pract 2022;41(3):271-274

4. Knoll GA. Kidney transplantation in the older adult. Am J Kidney
Dis 2013;61:790–797.

a guide to clinically significant drug interactions. Drugs Aging
2009;26:715–737.

5. Seyda M, Quante M, Uehara H, Slegtenhorst BR, Elkhal A, Tulli-

8. Remuzzi G, Cravedi P, Perna A, et al. Long-term outcome of

us SG. Immunosenescence in renal transplantation: a changing

renal transplantation from older donors. N Engl J Med 2006;

balance of innate and adaptive immunity. Curr Opin Organ

354:343–352.

Transplant 2015;20:417–423.
6. Colvin MM, Smith CA, Tullius SG, Goldstein DR. Aging and
the immune response to organ transplantation. J Clin Invest
2017;127:2523–2529.
7. Kuypers DR. Immunotherapy in elderly transplant recipients:

274

www.krcp-ksn.org

9. McKay D, Jameson J. Kidney transplantation and the ageing immune system. Nat Rev Nephrol 2012;8:700–708.
10. Lam NN, Garg AX. Acceptability of older adults as living kidney
donors. Curr Opin Nephrol Hypertens 2016;25:245–256.

Review Article
Kidney Res Clin Pract 2022;41(3):275-287
pISSN: 2211-9132 • eISSN: 2211-9140
https://doi.org/10.23876/j.krcp.21.279

Claudins in kidney health and disease
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2

Claudins are strategically located to exert their physiologic actions along with the nephron segments from the glomerulus. Claudin-1 is
normally located in the Bowman’s capsule, but its overexpression can reach the podocytes and lead to albuminuria. In the proximal
tubule (PT), claudin-2 forms paracellular channels selective for water, Na+, K+, and Ca2+. Claudin-2 gene mutations are associated
with hypercalciuria and kidney stones. Claudin-10 has two splice variants, -10a and -10b; Claudin-10a acts as an anion-selective
channel in the PT, and claudin-10b functions as a cation-selective pore in the thick ascending limb (TAL). Claudin-16 and claudin-19
mediate paracellular transport of Na+, Ca2+, and Mg2+ in the TAL, where the expression of claudin-3/16/19 and claudin-10b are mutually exclusive. The claudin-16 or -19 mutation causes familial hypomagnesemia with hypercalciuria and nephrocalcinosis. Claudin-14 polymorphisms have been linked to increased risk of hypercalciuria. Claudin-10b mutations produce HELIX syndrome, which
encompasses hypohidrosis, electrolyte imbalance, lacrimal gland dysfunction, ichthyosis, and xerostomia. Hypercalciuria and magnesuria in metabolic acidosis are related to downregulation of PT and TAL claudins. In the TAL, stimulation of calcium-sensing receptors
upregulates claudin-14 and negatively acts on the claudin-16/19 complex. Claudin-3 acts as a general barrier to ions in the collecting
duct. If this barrier is disturbed, urine acidification might be impaired. Claudin-7 forms a nonselective paracellular channel facilitating
Cl– and Na+ reabsorption in the collecting ducts. Claudin-4 and -8 serve as anion channels and mediate paracellular Cl– transport;
their upregulation may contribute to pseudohypoaldosteronism II and salt-sensitive hypertension.
Keywords: Claudinopathy, Collecting duct, Electrolytes, Glomerulus, Proximal tubule, Thick ascending limb

Introduction
Urinary excretion of solutes, ions, and water is determined
by the tubular transport removed from the glomerular filtrates. Renal tubular transport (either via reabsorption or
secretion) occurs through both transcellular and paracellular pathways. Traditionally, renal regulatory function for

fluid and electrolyte balance is exerted by changes in transcellular transport across the renal tubular epithelial cells.
However, the regulatory roles of paracellular transport in
the kidney remain incompletely known.
The junctional complexes located in the paracellular
route comprise tight junctions (TJs), adherence junctions,
and desmosomes [1]. The TJ is composed of three compo-

Received: November 22, 2021; Revised: December 27, 2021; Accepted: December 29, 2021
Correspondence: Gheun-Ho Kim
Department of Internal Medicine, Hanyang University College of Medicine, 222-1 Wangsimni-ro, Seongdong-gu, Seoul 04763, Republic of Korea.
E-mail: kimgh@hanyang.ac.kr
ORCID: https://orcid.org/0000-0002-8445-9892
This paper is based on a talk given by Gheun-Ho Kim at the 41st Annual Meeting of the Korean Society of Nephrology (September 4, 2021) in
Seoul, Korea.
Copyright © 2022 by The Korean Society of Nephrology
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial and No Derivatives License (http://
creativecommons.org/licenses/by-nc-nd/4.0/) which permits unrestricted non-commercial use, distribution of the material without any modifications,
and reproduction in any medium, provided the original works properly cited.

Kidney Res Clin Pract 2022;41(3):275-287

nents of transmembrane bridging proteins: claudin, occludin, and junctional adhesion molecules. The C-terminus of
each has a PDZ binding domain linked to scaffold zonula
occludens (ZO) proteins. The ZO proteins can bind directly
to cytoskeleton actin filaments [2]. In glomerular epithelial
cells, the glomerular slit diaphragm has specialized transmembrane bridging proteins (nephrin and podocin) between podocyte foot processes [3].
Furuse et al. [4] identified occludin as the first component of TJs, and its abundance is related to the degree of
sealing of the epithelia [5]. However, occludin knockout
mice displayed well-developed TJs [6]. They also found another integral component of TJs that might have a critical
role in paracellular transport. Using the same liver fraction
as employed to identify occludin, a single 22-kD band was
discovered by stepwise sucrose density gradient centrifugation. Peptide sequencing revealed two proteins in this
band that were subsequently named claudin 1 and 2. The
name “claudin” is derived from the Latin word “claudere,”
which means to close [7].
Claudins can characterize TJs because they polymerize
in a linear fashion and form TJ strands with paracellular
barriers or pore functions [8]. The claudin family has 27
members [9], many of which are located in the mammalian
nephron [10]. Claudins contain from 21- to 28-kDa proteins
and consist of four transmembrane domains, two extracellular loops (ECLs), amino- and carboxy-terminal cytoplasmic domains, and a short cytoplasmic turn (Fig. 1). The
paracellular ion selectivity is determined by the charged
amino acid residues located in the ECL1. The ECL2 has
binding sites for claudin interactions [11]. Table 1 summarizes different claudins according to ion permeability and
selectivity based on in vitro studies using cultured cell lines
and ex vivo studies using knockout mice [12–42]. The results can be discrepant depending on the properties of the
tested cells and animals.

claudin-1 protein labeling extended to the glomerular tuft,
localizing in the podocytes. Claudin-1 messenger RNA
(mRNA) and protein levels also increased in the glomeruli
of the representative animal model of nephrotic syndrome,
puromycin aminonucleoside nephrosis (PAN). As nephrin
expression declined, claudin-1 expression reached the glomerular tuft, colocalizing with nephrin in PAN glomeruli.
Claudin-1 might interact with nephrin and podocin, disrupting the endogenous nephrin and podocin interactions
that hold the slit diaphragm in place [43]. Thus, proteinuria
can result from claudin-1 overexpression.
However, it remains unclear whether upregulation of
claudin-1 is the cause of proteinuria or just a mediator
of podocyte injury. In normal conditions, a high concentration of nicotinamide mononucleotide (NMN) leads to
epigenetic silencing of the promoter of claudin-1 by Sirt1
in podocytes [44]. Hasegawa et al. [45] reported that, in diabetic mice, proximal tubule Sirt1 expression decreased and
was followed by a decrease in NMN concentration. In the
absence of NMN, the claudin-1 promoter was no longer silenced, leading to increased claudin-1 expression in podocytes and causing foot process effacement and albuminuria. Thus, proximal tubule Sirt 1 exerts regulatory action
on claudin-1, but this scenario was not valid in nondiabetic

Glomerular claudins
Claudins are located along with nephron segments from
the glomerulus, where they exert their physiologic actions. Claudin-1 is mainly located in Bowman’s capsule or
parietal epithelial cells [43]. Gong et al. [43] showed that
claudin-1 overexpression was associated with overt albuminuria. In transgenic mice with claudin-1 overexpression,
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Figure 1. Claudin topology. Claudins consist of four transmembrane domains (TMDs), two extracellular loops (ECLs), aminoand carboxy-terminal cytoplasmic domains, and a short cytoplasmic turn. The paracellular ion selectivity is determined by
the charged amino acid residues located in ECL1. ECL2 contains
binding sites for claudin interactions.
Adapted from the article of Bhat et al. [11], according to the Creative Commons License.
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Table 1. Ion permeability and selectivity of claudins
Ion permeability
Cation pore

Claudins (selectivity)
Claudin-2 (Na+, K+, Ca2+)
Claudin-10b (Na+)

Claudin-12 (Ca2+)
Claudin-16 (Na+, Ca2+, Mg2+)

Anion pore

Claudin-4 (Cl–)
Claudin-7 (Cl–)
Claudin-8 (Cl–)

Cation barrier

Anion barrier

Nonselective barrier
Water pore

Claudin-10a (Cl–)
Claudin-17 (Cl–)
Claudin-5 (Na+, K+)
Claudin-8 (Na+, K+, H+)
Claudin-14 (Na+, Ca+)
Claudin-18 (Na+, H+)
Claudin-19 (Ca2+, Mg2+)
Claudin-6 (Cl–)
Claudin-7 (Cl–)
Claudin-9 (Cl–)
Claudin-19 (Cl–)
Claudin-1
Claudin-3
Claudin-2

Tested cells or mice
MDCK I, MDCK II
HEK-293
Claudin-10 KO
MCDK-C7, MDCK II, LLC-PK1
Claudin-12 KO
MDCK II, LLC-PK1
MDCK-C7
MDCK
Claudin-16 KD
M-1, mIMCD3
MDCK II, LLC-PK1
MDCK II, LLC-PK1
M-1, mIMCD3
MDCK II, LLC-PK1
MDCK-C7, MDCK II, LLC-PK1
MDCK-C7, LLC-PK1
MDCK II
MDCK II
OK, MDCK, MDCK II
FVB/N mice
MDCK II
MDCK II
MDCK II
LLC-PK1
MDCK II
LLC-PK1, claudin-19 KD
MDCK
MDCK II
MDCK-C7

Reference
[12]
[13]
[14]
[15,16]
[17]
[18]
[19]
[20,21]
[22]
[23]
[24,25]
[24]
[23]
[24]
[15,16]
[26,27]
[28]
[29,30]
[31,32]
[32]
[33]
[34]
[35]
[36,37]
[35]
[22,38]
[39,40]
[41]
[42]

FVB, Friend leukemia virus B; HEK-293, human embryonic kidney 293; KD, knockdown; KO, knockout; LLC-PK1, Lilly Laboratories Culture-Porcine Kidney
1; MDCK, Madin-Darby canine kidney; MDCK-C7, MDCK-clone 7; mIMCD3, mouse inner medullary collecting duct cell line 3; M-1, mouse kidney cortical
collecting duct cell line 1; OK, opossum kidney.

animals, such as 5/6 nephrectomized mice.
Claudin-5 and claudin-6 are expressed in glomerular
podocytes. When claudin mRNA levels were quantified
in isolated rat glomeruli, claudin-5 expression was most
abundant [46]. Its podocyte localization was demonstrated
by immunoelectron microscopy and might be altered in
PAN rats [46].
According to Zhao et al. [47], claudin-6 is localized in the
TJs of rat podocytes. Claudin-6 was expressed in most of
the tubules and glomeruli in neonates, but the expression
in tubules dwindled in adults and was well-preserved in
the glomeruli during development. Immunoelectron microscopy revealed that claudin-6 was distributed along the

glomerular capillary wall and colocalized with ZO-1, and
that its level of expression was not significantly altered in
PAN rats [47].

Proximal tubule claudins
The major proximal tubule claudins are claudin-2 and claudin-10a. Claudin-2 forms paracellular channels selective for
small cations such as Na+, K+, and Ca2+ and is also permeable to H2O so that 20% to 25% of proximal water absorption
can occur paracellularly. It appears that cations and water
travel through the same pore, where the amino acid residues in the ECL1 of claudin-2 line the narrowest part [48].
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The function of claudin-2 can be inferred from knockout animals. Net transepithelial reabsorption of Na+, Cl–,
and H2O was reduced from isolated perfused S2 segments
of the proximal tubules in claudin-2 knockout mice [49].
These changes were associated with an increase in paracellular electrical resistance but no changes in the apical and
basolateral membrane resistance that represents transcellular electrical resistance.
The transepithelial resistance (TER) is an indicator of
permeability and varies inversely with paracellular permeability; it progressively increases from the proximal tubule
or leaky epithelia to the collecting duct or tight epithelia.
This finding is relevant because approximately two-thirds
of the glomerular filtered fluid is reabsorbed in the proximal tubule, and fine tuning of tubular transport occurs
in the distal nephron [50]. Previous claudin-2 knockdown
or overexpression studies were mostly from Madin-Darby
canine kidney (MDCK) or tight epithelial cells. We tested
the effects of TJ protein depletion in truly leaky human
kidney-2 (HK-2) cells. Fig. 2 shows TER and immunoblot
results from HK-2 cells transfected with small-interfering
RNAs against claudin-2, occludin, and ZO-1. With claudin-2 knockdown, an increase in occludin was associated
with and might have led to a decrease in TER. When occlu-
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B

20

Claudin-2 siRNA Occludin siRNA

kDa

*

15
TER (ꭥ cm2)

din was knocked down, claudin-2 was suppressed, leading
to increased TER. Similarly, TER was increased by ZO-1
knockdown in association with a decrease in claudin-2 [51].
We concluded that integration of claudin-2, occludin and
ZO-1 is necessary for maintaining the function of the proximal tubular epithelium.
Claudin-10 has two splice variants -10a and -10b, respectively located in the proximal tubule and the thick ascending limb (TAL). In the proximal tubule, claudin-10a acts
as an anion-selective channel (e.g., chloride absorption),
whereas claudin-2 functions as a cation-selective pore
[52,53]. Further independent roles of claudin-10a in the
kidney remain to be determined.
The paracellular sodium transport mediated by claudin-2 contributes to energy efficiency in the kidney. Pei et
al. [54] showed that claudin-2 knockout mice had larger
renal oxygen consumption amounts for tubular sodium
transport and a consequently lower energy efficiency. In
addition, medullary hypoxia was suggested in claudin-2
knockout mice as they demonstrated remarkable furosemide-induced improvement of oxygen tension in the
outer medulla. In brief, proximal tubule and TAL sodium
transport are interconnected and share their load of transport. If the paracellular sodium transport is blocked in the
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Figure 2. The effects of claudin-2, occludin, and ZO-1 gene knockdown on TER and expression of other tight junction proteins in
HK-2 cells. HK-2 cells were transfected with small-interfering RNAs (siRNA) against claudin-2, occludin, and ZO-1. (A) TER was significantly decreased by claudin-2 siRNA transfection but significantly increased by siRNA transfection against occludin or ZO-1. Data are
mean ± standard deviation of three independent experiments. *p < 0.05 vs. vehicle by Student t test for unpaired data. (B) Claudin-2
deficiency elevated occludin expression, occludin deficiency reduced claudin-2 expression, and ZO-1 deficiency also reduced claudin-2
expression. Adapted from the article of Kim and Kim [51], according to the Creative Commons License.
HK-2, human kidney 2; TER, transepithelial electrical resistance; ZO-1, zonula occludens-1.
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proximal tubule, the transport load is shifted to the TAL,
where Na-K-Cl cotransporter 2 (NKCC2) hyperactivity can
enhance energy consumption [55].
Claudin-2 also has pathophysiological significance in calcium metabolism. Claudin-2 knockout mice demonstrate
hypercalciuria due to decreased proximal tubular calcium
reabsorption, which leads to papillary nephrocalcinosis
and kidney stones. These results can be accentuated by
decreased colonic calcium secretion or increased intestinal
calcium absorption. Two large population-based studies
have shown that common polymorphisms in the claudin-2
gene were associated with increased risk of kidney stones.
Finally, a family case study was described in which males
with a rare missense mutation in claudin-2 had marked hypercalciuria and kidney stone disease [56].
Metabolic acidosis can be associated with increased
urinary calcium excretion. The protein level of claudin-2
decreased in rats with chronic metabolic acidosis and in
MDCK II and HK-2 cells in response to an acidic pH [57].
The authors interpreted these results as an attempt to compensate for the chronic state of metabolic acidosis because
the downregulation of claudin-2 might be associated with
an increase in Na+/H+ exchanger 3 (NHE3) activity in the
proximal tubule. However, Pei et al. [54] reported that the
total and phosphorylated NHE3 abundance decreased by
23% and 27%, respectively, in claudin-2 knockout kidneys.

Thick ascending limb claudins
The major TAL claudins are claudin-3, -10b, -14, -16, and
-19. They mediate paracellular transport of cations such
as Na+, Ca2+, and Mg2+. The transcellular transport system
is composed of apical NKCC2 and renal outer medullary
potassium channels (ROMK) and of basolateral Na+/K+-ATPase and ClC-Kb chloride channels. In the cortex and outer
stripe of the outer medulla (OSOM), the lumen-positive
voltage produced by apical K+ recycling drives paracellular
reabsorption of divalent cations via the claudin-16/19 complex. Here, paracellular Na+ transport can act in reverse
and add to the lumen-positive transepithelial voltage. In
the inner stripe of the outer medulla, however, Na+ is paracellularly reabsorbed through claudin-10b to contribute to
medullary hypertonicity [58,59].
In Fig. 3, immunofluorescence microscopy shows that
localization of claudin-10 does not overlap with that of

claudin-16. However, claudin-16 and -19 are colocalized
[60]. Similarly, claudin-3 and claudin-19 can be colocalized
with each other but not with claudin-10. This characteristic
claudin expression in the TAL was reported as a mosaic
pattern. According to Milatz et al. [13], claudin-3 and claudin-19 were expressed in the intracellular compartment
of all cortex/OSOM TAL cells. However, claudin-16 was
strictly localized to the TJs. In brief, the expression of claudin-3/16/19 and claudin-10b are mutually exclusive in the
TAL, and the two arrangements respectively mediate divalent and monovalent cation transport [61].
Next to the proximal tubule, the TAL is the major site of
paracellular calcium transport in the kidney [61]. Divalent
cations Ca2+ and Mg2+ are reabsorbed through the claudin-16/19 complex, and claudin-14 negatively regulates
claudin-16 and -19 via direct interaction. During upstream
signaling, microRNAs (miR-9 and miR-374) regulate claudin-14 mRNA stability and suppress translational efficacy.
Gene transcription of microRNAs is regulated by the transcriptional factor nuclear factor of activated T cells (NFAT)
and also via deacetylation of nearby histone molecules [62].
Consequently, claudin-14 is upregulated by stimulation of
the calcium-sensing receptor (CaSR) [63].
The downregulation of claudin-2 in metabolic acidosis
was described above, and we further investigated the role
of TAL claudins in metabolic acidosis-induced hypercalciuria and hypermagnesiuria [64]. Fig. 4 shows that, in acid-loaded rats, both claudin-16 and claudin-19 expression
decreased compared with those in controls. However, claudin-14 and CaSR expression increased in acid-loaded rats.
All these changes were reversed by coadministration of
the CaSR antagonist NPS-2143 and were confirmed using
immunofluorescence microscopy. Hypercalciuria and hypermagnesiuria in acid-loaded rats also were significantly
ameliorated by NPS-2143 coadministration. Thus, claudin-16 and claudin-19 are downregulated by metabolic
acidosis via the CaSR.
Genetic defects in TAL claudins are directly linked to
human diseases. The calcium- and magnesium-wasting
disorder caused by either a claudin-16 or -19 mutation is
called familial hypomagnesemia with hypercalciuria and
nephrocalcinosis (FHHNC). The claudin-19 disorder is
accompanied by severe ocular defects and is classified as
type 2 FHHNC. The phenotype of the claudin-14 mutation
is characterized by deafness without renal manifestations.
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A

B

Figure 3. The distinct expression of claudin-10, claudin-16, and claudin-19 in the mouse cortical thick ascending limb. (A) Immunofluorescence microscopy reveals that localization of claudin-10 (Cldn 10, green) does not overlap with that of claudin-16 (Cldn 16,
red). (B) Claudin-16 (Cldn 16, red) and claudin-19 (Cldn 19, green) are colocalized in the mouse cortical thick ascending limb. Bar = 20
μm. Adapted from the article of Prot-Bertoye and Houillier [60], according to the Creative Commons License.

Claudin-10b mutations produce HELIX syndrome, which
encompasses hypohidrosis, electrolyte imbalance, lacrimal
gland dysfunction, ichthyosis, and xerostomia and is suggestive of abnormalities in renal ion transport, ectodermal
gland homeostasis, and epidermal integrity [58].
It is interesting that claudin-14 channelopathy has no
renal manifestations. However, claudin-14 knockout mice
have demonstrated reduced fractional excretion of calcium
and magnesium in response to high dietary calcium intake
[65]. Consistent with this, claudin-14 gene polymorphisms
have been associated with differences in urinary calcium
excretion, whereas no associations were found with claudin-16 and -19 polymorphisms [66].
The claudin-10 mutation HELIX syndrome is characterized by lack of sweat, saliva, and tears, and it has an autosomal recessive inheritance pattern. Renal manifestations
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include hypokalemia, hypocalciuria, and hypermagnesemia, as shown in a case series [67]. The data from claudin-10 knockout mice can explain this renal phenotype.
Conditioned knockout mice deficient in claudin-10b were
generated, and the absence of claudin-10b decreased Na+
permeability and increased Mg2+ and Ca2+ permeability
in isolated perfused TALs [14]. Sodium wasting might be
linked to an increase in fractional excretion of potassium,
and increased magnesium and calcium reabsorption could
lead to hypermagnesemia and hypocalciuria in claudin-10b knockout mice. A different feature of claudin-10b
knockout mice from HELIX syndrome in humans was the
presence of nephrocalcinosis. Interestingly, upregulation
of both claudin-16 and claudin-19 was induced in claudin-10b knockout mice and can explain these results [14].
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Collecting duct claudins
Claudin-3, -4, -7, and -8 are mainly located in the collecting duct. Claudin-3 acts as a general barrier for ions, and
it can promote urinary acidification due to blockage of H+
back-leak [68]. The sealing effect of claudin-3 against ions
of either charge and uncharged solutes was demonstrated
by its overexpression in MDCK II cells, which induced a
marked increase in paracellular resistance and decreases
in permeability of sodium, chloride, and larger molecules,
such as 4-kDa dextran [41].
In the collecting duct, a transepithelial voltage of −25
mV with respect to the basolateral side drives Cl− transport
through the paracellular channel, which is made up of
claudin-4, -7, or -8 [10]. Thus, claudin-4 and -8 serve as selective anion channels, mediating a “chloride shunt,” which
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is coupled with transcellular Na+ reabsorption via the epithelial Na+ channel (ENaC). They may also act as Na+ barriers [68]. Collecting duct-specific knockout of either claudin-4 or claudin-8 causes hypotension, hypochloremia,
metabolic alkalosis, and renal salt wasting [69,70].
Claudin-7 can form a nonselective paracellular channel
that facilitates Cl– and Na+ reabsorption in the collecting
duct [71]. Claudin-7 knockout mice die shortly after birth
due to severe renal salt wasting and dehydration, which is
suggestive of the essential roles of claudin-7 and the collecting duct paracellular NaCl transport in maintaining
fluid balance [72].
We postulated that claudin-4 or -8 upregulation contributes to salt-sensitive hypertension, and this hypothesis
was tested in Dahl salt rats (Fig. 5). Compared with Dahl
salt-resistant rats, Dahl salt-sensitive rats had higher blood

Jo, et al. Renal claudinopathies

pressure and reduced sodium excretion. In the kidney,
claudin-4 protein and mRNA levels increased, and occludin protein and mRNA decreased [73]. These results might
be responsible for salt retention or impaired pressure natriuresis because claudin-4 is a chloride pore, and occludin is
a nonspecific or sodium barrier located along the tubule.
Hou et al. [23] reported that claudin-4 requires claudin-8 for TJ localization. Claudin-4 protein expression was
suppressed by claudin-8 gene knockdown in polarized
M-1 cells, whereas claudin-3 and -7 expression were not
affected. In the absence of the claudin-8 gene, claudin-4
expression was confined to the endoplasmic reticulum and
the Golgi apparatus and was not observed in the apical cell
membrane where TJs are located.
Another regulatory factor of claudin-4 is channel-activating protease-1 (CAP1). When the cells were treated with
CAP1, the expression of claudin-4 at the TJs was reduced,

whereas ZO-1 expression was not affected. CAP1 decreased the cell membrane expression levels of claudin-4
and reduced paracellular Cl– permeability by disrupting
claudin-4 trans-interaction [69].
In the collecting duct principal cells, aldosterone stimulates transcellular Na+ reabsorption and K+ secretion via
ENaC and ROMK, respectively. In addition, aldosterone
can affect paracellular Cl– absorption by regulating claudins [68]. Aldosterone activates CAP1, which inhibits claudin-4, as previously mentioned. Aldosterone also induces
phosphorylation of with-no-lysine kinase-4 (WNK4), and
activated WNK4 phosphorylates claudin-4 on threonine
residues to promote the chloride shunt [68]. Deletion of the
claudin-7 gene in collecting duct cells induced upregulation of WNK4 and ENaC [71].
We previously tested this theme in cyclosporine-treated
rats because hyperchloremic metabolic acidosis is often

Figure 6. The pathophysiology of claudins in the mammalian kidney. Different phenotypes or claudinopathies can be produced by
dysregulation of claudins along the nephron.
FHHNC, familial hypomagnesemia with hypercalciuria and nephrocalcinosis; HELIX presents as hypohidrosis, electrolyte imbalance,
lacrimal gland dysfunction, ichthyosis, and xerostomia.
▲, overexpression; ▽, knockdown; ◈, polymorphism.
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encountered in patients using cyclosporine [74]. In the
kidney, the protein expression of the Na-Cl cotransporter
(NCC) was decreased by cyclosporine treatment, which
suggested a decrease in transcellular chloride transport. Instead, WNK4 increased in cyclosporine-treated rat kidneys.
WNK4 upregulation was confirmed by in vitro cell culture
studies and in vivo immunohistochemistry [75]. However,
claudin-4 phosphorylation was not demonstrated in this
study.
Transcellular and paracellular transport are interlinked
in the collecting duct as well. Normally, transcellular sodium absorption occurs via ENaC, and paracellular Na+ backleak is prevented by claudin-8 barrier. When the ENaC is
hyperactive, the claudin-8 barrier is strengthened to block
Na+ back-leak. In contrast, when the ENaC is inactivated,
the claudin-8 barrier is weakened to promote Na+ backleak [76]. Thus, claudin-8 combines with ENaC to enable
unidirectional sodium transport across the collecting duct.

permeability and selectivity of different claudins continue
to be defined, further studies will be required to show the
regulatory and pathogenic roles of claudins in various electrolyte disorders. Understanding the interactions between
paracellular and transcellular transport pathways will provide deeper insight into integrative renal physiology.
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As the regulatory function and pathophysiology of claudins
continue to be explored in the kidney, diseases associated
with defective claudins have been termed “claudinopathies” [77]. Fig. 6 illustrates different claudinopathies along
the nephron that have been described in previous experimental and clinical studies. Claudin-1 overexpression in
the glomerular podocytes might have a role in albuminuria
[43]. Claudin-2 and claudin-14 polymorphisms are associated with altered urine calcium excretion [56,66], which is
suggestive of a role in idiopathic hypercalciuria. Hypercalciuria in metabolic acidosis is related to downregulation of
both proximal tubule and TAL claudins [57,64]. Claudin-16
and claudin-19 mutations lead to FHHNC type 1 and type 2,
respectively. Claudin-10b mutations can cause HELIX syndrome, which presents with hypokalemia, hypermagnesemia, and hypocalciuria [58,67]. Upregulation of claudin-4
and/or -8 may play a role in the chloride shunt, producing
pseudohypoaldosteronism II and salt-sensitive hypertension [69,70].
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Diagnosing metabolic acidosis in chronic kidney disease:
importance of blood pH and serum anion gap
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Metabolic acidosis is one of the most common complications of chronic kidney disease (CKD). It is associated with the progression of
CKD, and many other functional impairments. Until recently, only serum bicarbonate levels have been used to evaluate acid-base
changes in patients with reduced kidney function. However, recent emerging evidence suggests that nephrologists should reevaluate
the clinical approach for diagnosing metabolic acidosis in patients with CKD based on two perspectives; pH and anion gap. Biochemistry and physiology textbooks clearly indicate that blood pH is the most important acid-base parameter for cellular function. Therefore, it is important to determine if the prognostic impact of hypobicarbonatemia varies according to pH level. A recent cohort study of
CKD patients showed that venous pH modified the association between a low bicarbonate level and the progression of CKD. Furthermore, acidosis with a high anion gap has recently been recognized as an important prognostic factor, because veverimer, a nonabsorbable hydrochloride-binding polymer, has been shown to improve kidney function and decrease the anion gap. Acidosis with high
anion gap frequently develops in later stages of CKD. Therefore, the anion gap is a time-varying factor and renal function (estimated
glomerular filtration rate) is a time-dependent confounder for the anion gap and renal outcomes. Recent analyses using marginal
structural models showed that acidosis with a high anion gap was associated with a high risk of CKD. Based on these observations,
reconsideration of the clinical approach to diagnosing and treating metabolic acidosis in CKD may be warranted.
Keywords: Anion gap, Hydrogen-ion concentration, Metabolic acidosis

Introduction
Metabolic acidosis is one of the most common complications in patients with chronic kidney disease (CKD) [1]. This
condition should not be overlooked by nephrologists in
clinical settings because it has been associated with a wide
range of poor outcomes including bone demineralization

[2], insulin resistance [3], muscle protein proteolysis [4],
functional limitations in older individuals [5], and cognitive impairment [6]. Importantly, metabolic acidosis is also
associated with cardiovascular outcomes and mortality in
CKD patients [7–9]. Basic studies showed that acid retention induced by nephron loss or dietary acid load causes
kidney tissue injury through endothelin-1 activation, the
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renin-angiotensin-aldosterone system, and the alternative
complement pathway [10–13]. In contrast, in several clinical
cohort studies, low serum bicarbonate levels were shown to
be associated with a faster progression of CKD [14–18]. Indeed, randomized controlled trials and corresponding meta-analyses revealed that alkali therapy conferred beneficial
effects against the progression of CKD to kidney failure with
replacement therapy (KFRT) [19–24].
According to current guidelines, alkali therapy initiation
is recommended when serum bicarbonate levels are <22
mEq/L [25,26]. However, this recommendation is based
exclusively on serum bicarbonate levels (Fig. 1). Additionally, clinical trials of veverimer, a recent novel approach for
treating metabolic acidosis, have highlighted the possibility
that anion gap acidosis is an important cause of CKD progression. In this review, our objective was to reconsider the
effects of metabolic acidosis on the progression of CKD from
two different perspectives: blood pH and the anion gap.

Blood pH modulates the association between
low bicarbonate level and progression of chronic
kidney disease to kidney failure with replacement
therapy
Normal H+ concentration in extracellular fluid is almost
one-millionth of the concentrations of N +, K +, Cl −, and
HCO3−. However, compared with larger cations, such as Na+
or K+, small H+ ions have stronger affinities for small and
negatively charged parts of molecules. Therefore, smaller
fluctuations in H+ concentrations are required for normal
cellular functions [27].

A textbook on acid-base physiology outlines that an initial
diagnosis of acid-base disorders should begin with measuring the blood pH [28]. However, blood pH is not frequently
measured in certain clinical settings, such as in the United
States. Rather, the serum total CO2 (TCO2) is measured to
screen for acid-base disturbances, because TCO2 is affected
by both metabolic and respiratory disorders. The screening
test ranges from US$26–$33 per test. In contrast, in Japan, a
venous blood gas test, that includes measuring Na+, K+, Cl−,
pH, pO2, pCO2, and HCO3−, is routinely performed to diagnose acid-base disorders in the clinical outpatient setting
[29]. This venous blood gas test costs US$126 based on current exchange rates (US$1 is almost 110 Japanese yen). Importantly, this cost was established by the Japanese government and all Japanese patients are required to have medical
insurance; therefore, Japanese clinicians may not be aware
of the direct cost as this is covered by patient insurance.
In the United States, serum TCO2 is used as a surrogate
marker of HCO3−. In Japan, pH and pCO2 in venous blood
are measured in clinical laboratories and blood HCO3− is
calculated using the Henderson-Hasselbalch equation [30].
In the United States, blood gas measurements are rarely
performed in the main clinical laboratory and typically
assessed in a blood gas laboratory [30], which may not be
located in a convenient location for patient referrals from
clinics. Further, to minimize errors, the measurements
should be taken soon after the blood gas samples are obtained. These barriers to measuring blood gases may account for why blood pH is not frequently measured in the
outpatient settings.
As described above, acid-base disorder diagnoses and

K/DOQI 2003
Maintain serum bicarbonate ≥ 22 mmol/L by alkali therapy.
KDIGO 2012
If serum bicarbonate < 22 mmol/L, add sodium bicarbonate to normalize serum bicarbonate level.
CKD guideline in Japan 2018
If serum bicarbonate <21 mmol/L, start sodium bicarbonate treatment.
These recommendations are only based on serum bicarbonate levels.

Figure 1. Recommendations for metabolic acidosis management in CKD patients.
CKD, chronic kidney disease; KDIGO, Kidney Disease: Improving Global Outcomes; K/DOQI, Kidney Disease Outcomes Quality Initiative.
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total of 374 developed KFRT during the median follow-up
of 3.0 years. This study determined that 38% of CKD patients with hypobicarbonatemia (HCO3− ≤ 21.5) had normal
pH (7.32 ≤ pH ≤ 7.42), whereas 59% with the same HCO3−
values had acidemia (pH < 7.32). These data indicated that
approximately 40% of CKD patients with hypobicarbonatemia (HCO3− ≤ 21.5) did not have acidemia, which resulted
from an adequate respiratory compensation capacity. This
implies that a substantial proportion of patients within the

Respiratory
compensation
capacity

Pulmonary
disease

pH

Low bicarbonate
level

Poor renal
outcome

Figure 2. A schematic summary of the study conducted by
Kajimoto et al. [31].
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prescriptions for alkali therapy were based exclusively on
blood HCO3− test values. However, the degree to which
alterations in blood pH affect CKD progression remains unclear. Recently, Kajimoto et al. [31] addressed this important
issue by conducting a retrospective cohort study of Japanese
CKD patients. In this approach, they used pH data that were
measured along with other parameters in blood gas analyses and analyzed hazard ratios for incident KFRT using Cox
proportional hazard models with/without acidemia (pH
⋚7.32). Kajimoto et al. [31] evaluated pulmonary diseases,
such as chronic obstructive pulmonary disease or interstitial pneumonia in CKD patients and estimated respiratory
compensation capacity using venous blood gas data (Fig. 2).
They calculated respiratory compensation capacity using
large amounts of blood gas data. We plotted the pressure of
carbon dioxide against bicarbonate levels and calculated
the slope of the regression line using a mixed-effect model.
In this context, the slope of the regression line represents
the respiratory compensation capacity and represents how
much the carbon dioxide pressure can be reduced for each
1-mmol/L decrease in bicarbonate (Fig. 3).
The cohort included 1,058 CKD patients, among which a

1 mmol/L
slope

HCO3, mmol/L
Respiratory compensation capacity
= slope of regression line
= how much PCO2 can be reduced
if 1 mmol/L of HCO3 is reduced.
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Figure 3. Quantification of respiratory compensation capacity in each CKD patient in the study by Kajimoto et al [31]. The
authors assessed the respiratory compensation capacity by using a large number of blood gas data samples. They plotted the
pressure of carbon dioxide and bicarbonate levels and calculated the slope of regression line by using a mixed effect model. Here,
respiratory compensation capacity is the slope of the regression line, which also reflects the amount of pressure of carbon dioxide
that can be reduced if 1 mmol/L of bicarbonate is reduced.
CKD, chronic kidney disease.
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indicated target range for alkali therapy do not exhibit acidemia. The same observation was made in healthy individuals described in the Health ABC study. Approximately 60%
of individuals with low bicarbonate levels were determined
not to have acidemia [32]. Among CKD patients with acidemia (pH < 7.32), the lowest bicarbonate quartile exhibited
a 2.29-fold higher risk of KFRT compared with the highest
bicarbonate quartile. In contrast, among patients without
acidemia (pH ≥ 7.32), the risk of KFRT in the lowest bicarbonate quartile was not significantly different from that in
the highest bicarbonate quartile. In summary, a substantial
proportion of CKD patients with hypobicarbonatemia may
not be at risk for KFRT, but these patients should be considered as targets for alkali therapy.
With respect to the possibility of increased blood pressure
and sodium retention induced by alkali therapy, previous
physiologic studies have suggested that NaHCO3 is easier
to excrete than NaCl because HCO3− is excreted predominantly as NaHCO3, and not as KHCO3 [33]. Therefore, when
dietary sodium intake was restricted to approximately 200–
700 mg/day, alkali therapy (200 mEq/day, 16.8 g/day NaHCO3) did not induce increases in blood pressure or body
weight in a small number of CKD patients [33]. However,
a comparable intake of NaHCO3 (100 mEq/day, 8.4 g/day)
and NaCl (100 mEq/day, 5.85 g/day) still induced increases in blood pressure and weight gain [34]. In the general
clinical setting, CKD patients do not typically adhere to recommendations to follow very strict restrictions for dietary
sodium intake. A recent analysis of CKD patients found
that the median salt intake was 8 g/day [35]. Indeed, recent
alkali therapy trials excluded patients with uncontrolled hypertension and/or obvious congestive heart failure [36] and
patients with decompensated heart failure [22]. Accordingly, CKD patients that meet criteria for alkali therapy should
be selected carefully. The report by Kajimoto et al. [31] may
provide important guidance for selecting the most appropriate CKD patients for alkali therapy. According to the
study, CKD patients with low bicarbonate levels without acidemia may not require sodium bicarbonate. However, subclinical metabolic acidosis with normal serum bicarbonate
has recently emerged and is suggested to have clinical
significance [37]. In addition, a previous study revealed that
alkali therapy caused greater renal function preservation in
patients with normal venous total CO2 [20]. Therefore, additional clinical evidence is needed to address the question of

which patients will benefit the most from alkali therapy.

Anion gap levels impact the progression of chronic
kidney disease to kidney failure with replacement
therapy
Two categories of metabolic acidosis have been defined
based on anion gap levels; normal anion gap (hyperchloremic) acidosis and high anion gap acidosis. Normal anion
gap acidosis is usually identified during the early course
of CKD, whereas high anion gap acidosis occurs in later
stages of CKD owing to the accumulation of nonchloride
anions, including phosphate, sulfate, and a wide range of
organic acids [38]. As previously described, low bicarbonate
levels have been associated with rapid progression of CKD
[14–18]. However, the current clinical understanding of how
high anion gap acidosis affects renal outcomes, notably in
the later stages of CKD is limited. Some initial studies have
reported that uremic acids such as indoxyl sulfate, p-cresyl
sulfate, and trimethylamine N-oxide cause renal fibrosis
that is induced by kidney injury [39-42].
A recent series of clinical trials of veverimer, a nonabsorbable binding polymer for hydrochloric acid, showed
intriguing results that are relevant for therapeutic strategies
for metabolic acidosis in CKD [43–45]. Veverimer (TRC101)
was developed as a treatment for metabolic acidosis in CKD
patients. Veverimer is an orally administered, sodium- and
counterion-free hydrochloric acid binder and hydrochloric acid binding is a novel therapeutic concept for treating
metabolic acidosis that does not add problematic counterions, such as sodium or potassium. Veverimer selectively
captures and removes hydrochloric acid from the gastrointestinal tract and increases serum bicarbonate [44]. In a
multicenter randomized controlled trial, treatment with
veverimer improved renal outcomes, identified as occurrence of renal replacement therapy, or a decline in estimated glomerular filtration rate (eGFR) of at least 50%, over 52
weeks [43]. Initial research in the veverimer trials hypothesized that chloride ions would increase with veverimer
treatment. However, chloride ion levels did not increase
in response to veverimer. Interestingly, administration of
veverimer reduced the anion gap in CKD patients at 5, 12,
and 52 weeks after trial initiation [43,44,46] (Table 1). These
data may suggest that veverimer improves kidney function
through anion gap reduction.
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Table 1. Differences in electrolyte levels compared with baseline data in the veverimer trials
Study
Bushinsky et al. [44]
Wesson et al. [43]
Wesson et al. [46]

Year
2018
2019
2019

No. of patients
104
112
124

Δ[Na+] (mEq/L)
0
–0.4
0.3

Δ[Cl–] (mEq/L)
0
–0.4
–0.2

Δ[HCO3–] (mEq/L)
3.3
4.7
4.5

Δ[AG–] (mEq/L)
–3.3
–4.7
–4.0

Time-dependent confounder
eGFR0

eGFR1

eGFR2

eGFRt-1

eGFRt

AG1

AG2

AGt-1

AGt

AG0
Time-dependent exposure

ESKD
Outcome

G-methods (conterfactural model)
Marginal structural model
G-formula

Figure 4. Exposure-confounder feedback. Exposure-confounder feedback is generated between the anion gap (AG) and estimated
glomerular filtration rate (eGFR). The eGFR can be a time-dependent confounder. Consequently, if a time-dependent confounder is
identified in a statistical model, further assessment cannot be made by using conventional regression models and G-methods, like a
marginal structural model or G-formula, must be adapted.
ESKD, end-stage kidney disease.

Asahina et al. [47] examined the association between anion gap and renal outcomes using cohort data from 1,168
Japanese CKD patients. It is well established that high anion
gap acidosis develops during the later stages of CKD and
the anion gap changes with progression of CKD. The anion
gap has been repeatedly measured in conjunction with
eGFR in Japanese outpatients and kidney function (eGFR)
directly affects the anion gap. Moreover, an elevated anion
gap may subsequently affect kidney function (eGFR). In
this manner, exposure-confounder feedback is generated
between the anion gap and eGFR (Fig. 4). Therefore, eGFR
is believed to be a time-dependent confounder of the anion
gap and renal outcomes. When the association between the
anion gap and renal outcomes was analyzed in the presence
of a time-dependent confounder, application of the conventional time-dependent Cox proportional hazard model
alone was noted as an insufficient method for analysis as it
can provide biased estimates [48,49]. Therefore, G-methods
should be used for analysis in these situations.

292

www.krcp-ksn.org

G-methods include marginal structural models (MSMs)
and the G-formula. MSM is explained herein for simplicity
(Fig. 5); MSM is a counterfactual outcome model that is
applied to account for time-dependent confounding. When
applying MSMs, analysts establish imaginary pseudo-populations with or without exposure. The pseudo-populations that are established are balanced by inverse probability weighting in terms of baseline covariates and other
time-dependent confounders. Asahina et al. [47] obtained
time-varying inverse probability weights based on the
inverse probability of treatment weights and the inverse
probability of censoring weights. By analyzing differences
between these pseudo-populations, they were able to determine an assumption for the exposure effect on outcomes.
As previously indicated [50], significantly elevated high
anion gap acidosis occurred after stage 4 CKD [47]. In the
MSM analysis, metabolic acidosis with a high anion gap was
associated with a 3.04-fold rate of KFRT and a 5.56-fold rate
of all-cause death, compared with the normal anion gap.

Kaimori, et al. Reconsidering metabolic acidosis from blood pH and anion gap

“Pseudo-population”exposure(+)

IPW
“Pseudo-population”exposure(–)
Study population
exposure(+)
exposure(–)

IPW = IPTW × IPCW

Figure 5. Marginal structural model. Kajimoto et al. [31] analyzed pseudo-populations with or without exposures. They created these
pseudo-populations that were balanced by inverse probability weighting based on baseline covariates and other time-dependent confounders. By analyzing the difference between these pseudo-populations, they were able to generate assumptions for the effect of the
exposure on outcomes.
IPCW, inverse probability censoring weights; IPTW, inverse probability treatment weights; IPW, inverse probability weighting.

However, in the conventional multivariate Cox proportional
hazard models, high anion gap acidosis was not associated
with a significantly higher rate of KFRT or all-cause death
compared with normal anion gap acidosis, suggesting that
analyses using Cox proportional hazard models may underestimate the association between the anion gap and renal
outcome/mortality.
In a previous study of 1,145 patients with moderate CKD
[51], patients in the highest traditional anion gap tertile
(11.8–maximum mEq/L) had a higher risk of end-stage
renal disease compared with adults in the middle tertile
(8.1–11.8 mEq/L) using a frailty model (relative hazard, 1.76;
95% confidence interval [CI], 1.16–2.32). The highest tertile
of the full anion gap (19.54–maximum mEq/L) was also
associated with a higher risk of all-cause mortality compared with adults in the middle tertile (15.93–19.54 mEq/
L) based on a frailty model (relative hazard, 1.20; 95% CI,
1.01–1.39). A possible explanation for the smaller effect size
in the analyses by Banerjee et al. [51], compared with those
of Asahina et al. [47], may be the difference in renal function
of participants (eGFR: 30–60 vs. 10–60 mL/min/1.73 m2, respectively), rather than the difference in statistical methods.

The re-analyses that were stratified by eGFR in the study
by Asahina et al. [47] revealed that high anion gap patients
with an eGFR of ≥30 mL/min/1.73 m2 did not have a significantly higher risk of KFRT compared with normal anion gap
patients within the same renal function range.

Anion gap constituents in chronic kidney disease
In the study by Asahina et al. [47], the association between
a high anion gap and an increased occurrence of KFRT
remained significant when the analysis was adjusted for
albumin and phosphate, both of which are primary constituents of the anion gap in CKD patients, suggesting that substances other than albumin and phosphate may be involved
in the progression of CKD in response to a high anion gap.
In recent metabolomic analyses of human samples identified 492 uremic solutes from patients that continued on
hemodialysis compared with age-matched control patients
[52]. This included 214 with unknown chemical structure
and 278 with known chemical structure, including wellknown uremic solutes, 3-indoxyl sulfate, p-cresol sulfate,
and trimethylamine N-oxide, all of which were reported
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to induce renal injury [39–42]. However, 3-indoxyl sulfate,
p-cresol sulfate, and trimethylamine N-oxide were only observed at low levels among the 492 uremic solutes, suggesting that other uremic solutes that comprise the anion gap in
CKD patients may accelerate the progression of CKD.
Uremic solutes are effectively excreted through both
glomerular filtration and tubular secretion [53,54], suggesting that tubular malfunction may lead to accumulation of
uremic solutes, and accumulation of solutes may induce
kidney injury. Indeed, in the Chronic Renal Insufficiency
Cohort study of 3,416 CKD patients, those with reduced
tubular secretion of organic acids including kynurenic acid,
pyridoxic acid, indoxyl sulfate, xanthosine, isovalerylglycine, and cinnamoylglycine, were found to have a significantly higher risk of progression to CKD [55].
Recently, the human intestinal flora was reported to play
a pivotal role in the production of uremic solutes [56]. Renal
insufficiency itself strongly affects the colonic microenvironment and alters the composition of intestinal flora to the
extent that the environment easily produces toxic uremic
retention solutes [57,58]. Several small interventional studies targeting the intestinal flora in patients with renal insufficiency have been performed in response to these data on
the association between renal function loss and changes in
intestinal flora (known as dysbiosis). Such interventions, including probiotics, prebiotics, and synbiotics, were reported
to decrease indoxyl sulfate or p-cresol sulfate in predialysis
and dialysis patients [59–64]. However, it is largely unknown
if such interventions can in fact reduce anion gap levels in
patients. Therefore, further studies to elucidate the mechanism and clinical implications will be needed.

Conclusions
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Background: Hyponatremia overcorrection can result in irreversible neurologic impairment such as osmotic demyelination syndrome.
Few prospective studies have identified patients undergoing hypertonic saline treatment with a high risk of hyponatremia overcorrection.
Methods: We conducted a post hoc analysis of a multicenter, prospective randomized controlled study, the SALSA trial, in 178 patients aged above 18 years with symptomatic hyponatremia (mean age, 73.1 years; mean serum sodium level, 118.2 mEq/L). Overcorrection was defined as an increase in serum sodium levels by >12 or 18 mEq/L within 24 or 48 hours, respectively.
Results: Among the 178 patients, 37 experienced hyponatremia overcorrection (20.8%), which was independently associated with
initial serum sodium level (≤110, 110–115, 115–120, and 120–125 mEq/L with 7, 4, 2, and 0 points, respectively), chronic alcoholism (7 points), severe symptoms of hyponatremia (3 points), and initial potassium level (<3.0 mEq/L, 3 points). The NASK (hypoNatremia, Alcoholism, Severe symptoms, and hypoKalemia) score was derived from four risk factors for hyponatremia overcorrection and
was significantly associated with overcorrection (odds ratio, 1.41; 95% confidence interval, 1.24–1.61; p < 0.01) with good discrimination (area under the receiver-operating characteristic [AUROC] curve, 0.76; 95% CI, 0.66–0.85; p < 0.01). The AUROC curve of the
NASK score was statistically better compared with those of each risk factor.
Conclusion: In treating patients with symptomatic hyponatremia, individuals with high hyponatremia overcorrection risks were predictable using a novel risk score summarizing baseline information.
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Introduction

Methods

Hyponatremia is the most common electrolyte imbalance
encountered in clinical practice, with a prevalence of 14%
to 42% in hospitalized patients. Moreover, hyponatremia
has a high mortality rate and long hospitalization period
[1,2]. Hyponatremia can induce various clinical manifestations that range from mild (fatigue, nausea, vomiting,
headache, gait disorder, and confusion) to severe symptoms (seizures, coma, and brain hypoxia) [3–6]. Hypertonic
saline has been used to treat symptomatic hyponatremia
[7,8]. An increase in serum sodium levels by 4 to 6 mEq/L
is generally sufficient to improve the symptoms caused by
cerebral edema. However, overcorrection of hyponatremia
may result in irreversible neurologic disability such as osmotic demyelination syndrome (ODS) [9–12].
According to an American expert panel recommendation, overcorrection is defined as increase in serum sodium
levels of >10–12 mEq/L in any 24 hours period or >18 mEq/
L in any 48 hours period, with a more stringent limit of >8
mEq/L in 24 hours for patients at a high risk of developing
ODS [13]. A European clinical practice guideline defined
overcorrection as an increase in serum sodium levels of
>10 mEq/L during the first 24 hours or >8 mEq/L in any 24
hours period thereafter [1]. The distinction between both
guidelines indicates that there is still no consensus regarding the definition of hyponatremic overcorrection [1,10,13–
17]. Nevertheless, the incidence of overcorrection has been
reported to be as high as 20% to 41% [10,14,18–21].
Several studies and guidelines have recommended a
specific amount and rate of hypertonic saline for effective
hyponatremia treatment and overcorrection prevention
[1,10,13,16,18,20,22–24]. However, it remains unclear why
overcorrection occurs in some patients that received the
required amount of hypertonic saline at the recommended rate. A few studies have examined the risk factors for
overcorrection following symptomatic hyponatremia treatment, and these studies were limited by their retrospective
design [14,17,18,21]. Therefore, we conducted a post hoc
analysis of a prospective randomized controlled study, in
which we investigated risk factors for overcorrection in
patients receiving treatment for severe hyponatremia. Our
goal was to enable physicians to recognize individuals at a
high risk of overcorrection and to prevent ODS by careful
correction with hypertonic saline.

Study population
We performed a post hoc analysis of a multicenter, prospective randomized controlled study: the SALSA (Efficacy
and Safety of Rapid Intermittent Correction Compared
With Slow Continuous Correction With Hypertonic Saline
In Patients With Moderately Severe or Severe Symptomatic
Hyponatremia) trial. The study included 178 participants
who were admitted at Seoul National University Bundang
Hospital, SMG-SNU Boramae Medical Center, and Hallym University Dongtan Sacred Heart Hospital between
August 2016 and August 2019. The detailed study protocol has been described elsewhere (ClinicalTrials.gov;
NCT02887469) [19].
Patients aged above 18 years, with moderate to severe
symptoms, and with glucose-corrected serum sodium levels of ≤125 mEq/L were included in this study [25]. Patients
with the following conditions were excluded: pseudohyponatremia (serum osmolality, >275 mOsm/kg), primary
polydipsia (urine osmolality, ≤100 mOsm/kg), current
pregnancy, breastfeeding, anuria, arterial hypotension
(systolic blood pressure, <90 mmHg and mean arterial
pressure, <70 mmHg), liver disease (transaminase levels
of >three times the upper limit of normal, known decompensated liver cirrhosis with ascites or diuretic use, hepatic
encephalopathy, and esophageal varices), uncontrolled
diabetes mellitus (glycated hemoglobin, >9), a history of
cardiac surgery, acute myocardial infarction, sustained
ventricular tachycardia, ventricular fibrillation, acute coronary syndrome, cerebral trauma, and increased intracranial pressure. This post hoc analysis was approved by the Institutional Review Boards of three centers: Seoul National
University Bundang Hospital (No. B-2101-660-101), SMGSNU Boramae Medical Center (No. 10-2021-6), and Hallym
University Dongtan Sacred Heart Hospital (No. 2020-10012). Written consent was obtained from all participants
or a legal guardian, when applicable. The study complied
with principles of the Declaration of Helsinki.
Data collection and definitions
Baseline demographics, alcohol consumption information,
and anthropometric measurements were recorded. Chron-
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ic alcoholism was defined as the consumption of at least
4 and 3 glasses of alcohol per day in males and females,
respectively, regardless of the types of alcohol. We assessed
the presence of comorbidities such as hypertension, diabetes mellitus, congestive heart failure, and cancer by screening for the I10–I15; E10–14; I11.0, I13.0, I13.2, I50; and C
codes based on the International Classification of Disease,
the 10th revision as well as by a self-reported or confirmed
history of antihypertensive and antidiabetic drug use. The
definition of hyponatremia was based on biochemical severity: ‘severe (profound)’ was defined as serum sodium
levels of ≤125 mEq/L [1,13]. Clinical manifestations of hyponatremia were divided into moderate and severe based
on the clinical presentation of the patient at initial hyponatremia. Moderate symptoms included nausea, drowsiness,
headache, general weakness, and malaise. Severe symptoms included vomiting, stupor, coma (Glasgow Coma
Scale score, ≤8), and seizures. We determined the underlying cause of hyponatremia using a structured diagnostic
approach based on history, physical examination, and
laboratory test findings. Patients were divided into five categories: 1) decreased extracellular fluid (ECF) volume due
to renal sodium loss (e.g., diuretics, especially thiazides),
2) decreased ECF volume due to nonrenal sodium loss
(e.g., gastrointestinal sodium loss or third spacing), 3) increased ECF volume (e.g., heart failure, liver cirrhosis, and
nephrotic syndrome), 4) normal ECF volume with adrenal
insufficiency, and 5) normal ECF volume fulfilling essential
diagnostic criteria for the syndrome of inappropriate antidiuresis (SIAD) [20,26].
Two infusion methods for hypertonic saline have been
described in published protocols; rapid intermittent bolus
(RIB) and slow continuous infusion (SCI) [19,20,27]. The
initial infusion rate was determined based on hyponatremia symptom severity. The treatment guidelines for the
two groups are detailed in Supplementary Methods (available online) and Supplementary Fig. 1 (available online).
The treatment goals were to increase serum sodium level
by 5–9 mEq/L and achieve symptom relief within the first
24 hours, as well as increase serum sodium level by 10–17
mEq/L or to ≥130 mEq/L and to achieve symptom relief
within the first 48 hours. Serum sodium levels were measured every 6 hours for 2 days using indirect ion-selective
electrodes at the following three centers with the indicated
equipment: Seoul National University Bundang Hospital,
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AU5800 (Beckman Coulter, Indianapolis, IN, USA) and
Dimension Vista 1500 (Siemens Healthineers, Erlangen,
Germany); SMG-SNU Boramae Medical Center, Modular
DP (Roche Diagnostics, Indianapolis, IN, USA) and Unicel
DxC 800 (Beckman Coulter); and Hallym University Dongtan Sacred Heart Hospital, AU5800 (Beckman Coulter).
Study outcomes
The primary outcome was the incidence of hyponatremia
overcorrection at any given period, which was defined as
an increase in serum sodium levels by >12 mEq/L or >18
mEq/L within the first 24 or 48 hours, respectively. The secondary outcomes represented the time-specific increase in
cumulative hyponatremia overcorrection rates specified by
time. These were defined as an increase in serum sodium
levels by >12 mEq/L within 6, 12, and 24 hours.
Statistical analysis
Baseline characteristics and laboratory data are expressed
as mean and standard deviation for continuous variables
and frequency and percentage for discrete variables. Differences in continuous variables were analyzed using the
Student t test and Mann-Whitney test, and the chi-square
and Fisher exact tests were used for discrete variables.
Univariable logistic regression was used to analyze each
variable to identify significant risk factors for hyponatremia
overcorrection. We retained variables with p < 0.05 in the
multivariable model using backward selection. Odds ratios
(ORs) and 95% confidence intervals (CIs) for hyponatremia
overcorrection occurrence were calculated after stepwise
adjustment for multiple confounders. We multiplied parameter estimates of discrete variables in the model by a
constant to obtain scores. We multiplied coefficients of
continuous variables by the constant, which then represented a risk score for each unit increase in an individual
continuous variable. The risk score was summarized as the
arithmetic sum of the points for each variable. We evaluated model discrimination using the area under the receiver-operating characteristic (AUROC) curve to compare our
predictive model to an older overcorrection model (The
Severe Hyponatremia Overcorrection Risk [SHOR] score)
[17]. The SHOR score has eight risk factors for overcorrection: age, vomiting, somnolence, volume overload, initial
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serum sodium level, initial serum potassium level, urine
osmolality, and chest tumor. We adjusted our prospective
data to compare the predictive abilities for overcorrection
in the SHOR scoring system and our predictive model.
Patients aged under 40 years were included in the 40 to 50
years group, and those with serum sodium levels of >116
mEq/L were included in the serum sodium of 114–116
mEq/L group. We defined somnolence as drowsiness or
stupor. We obtained two scores (SHOR1 score: somnolence
as stupor, SHOR2 score: somnolence as drowsiness), and
each SHOR score was compared with that of our predictive
model. Variables with p < 0.05 were considered statistically
significant. All analyses and calculations were performed
using IBM SPSS version 24.0 (IBM Corp., Armonk, NY,
USA), and STATA version 14.0 (StataCorp LP, College Station, TX, USA).

Results
Study population
We enrolled 178 patients who were admitted for symptomatic hyponatremia between August 24, 2016 and August
21, 2019. The mean patients’ age was 73.1 ± 12.2 years
and 44.9% of the patients were male. The most common
causes of hyponatremia were thiazide diuretic use (n = 53
[29.8%]), and SIAD (n = 52 [29.2%]), with almost the same
incidence. These were followed by adrenal insufficiency (n
= 44 [24.7%]), decreased ECF volume due to nonrenal sodium loss (n = 39 [21.9%]), and increased ECF volume (n = 19
[10.7%]). Five individuals had a history of chronic alcoholism (n = 5 [2.8%]). Forty-four patients (24.7%) had severe
symptoms of hyponatremia. Serum sodium and potassium
levels at admission were 118.2 ± 5.0 and 4.0 ± 0.8 mEq/L,
respectively.
Incidence and risk factors for hyponatremia overcorrection
Hyponatremia overcorrection occurred in 20.8% (37 of 178)
of patients. Patients were classified into overcorrection and
no-overcorrection groups, and their baseline characteristics are shown in Table 1. Patients in the overcorrection
group were more likely to exhibit chronic alcoholism (8.1%
vs. 1.4%), severe symptoms (45.9% vs. 19.1%), and thiazide

use (43.2% vs. 26.2%) than those in the no-overcorrection
group. The overcorrection group demonstrated lower
levels of serum sodium, potassium phosphorus, and osmolarity compared with the no-overcorrection group. The
overcorrection group also showed higher serum albumin,
aspartate aminotransferase, alanine aminotransferase, and
total bilirubin levels than those of the no-overcorrection
group. The cumulative amount of hypertonic saline administrated during 48 hours was 554 mL. The cumulative
amounts of hypertonic saline infused during the first 1/6
hours did not differ between the groups. Interestingly, the
cumulative amounts of hypertonic saline administrated for
24/48 hours were significantly smaller in the overcorrection group than that that in the no-overcorrection group
(24 hours, 350 mL vs. 416.3 mL, p = 0.045; 48 hours, 388.5
mL vs. 598.1 mL, p < 0.001). The 48 hours urine output was
higher in the overcorrection than that in the no-overcorrection group (5,663 mL vs. 3,401 mL, p < 0.001).
We conducted univariable and multivariable logistic regression analyses separately to identify independent risk
factors for hyponatremia overcorrection (Table 2). The univariate analysis showed that chronic alcoholism (OR, 6.13;
95% CI, 0.99– 38.16; p = 0.05), severe symptoms of hyponatremia (OR, 3.59; 95% CI, 1.66–7.76; p < 0.01), low serum
potassium level (OR, 0.37; 95% CI, 0.21–0.65; p < 0.01), low
serum sodium level (OR, 0.84; 95% CI, 0.77–0.90; p < 0.01),
high total bilirubin level (OR, 3.06; 95% CI, 1.42–6.58; p <
0.01), high albumin level (OR, 2.38; 95% CI, 1.19–4.76; p
= 0.02), and thiazide use (OR, 2.14; 95% CI, 1.01–4.54; p =
0.05) were significant risk factors for overcorrection. Multivariate analysis showed that only chronic alcoholism (OR,
15.27; 95% CI, 1.46–159.28; p = 0.02), severe symptoms of
hyponatremia (OR, 2.83; 95% CI, 1.14–7.02; p = 0.03), initial serum potassium level (OR, 0.86; 95% CI, 0.79–0.94; p
< 0.01), and initial serum sodium level (OR, 0.34; 95% CI,
0.17–0.67; p < 0.01) were significant risk factors for overcorrection after adjusting for all variables.
Novel risk score for hyponatremia overcorrection (NASK
score)
We created a scoring system to facilitate the manual calculation of hyponatremia overcorrection risk, and we used
coefficients to change each impact to integer scores for four
statistically significant variables. We calculated the scores
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Table 1. Baseline characteristics and progression according to overcorrection
Characteristics and progression
Total
No overcorrection
Overcorrection
p-value
No. of patients
178
141
37
Male sex
80 (44.9)
65 (46.1)
15 (40.5)
0.55
Age (yr)
73.1 ± 12.2
73.7 ± 11.8
70.5 ± 13.4
0.23
Weight (kg)
57.1 ± 11.6
56.7 ± 11.4
58.6 ± 12.4
0.58
Body mass index (kg/m2)
22.6 ± 4.3
22.4 ± 3.9
23.3 ± 5.3
0.67
Causes of hyponatremia
Decreased ECF d/t nonrenal Na loss
39 (21.9)
32 (22.7)
7 (18.9)
0.62
Increased ECF
19 (10.7)
17 (12.1)
2 (5.4)
0.37
SIAD
52 (29.2)
43 (30.5)
9 (24.3)
0.46
Thiazide use
53 (29.8)
37 (26.2)
16 (43.2)
0.07
Adrenal insufficiency
44 (24.7)
36 (25.5)
8 (21.6)
0.68
Comorbidity
Diabetes mellitus
59 (33.1)
46 (32.6)
13 (35.1)
0.77
Hypertension
123 (69.1)
93 (66.0)
30 (81.1)
0.08
Congestive heart failure
31 (17.4)
25 (17.7)
6 (16.2)
0.83
Liver cirrhosis
11 (6.2)
8 (5.7)
3 (8.1)
0.70
Nephrotic syndrome
4 (2.2)
4 (2.8)
0 (0)
0.58
Hypothyroidism
18 (10.1)
15 (10.6)
3 (8.1)
0.77
Malignancy
42 (23.6)
35 (24.8)
7 (18.9)
0.45
Chronic alcoholism
5 (2.8)
2 (1.4)
3 (8.1)
0.06
Infusion mode, bolus/continuous
87/91
72/69
15/22
0.25
Symptoms, moderate/severe
134/44
114/27
20/17
0.001
Medication
Potassium sparing diuretics
6 (3.4)
6 (4.3)
0 (0)
0.35
Furosemide
13 (7.3)
11 (7.8)
2 (5.4)
>0.99
SSRI
13 (7.3)
8 (5.7)
5 (13.5)
0.15
AED
22 (12.4)
14 (9.9)
8 (21.6)
0.09
NSAID
42 (23.6)
33 (23.4)
9 (24.3)
0.91
Systolic BP (mmHg)
139.2 ± 25.3
138.3 ± 25.2
142.6 ± 25.7
0.53
Diastolic BP (mmHg)
75.7 ± 13.8
75.2 ± 13.0
77.4 ± 16.8
0.33
Laboratory values
Na (mEq/L)
118.2 ± 5.0
119.2 ± 4.2
114.5 ± 6.0
<0.001
Serum osmolality (mOsm/kg)
251.1 ± 21.6
252.2 ± 16.3
246.6 ± 35.1
<0.001
Creatinine (mg/dL)
1.0 ± 0.8
1.0 ± 0.9
0.8 ± 0.3
0.08
White blood cell (×109/L)
8.5 ± 4.0
8.4 ± 3.8
9.2 ± 4.9
0.34
Hemoglobin (g/dL)
12.1 ± 2.0
12.0 ± 2.0
12.3 ± 1.7
0.48
Albumin (g/dL)
4.0 ± 0.6
3.9 ± 0.6
4.2 ± 0.6
0.02
Calcium (mg/dL)
8.7 ± 0.5
8.7 ± 0.5
8.7 ± 0.5
0.76
Phosphorous (mg/dL)
3.1 ± 0.9
3.1 ± 1.0
2.7 ± 0.6
0.003
Potassium (mEq/L)
4.0 ± 0.8
4.1 ± 0.7
3.6 ± 0.7
<0.001
Total CO2 (mEq/L)
23.2 ± 5.0
23.2 ± 5.3
23.0 ± 3.8
0.59
Total cholesterol (mg/dL)
155.3 ± 44.7
154.8 ± 41.8
157.4 ± 54.8
0.79
Total bilirubin (mg/dL)
0.9 ± 0.5
0.9 ± 0.4
1.1 ± 0.6
0.003
AST (units/L)
35.0 ± 29.2
32.7 ± 27.2
43.7 ± 34.8
0.01
ALT (units/L)
20.2 ± 17.0
19.1 ± 17.7
24.5 ± 13.8
0.001
C-reactive protein (mg/L)
28.3 ± 48.5
30.0 ± 50.3
21.9 ± 40.8
0.21
Urine osmolality (mOsm/kg)
424.1 ± 164.2
424.7 ± 170.4
421.9 ± 139.9
0.85
Urine Na (mEq/L)
72.1 ± 49.3
71.8 ± 48.7
73.2 ± 52.3
0.98
Urine K (mEq/L)
34.6 ± 22.5
34.2 ± 23.5
36.1 ± 18.8
0.32
Cumulative amount of 3% saline volume (mL)
1 hr
127.4 ± 107.6
128.9 ± 105.4
121.7 ± 116.8
0.68
6 hr
241.5 ± 115.4
247.3 ± 112.5
219.1 ± 125.1
0.14
24 hr
402.5 ± 257.3
416.3 ± 244.0
350.0 ± 300.6
0.05
48 hr
554 ± 347.9
598.1 ± 337.2
388.5 ± 342.2
0.001
Urine volume during 48 hr (mL)
3,862 ± 2,830
3,401 ± 2,610
5,653 ± 2,973
<0.001
Data are expressed as number only, number (%), or mean ± standard deviation.
AED, antiepileptic drug; ALT, alanine aminotransferase; AST, aspartate transaminase; BP, blood pressure; d/t, due to; ECF, extracellular fluid; Na, sodium;
NSAID, nonsteroidal anti-inflammatory drug; SIAD, syndrome of inappropriate antidiuresis; SSRI, selective serotonin reuptake inhibitor.
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Table 2. Risk factors for overcorrection by univariable and multivariable logistic regression
Variable
Demographics
Male sex
Age
Weight
Cause of hyponatremia
Decreased ECF d/t nonrenal Na loss
Increased ECF
SIAD
Thiazide use
Adrenal insufficiency
Comorbidity
Diabetes mellitus
Hypertension
Malignancy
Chronic alcoholism
Infusion mode, bolus/continuous
Symptoms, moderate/severe
Laboratory values
Na
Potassium
Creatinine
White blood cell
Hemoglobin
Albumin
Total bilirubin
AST
ALT
C-reactive protein
Urine osmolality

Univariable analysis
OR
p-value
0.80
0.98
1.01

0.55
0.15
0.38

0.80
0.42
0.73
2.14
0.81

0.62
0.26
0.46
0.05
0.62

1.12
2.21
0.71
6.13
1.53
3.59

0.77
0.08
0.45
0.05
0.26
<0.001

0.84
0.37
0.50
1.05
1.07
2.38
3.06
1.01
1.02
0.96
1.00

<0.001
0.001
0.13
0.26
0.49
0.02
0.004
0.08
0.13
0.37
0.93

Multivariablea analysis
OR
p-value

.
15.27

0.02

2.87

0.03

0.86
0.34

0.002
0.001

ALT, alanine aminotransferase; AST, aspartate transaminase; d/t, due to; ECF, extracellular fluid; Na, sodium; SIAD, syndrome of inappropriate antidiuresis;
SSRI, selective serotonin reuptake inhibitor;
a
Age, sex, body weight, cause of hyponatremia, hypertension, diabetes mellitus, cancer, chronic alcoholics, infusion mode, symptoms, serum Na, potassium, white blood cell, hemoglobin, albumin, total bilirubin, AST, ALT, C-reactive protein, urine osmolality.

using risk factors for overcorrection based on multivariable
analysis as described in Supplementary Table 1 (available
online). The NASK (hypoNatremia, Alcoholism, Severe
symptoms, and hypoKalemia) score was calculated as the
arithmetic sum of the points for each of these variables.
The scores were as follows: chronic alcoholism, 7 points;
severe symptoms of hyponatremia, 3 points; low serum potassium level of <3.0 mEq/L, 3 points; and initial sodium
level of ≤110, 110–115, 115–120, and 120–125 mEq/L were
scored as 7, 4, 2, and 0 points, respectively. NASK score
was significantly associated with overcorrection (OR, 1.41;

95% CI, 1.24–1.61; p < 0.01) (Fig. 1). The receiver-operating
characteristic curves for each risk factor and NASK score
with regard to overcorrection are shown in Fig. 2. NASK
score had a good discriminatory ability, with an AUROC
curve of 0.757 (95% CI, 0.66–0.85; p < 0.01). The AUROC
was 0.752 (95% CI, 0.67–0.84; p = 0.88), 0.691 (95% CI, 0.60–
0.79; p = 0.27), 0.634 (95% CI, 0.55–0.72; p < 0.01), and 0.533
(95% CI, 0.49–0.58; p < 0.01) for the baseline serum sodium
level, baseline serum potassium level, severity of hyponatremia symptoms, and chronic alcoholism, respectively.
The AUROC curve of the NASK score was significantly bet-
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ter than that of each risk factor.
Comparison of the predictive abilities of NASK and SHOR
scores
We compared the predictive ability of NASK and SHOR1/
SHOR2 scores for hyponatremia overcorrection using

Cumulative hyponatremia overcorrection and predictive
ability of NASK score by time

Adjusted predictions with 95% Cls
1.0

Overcorrection

0.8
0.6
0.4
0.2
0.0

0

3

6

9
NASK score

12

AUROC curve analysis (Supplementary Fig. 2, available
online). The AUROC curve were 0.757 (95% CI, 0.66–0.85;
p < 0.01), 0.722 (95% CI, 0.63–0.82; p = 0.46), 0.722 (95% CI,
0.63–0.82; p = 0.47) for NASK, SHOR1, and SHOR2 scores,
respectively. The AUROC curve for NASK score was higher
than those of SHOR1 and SHOR2 scores, although there
were no significant differences between the values.

15

18

Figure 1. Marginal plot of the NASK score against hyponatremia overcorrection.
CI, confidence interval; NASK, hypoNatremia, Alcoholism, Severe
symptoms, and hypoKalemia.

We subdivided the overcorrection group by time (within
the first 6, 12, 24, and 48 hours) to evaluate whether hyponatremia overcorrection risk factors changed according
to time. Overcorrection occurred in 5.1% (n = 9), 6.7% (n
= 12), 18.5% (n = 33), and 20.8% (n = 37) of 178 patients
within the first 6, 12, 24, and 48 hours, respectively. We
analyzed the predictive ability of the four risk factors for
overcorrection and NASK score by time based on age, sex,
and hypertonic saline infusion method. The four identified
risk factors (initial serum sodium level, chronic alcoholism,
initial symptoms, and initial serum potassium level) and
NASK score had significant predictive abilities for cumulative overcorrection within 6, 12, 24, and 48 hours, excluding
initial potassium level within 6 hours and chronic alcohol-

1.00
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0.50
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0.00
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1-Specificity

NASK score: 0.757
Symptom (severe vs. moderate): 0.634
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Chronic alcoholics: 0.533
Serum Na: 0.752
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Figure 2. The AUROC curve for the NASK score and each risk factor for hyponatremia overcorrection. The AUROC curve for each of
the two factors (*) is statistically significant when compared to the AUROC of NASK score.
AUROC, the area under the receiver-operating characteristic; NASK, hypoNatremia, Alcoholism, Severe symptoms, and hypoKalemia.
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Figure 3. Unadjusted odds ratios of the risk factors for hyponatremia overcorrection.
NASK, hypoNatremia, Alcoholism, Severe symptoms, and hypoKalemia.

Figure 4. Cumulative hyponatremia overcorrection and the
predictive ability of the NASK score by time.
NASK, hypoNatremia, Alcoholism, Severe symptoms, and hypoKalemia.

ism within 48 hours (Fig. 3, Fig. 4; Supplementary Table 2,
available online).

trolled study, we aimed to evaluate risk factors for hyponatremia overcorrection and to establish a novel scoring
system for predicting overcorrection. We identified chronic
alcoholism and severe symptoms of hyponatremia as well
as lower baseline serum sodium and potassium levels as
significant risk factors for hyponatremia overcorrection.
The NASK score, an arithmetic sum of the points for each
factor after converting the influence of each factor to integer scores, had a higher predictive ability for hyponatremia
overcorrection than each factor. Chronic alcoholism, severe
symptoms of hyponatremia, low baseline serum sodium
levels, and NASK score were risk factors for overcorrection
at any time within 48 hours. However, low baseline serum
potassium was a risk factor for overcorrection only after 6
hours.
We found that chronic alcoholism, initial serum sodium
level, severity of initial symptoms, and initial serum potassium level were significant patient baseline factors that
affected the incidence of hyponatremia overcorrection.
Alcohol suppresses the endogenous release of antidiuretic hormone (ADH) and occasionally causes free water
diuresis when consumed. However, continuous alcohol
consumption increases ADH levels, thereby causing water retention. Water and electrolyte retention are resolved

Urine output over 48 hours based on hyponatremia overcorrection risk factors
The 48 hours urine output was higher in chronic alcoholics
than in non-alcoholics (5,688 mL vs. 3,809 mL, p = 0.08), although the difference was not significant. Furthermore, the
urine output was higher in patients with severe symptoms
than that of patients with moderate symptoms (5,231 mL
vs. 3,419 mL, p < 0.01). Patients with severe hyponatremia
had a higher urine output than in those with less severe hyponatremia (6,025, 4,158, 3,767, 3,378 mL for patients with
serum sodium levels of ≤110, 110–115, 115–120, and ≥120
mEq/L, respectively; p = 0.02). Moreover, there was a negative correlation between hypokalemia and urine output
based on linear regression analysis (β = –0.216, p < 0.01).
NASK score also was positively associated with 48 hours
urine output (β = 304.5, p < 0.001).

Discussion
In this post hoc analysis of a prospective randomized con-
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within 3 to 6 days after alcohol discontinuation in chronic
alcoholics [28,29]. When chronic alcoholics are admitted
for hyponatremia, they undergo a period of alcohol withdrawal. Therefore, chronic alcoholics have an increased
overcorrection risk during hypertonic saline treatment
due to increased diuresis as confirmed by our findings.
Previous studies have revealed that lower initial sodium
levels [14,17,18,21] and severe symptoms of hyponatremia
[17,21] are risk factors for hyponatremia overcorrection,
in line with our finding. Hyponatremia overcorrection
mainly arises from hypertonic saline treatment or water
diuresis. Hyponatremia causes a hypo-osmolar state, leading to a decreased release of ADH and an increase in free
water excretion. Supplying hypertonic saline in patients
with hyponatremia induces an increase in ADH level and
a decrease in water clearance, which occur at a slower
rate in patients with severe hyponatremia [30]. However,
we cannot explain the mechanism underlying free water
excretion using our data because we did not collect urine
sodium and potassium levels, as well as osmolality during
the 48-hour follow-up. Symptoms of hyponatremia were
classified into two groups, and the initial hypertonic saline
infusion rate was decided based on symptom severity. A
higher amount of hypertonic saline was administered in
patients with severe symptoms compared with that in patients with moderate symptoms (317 mL vs. 217 mL, p <
0.01; within the first 6 hours). In line with previous studies
[14,17], we found that lower initial potassium levels were
associated with hyponatremia overcorrection occurrence.
In the Adrogue-Madias formula, replacing potassium plays
a significant role in correcting hyponatremia [7,31]. The
loss of sodium or potassium induces an osmolar shift to
maintain the osmolar balance between the extracellular
and intracellular spaces [32]. Potassium loss shifts sodium
intracellularly, induces hyponatremia, and enhances ADH
release, thereby worsening hyponatremia [33]. Moreover,
potassium restriction reportedly increases free water clearance [34]. Therefore, hypokalemia can increase the incidence of hyponatremia overcorrection by increasing diuresis, as confirmed by our findings. Not only each factor but
also the NASK score, which combines the scores of these
factors, had a positive relationship with the 48 hours urine
output.
In addition to the four risk factors identified in our study,
previous studies have identified younger age, higher infu-
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sion volume, lower urine osmolality, and lower urine sodium levels as risk factors for hyponatremia overcorrection
[14,21]. Volume overload and the presence of chest tumor
are negatively associated with hyponatremia overcorrection
[17]. Woodfine et al. [17] established a novel scoring system
(the SHOR score) to predict hyponatremia overcorrection,
with risk factors such as age, vomiting, somnolence, volume
overload, initial serum sodium level, initial serum potassium level, urine osmolality, and the presence of chest tumor.
Our study found the following risk factors for hyponatremia
overcorrection: chronic alcoholism, initial serum sodium
level, severity of initial symptoms, and initial serum potassium level. Moreover, we developed a scoring system (NASK
score) to aid clinicians in quantitatively stratifying an individual’s risk for hyponatremia overcorrection. We compared the predictive ability of hyponatremia overcorrection
between the NASK scoring system and the SHOR scoring
system [17]. The AUROC curve for NASK score was greater
than those for SHOR1 and SHOR2 scores but without statistical significance (Supplementary Fig. 2). Nevertheless,
NASK score is easy to calculate as it requires only four factors, whereas SHOR scores require eight discrete factors.
Furthermore, NASK score seems to predict hyponatremia
overcorrection better than SHOR scores.
This study has several strengths. First, we obtained complete baseline characteristics as well as laboratory data on
all patients because of the prospective nature of the original
study. We also assessed the cumulative hyponatremia overcorrection rate and verified the predictive ability of each
risk factor and the NASK score for the overcorrection rate.
Second, in comparison with other retrospective studies, we
set up the treatment protocol with hypertonic saline and
serum sodium relowering treatment following international
guideline recommendations (RIB and SCI). This allowed us
to correct the impact of the infusion method of hypertonic
saline on treatment outcomes. Therefore, we were able to
establish a more explainable scoring system using baseline characteristics. There are several studies or guidelines
regarding the adequate amount of hypertonic saline and
the required rate for effective hyponatremia treatment and
hyponatremia overcorrection prevention. However, inadvertent hyponatremia overcorrection occurs because of
unanticipated water diuresis, even when the recommended
quantity of hypertonic saline is administrated at a recommended rate or when hypertonic saline administration is
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stopped. Using this scoring system, physicians can predict
hyponatremia overcorrection occurrence before hypertonic
saline administration; patients with high NASK scores and
increased diuresis can undergo careful monitoring of their
status and laboratory data during treatment.
This study also has several limitations. First, due to the
prospective design, our study population was smaller than
those of other retrospective studies. Second, serum sodium
levels were obtained from the three study sites using different measuring machines that were not calibrated. Variabilities in serum sodium assays using each device were inevitable due to the post hoc study design. Third, low sensitivity
and positive predictive value were imperative, as the prevalence of chronic alcoholism was low. We additionally performed sensitivity analyses with the NSK (Na, symptoms of
hyponatremia, and K) score (total, ≤13) and NK (Na and K)
score (total, ≤10) for hyponatremia overcorrection models.
The AUROC curves for NSK and NK scores were 0.745 (95%
CI, 0.65–0.84; p < 0.01) and 0.721 (95% CI, 0.63–0.81; p <
0.01), respectively. Fourth, the findings were not validated
in an external cohort of patients with hyponatremia. A validation study with a larger population should be conducted
to confirm our study findings. Specifically, further studies
should clarify whether treatment policies should be modified based on the finding that the NASK score influences
hyponatremia overcorrection incidence and prognosis.
Fifth, some studies have reported a relationship between
the occurrences of hyponatremia overcorrection and ODS,
which is a critical outcome of hyponatremia overcorrection
[11,14,17,24,35,36]. However, there was no ODS in 20.8% of
patients with hyponatremia overcorrection, although risk
factors for overcorrection were identified to prevent ODS
in patients with hyponatremia by reducing overcorrection
occurrence. Hyponatremia overcorrection is considered
a good laboratory outcome that predicts ODS occurrence
because it can be monitored. Moreover, it is a correctable
factor during hypertonic saline treatment.
In conclusion, hyponatremia overcorrection occurred
in 20.8% of patients who underwent hypertonic saline
treatment. The risk factors for hyponatremia overcorrection included chronic alcoholism and severe symptoms of
hyponatremia as well as lower initial serum sodium and
potassium levels. In patients undergoing symptomatic hyponatremia treatment, overcorrection might be quantitatively predicted using a novel risk score that is summarized

by patient baseline information. External validation studies
of the NASK score are required to clarify our results.
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Role of bicarbonate and volume therapy in the prevention
of acute kidney injury in rhabdomyolysis: a retrospective
propensity score-matched cohort study
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Background: Although bicarbonate has traditionally been used to treat patients with rhabdomyolysis at high risk of acute kidney injury (AKI), it is unclear whether this is beneficial. This study compared bicarbonate therapy to non-bicarbonate therapy for the prevention
of AKI and mortality in rhabdomyolysis patients.
Methods: In a propensity score-matched cohort study, patients with a creatine kinase (CK) level of >1,000 U/L during hospitalization
were divided into bicarbonate and non-bicarbonate groups. Patients were subgrouped based on low-volume (<3 mL/kg/hr) or
high-volume (≥3 mL/kg/hr) fluid resuscitation in the first 72 hours. Logistic regression analyses were used to identify the impacts of
bicarbonate use and fluid resuscitation on AKI risk and need for dialysis. The Kaplan-Meier method was used to estimate survival.
Volume overload and electrolyte imbalances were assessed.
Results: Among 4,077 patients, we assembled a cohort of 887 pairs of patients treated with and without bicarbonate. Bicarbonate
group had a higher incidence of AKI, higher rate of dialysis dependency, higher 30-day mortality, and longer hospital stay than the
non-bicarbonate group. Further, patients who received high-volume fluid therapy had worse renal outcomes and a higher mortality
than those who received low-volume fluids regardless of bicarbonate use. Bicarbonate use, volume overload, and AKI were associated with higher mortality. Volume overload was significantly higher in the bicarbonate group than in the non-bicarbonate group.
Conclusion: Bicarbonate or high-volume fluid therapy for patients with rhabdomyolysis did not reduce AKI or improve mortality compared to non-bicarbonate or low-volume fluid therapy. Limited use of bicarbonate and adjustment of fluid volume may improve the
short- and long-term outcomes of patients with rhabdomyolysis.
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Introduction

Methods

Acute kidney injury (AKI) occurs in 14% to 46% of patients
with rhabdomyolysis [1]. When muscle cells are damaged,
intracellular myoglobin is released into the circulation
causing renal damage due to direct tubule injury, tubular
obstruction, or renal vasoconstriction. Subsequently, a
large amount of water is rapidly expelled into the extracellular fluid, causing a decreased glomerular filtration rate
with worsening of AKI [2]. Life-threatening AKI leads to
electrolyte and volume imbalances, which can cause arrhythmia or cardiac arrest, and renal replacement therapy
is required. de Meijer et al. [3] reported that mortality in
patients who developed AKI was twice as high as in those
who did not. Therefore, for patients with severe rhabdomyolysis with a high risk of AKI and death, judicious and
timely treatment remains essential.
The hypotheses that acidic urine worsens acute tubulonephropathy and that the risk of AKI is associated with
dehydration were used to support bicarbonate therapy for
patients with rhabdomyolysis, wherein bicarbonate inhibits myoglobin cast formation, and a large amount of fluid
results in solute diuresis due to alkalization of the urine
[4]. However, there are only a few studies, with no clear
consensus, on whether the routine use of bicarbonate can
prevent the development of AKI [5,6]. No randomized controlled clinical trials have compared bicarbonate therapy
with fluid therapy alone. Indeed, some studies suggested
that early, rather than late initiation of fluid therapy can
help improve outcomes [7–9]; however, fluid type and
target fluid volume, duration of therapy, monitoring parameters, target urine output, and the onset of initiation of
fluid therapy used in these studies varied widely. Various
studies have attempted to identify the optimal fluid therapy
in various diseases or situations, such as renal transplant
[10]. However, no prior study has investigated what fluid
is optimal for the treatment of rhabdomyolysis despite the
importance of fluid therapy in this condition. Thus, we investigated whether bicarbonate therapy could prevent AKI
compared to fluid therapy alone and assessed the effect of
fluid volume on patient outcomes. Further, we analyzed
predictors of AKI, dialysis, and death in patients hospitalized for rhabdomyolysis.

Study design
We conducted a propensity score-matched cohort study in
Seoul National University Bundang Hospital (a 1,334-bed,
public, university-affiliated, teaching hospital). Patients
with a creatine kinase (CK) level of >1,000 U/L during hospitalization were divided into two groups; patients who
received fluid with bicarbonate and those who received
fluid without bicarbonate. Patients were subgrouped based
on low-volume (<3 mL/kg/hr) and high-volume (≥3 mL/
kg/hr) fluid resuscitation in the first 72 hours of admission.
Primary outcomes were the development of AKI, the incidence of dialysis, and mortality in the propensity scorematched cohort of patients exposed and unexposed to
bicarbonate. The study protocol complied with the Declaration of Helsinki and received ethics approval from the Institutional Review Board of Seoul National University Bundang Hospital (No. B-1809/495-105); the need for informed
consent was waived as the study did not infringe on patient
privacy or health status.
Study population
We identified 6,492 hospitalized patients with a CK level of
>1,000 U/L between March 2003 and August 2018. Based
on preestablished exclusion criteria, we excluded children
and adolescents under 18 years (n = 130) and patients with
chronic kidney disease (CKD) undergoing renal replacement treatment (n = 684) or with cardiac enzyme elevation
owing to myocardial infarction or cardiomyopathy (n =
1,601). Finally, 4,077 patients were included in this study.
The study flow chart is presented in Fig. 1.
Data collection
All clinical records and laboratory data, including age, sex,
length of hospital stay, inpatient vital signs, and laboratory values such as levels of serum CK, blood urea nitrogen
(BUN), serum creatinine (Cr), sodium, potassium, serum
bicarbonate measured as total carbon dioxide (TCO2), calcium, and albumin, were gathered from electronic medical
records. Shock was defined as an initial systolic blood pressure (BP) of <90 mmHg; additionally, a BUN/Cr ratio of >20
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6,492 Patients with CK> 1,000 IU
during hospital admission were
assessed for eligibility

2,415 excluded
130 were children and adolescents
under 18 years
684 were already had chronic renal
failure undergoing renal replacement
treatment
1,601 had cardiac enzyme elevation
due to myocardial infarction, stress
induced cardiomyopathy, etc

4,077 were enrolled to the study

1,584 did not receive bicarbonate therapy

2,493 received bicarbonate therapy

150 did not have
information about
either of body weight
or fluid amount

1,034 received
low volume of fluid

400 received
high volume of fluid

116 did not have
information about
either of body weigh
or fluid amount

1,011 received
low volume of fluid

1,366 received
high volume of fluid

Propensity score matching (1:1)

No bicarbonate (n=887)

608 received
low volume of fluid

279 received
high volume of fluid

Bicarbonate (n=887)

574 received
low volume of fluid

313 received
high volume of fluid

Figure 1. Study flow chart; eligible and excluded patients in the analytic data set.
CK, creatine kinase.

was used as a surrogate marker of prerenal status; that is,
volume depletion. An increase of over 10% in body weight
during hospitalization was regarded as volume overload.
Mortality and date of death were determined from death
certificates as well as the database of the Ministry of Interior and Safety of Korea.
Definitions and measurements
Onset of rhabdomyolysis was recorded as the first day of
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hospitalization of the patient and the occurrence of AKI
was monitored throughout the hospitalization period. AKI
was defined as a Cr level increase of ≥1.5 times or ≥0.3 mg/
dL and staged according to the Clinical Practice Guideline
for the Evaluation and Management of Kidney Disease: Improving Global Outcomes (KDIGO) Group. Stage 2 AKI was
defined as an increase in the Cr to ≥2 times the baseline.
Stage 3 AKI was defined as a Cr of ≥3.0 or more times the
baseline, an increase in Cr of ≥4.0 mg/dL, or the initiation
of renal replacement therapy regardless of previous KDIGO

Kim, et al. Bicarbonate and volume therapy for rhabdomyolysis

stage [11]. We used the preadmission Cr value as the baseline Cr level. If these values were not available, we used the
lowest Cr level measured during hospitalization. We confirmed cases and dates of dialysis by evaluating the Korean
Society of Nephrology end-stage renal disease registry.
Statistical analyses
Baseline characteristics were analyzed as frequencies and
percentages for categorical variables and as means and
standard deviation (SD) for continuous variables. Unadjusted associations between the covariates and the primary
outcomes were analyzed using the chi-square test for categorical data and Student t test or Mann-Whitney U test for
continuous data. To minimize selection bias, propensity
score-matched logistic regression analysis was performed
for the likelihood of bicarbonate use. A propensity score was
calculated using the baseline covariates of age, sex, underlying comorbidities (diabetes, hypertension, heart failure, liver failure, and CKD), cause of rhabdomyolysis (e.g. statins),
shock (systolic BP < 90 mmHg), BUN/Cr ratio of >20 as a
surrogate marker for volume depletion, fluid amount level,
initial serum TCO2 level at admission, baseline Cr levels,
and baseline CK levels (Supplementary Fig. 1, available
online). The propensity score was estimated by logistic
regression of the use of bicarbonate on the covariates. We
used 1:1 nearest neighbor propensity score matching without replacement based on the propensity score estimated
using logistic regression of the treatment on the covariates.
Caliper width was set to 0.2 of the SD of the logit of the
propensity score. Adequacy of balance for the covariates in
the matched samples was assessed using the standardized
mean difference between the two groups, with differences
of <10% reflecting good balance. Multiple logistic regression analysis models were used to identify adjusted odds
ratios (ORs) for AKI and dialysis. Restricted cubic spline
analysis was performed to explore the nonlinear relationship between outcomes and both serum bicarbonate levels
and fluid volume. Cutoff values were calculated from maximally selected log-rank statistics using the condMC method. Comparisons between prerenal (baseline BUN/Cr ratio
> 20) and normal (BUN/Cr ratio ≤ 20) groups, and between
shock (systolic BP < 90 mmHg) and normal (systolic BP ≥
90 mmHg) groups were performed with high-volume fluid
therapy and with the consequences of volume overload,

AKI, dialysis, and death within 30 days as outcomes. In
addition to examining the individual effects of bicarbonate
and high-volume fluid therapy on the outcome variables,
further analyses were conducted to determine additional
risks caused by the interaction between the use of bicarbonate and amount of fluid provided using the Relative
Excess Risk due to Interaction (RERI). In brief, the RERI
metric reflects the additive interaction of two risk factors.
If an interaction between risk factor A and risk factor B is
present, the combined effect of A and B is greater or smaller than the sum of the individual effects of A and B. RERI =
0 means no interaction or exact additivity; RERI > 0 means
a positive interaction or more than additivity; and RERI < 0
means a negative interaction. Besides RERI, interaction on
an additive scale includes an attributable proportion (AP);
the synergy index (S) was also computed. AP is the proportion of disease in the doubly exposed group that is attributable to the interaction and S is the ratio of the combined
effect and the sum of the individual effects. In the absence
of an additive interaction effect, AP equals 0 and S equals
1 [12]. Kaplan-Meier method was used to estimate survival
and survival was compared between groups using a logrank test. A Cox proportional hazards model was used to
calculate hazard ratios (HRs) for AKI and death. Logistic
and Cox regression models were adjusted based on relevant baseline covariates. To estimate the significance of
differences in HRs for bicarbonate use, subgroup analysis
was performed using multivariate Cox proportional hazard
regression, and a p-value for the interaction was estimated.
R version 3.6.3 (R Foundation for Statistical Computing
Platform) or IBM SPSS Statistics for Windows, version 23
(R Foundation for Statistical Computing, Vienna, Austria)
were used for all analyses.

Results
Participant characteristics
Mean age of all study participants was 57.9 ± 20.8 years, and
66.7% of participants were male. Baseline Cr level was 1.0
± 0.8 mg/L, and 1.2% of participants had CKD as a baseline
comorbidity prior to hospitalization for rhabdomyolysis. Based on medical records, we classified the cause of
rhabdomyolysis as medical or surgical, with 1,834 medical
(45.0%) and 2,243 surgical cases (55.0%). Detailed causes
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Table 1. Selected baseline characteristics and outcomes according to bicarbonate use in propensity-matched patients
Variable
No. of patients
Age (yr)
Male sex
Body mass index (kg/m2)
Comorbidity
Diabetes mellitus
Hypertension
Chronic kidney disease
Heart failure
Liver failure
Cause
Surgical
Medical
Baseline Cr (mg/dL)
Baseline serum CK (IU/L)
Baseline serum TCO2 (mEq/L)

Total population
No bicarbonate
Bicarbonate
1,584
2,493
61.1 ± 17.8
60.5 ± 17.7
1,077 (68.0)
1,644 (65.9)
24.2 ± 6.3
23.9 ± 8.7
78 (4.9)
92 (5.8)
12 (0.8)
0 (0)
1 (0.1)

121 (4.9)
150 (6.0)
38 (1.5)
3 (0.1)
20 (0.8)

869 (54.9)
715 (45.1)
0.9 ± 0.6
1,330 (527–2,599)
22.4 ± 3.6

p-value
0.23
0.19
0.25
0.98
0.84
0.04
0.43
0.003

1374 (55.1)
0.90
1,119 (44.9)
1.1 ± 0.9
<0.001
1,133 (287–3,194) 0.02
20.7 ± 5.0
<0.001

After propensity score matching
No bicarbonate
Bicarbonate
p-value
887
887
61.0 ± 17.6
61.2 ± 17.9
0.79
612 (69.0)
604 (68.1)
0.72
24.2 ± 7.6
23.8 ± 3.9
0.26
41 (4.6)
55 (6.2)
8 (0.9)
0 (0)
1 (0.1)
482 (54.3)
405 (45.7)
0.9 ± 0.7
1,336 (553–2,577)
22.0 ± 3.4

46 (5.2)
55 (6.2)
9 (1.0)
0 (0)
1 (0.1)

0.66
0.99
0.99
NA
0.99
0.99

482 (54.3)
405 (45.7)
0.9 ± 0.6
0.19
996 (206–2,572) <0.001
21.8 ± 4.3
0.15

Data are expressed as number only, mean ± standard deviation, number (%), or median (interquartile range).
CK, creatine kinase; Cr, serum creatinine; NA, not applicable; TCO2, total carbon dioxide.

Table 2. Outcomes of the study participants
Variable

No bicarbonate
(n = 1,584)

Serum creatinine (mg/dL)
Peak
At discharge
Follow-up
Serum CK (IU/L)
Peak
At discharge
Follow-up
Outcome
AKI
AKI stage
0
1
2
3
Dialysis
Hospital stay (day)
30-Day mortality
All-cause mortality

1.4 ± 1.3
0.9 ± 0.7
0.9 ± 0.7

Total population
Bicarbonate
(n = 2,493)
2.4 ± 2.0
1.3 ± 1.2
1.0 ± 0.7

p-value
<0.001
<0.001
0.002

1,945 (1,331–3,609) 3,125 (1,589–7,893) <0.001
985 (279–1,563)
962 (204–2,277) 0.05
77 (41–151)
62 (33–124)
0.006
730 (46.1)
854 (53.9)
409 (25.8)
175 (11.0)
146 (9.2)
25 (1.6)
22.0 ± 22.7
96 (6.1)
495 (31.3)

1,974 (79.2)
519 (20.8)
617 (24.7)
433 (17.4)
924 (37.1)
473 (19.0)
26.6 ± 54.4
659 (26.4)
1,126 (45.2)

After propensity score matching
No bicarbonate
Bicarbonate
(n = 887)
(n = 887)
1.4 ± 1.2
0.9 ± 0.8
0.9 ± 0.7
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<0.001
<0.001
0.48

2,002 (1,341–3,670) 2,797 (1,516–750) <0.001
903 (248–1,490)
931 (186–1,917) 0.32
69 (38–139)
62 (31–126)
0.16

<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

Data are expressed as mean ± standard deviation, median (interquartile range), or number (%).
CK, creatine kinase; AKI, acute kidney injury.
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2.1 ± 1.7
1.2 ± 1.0
0.9 ± 0.5

p-value

451 (50.8)

671 (75.6)

436 (49.2)
238 (26.8)
116 (13.1)
97 (10.9)
16 (1.8)
22.1 ± 21.7
61 (6.9)
301 (33.9)

216 (24.4)
240 (27.1)
154 (17.4)
277 (31.2)
129 (14.5)
28.1 ± 59.6
211 (23.8)
404 (45.5)

<0.001
<0.001

<0.001
0.005
<0.001
<0.001
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of rhabdomyolysis are described in Supplementary Table 1
(available online). Bicarbonate-containing solution was
administered to 2,493 patients (61.1%) during hospitalization. Patients from the bicarbonate group tended to be older and to have higher baseline and peak Cr levels (Table 1).
Serum CK level at presentation and peak serum CK level during hospitalization were higher in the bicarbonate
group than in the non-bicarbonate group.
Bicarbonate use and outcomes
A significantly higher incidence of AKI development was
observed in the bicarbonate group than in the non-bicarbonate group (n = 1,974 [79.2%] vs. n = 730 [46.1%], p <
0.001) (Table 2; Supplementary Fig. 2A, available online).

Multivariate logistic regression analysis for AKI showed
that the use of bicarbonate was independently associated
with increased risk of AKI development, with an OR of 3.17
(95% confidence interval [CI], 2.62–3.85, p < 0.001).
In the propensity score-matched model, bicarbonate
users still had a higher risk of AKI than the non-bicarbonate group (Supplementary Fig. 2B). Moreover, the bicarbonate group showed a statistically higher risk of dialysis
dependency (n = 129 [14.5%] vs. n = 16 [1.8%], p < 0.001),
extended hospital stay (28.1 ± 59.6 days vs. 22.1 ± 21.7
days, p = 0.005) (Table 2), and higher mortality than the
non-bicarbonate group (Supplementary Table 2, available
online). Using multivariate logistic regression analysis,
use of bicarbonate (OR, 8.97; 95% CI, 5.05–15.91), medical
cause of rhabdomyolysis (OR, 1.90; 95% CI, 1.28–2.81), use

OR (95% CI)

OR for AKI (PSM)

3.44 (2.68–4.40)***

Diuretics
Bicarbonate
DM
Sex
Medical cause
High fluid
CKD
HTN
Age
BMI
Baseline Cr

2.51 (1.99–3.15)***
1.72 (0.95–3.13)
1.44 (1.13–1.84)**
1.30 (1.03–1.64)*
1.27 (0.99–1.61)
1.14 (0.33–3.92)
1.11 (0.67–1.84)
1.01 (1.01–1.02)***
0.98 (0.96–1.01)

0.57 (0.44–0.73)***
1

OR

2

3

4

5

OR for dialysis (PSM)

OR (95% CI)
8.97 (5.05–15.91)***

Bicarbonate
CKD

3.82 (0.95–15.30)

Medical cause

1.90 (1.28–2.81)**

Diuretics

1.89 (1.08–3.30)*

Baseline Cr

1.81 (1.39–2.34)***

High fluid

1.48 (1.00–2.19)*

DM

1.47 (0.68–3.18)

Sex

1.26 (0.82–1.93)

Age

1.00 (0.99–1.01)

BMI

0.99 (0.94–1.04)

HTN

0.77 (0.35–1.70)
OR

5

10

15

Figure 2. ORs for the development of AKI and the initiation of dialysis based on multivariate logistic regression of the propensity-matched cohort.
AKI, acute kidney injury; BMI, body mass index; CI, confidence interval; CKD, chronic kidney disease; Cr, serum creatinine; DM, diabetes mellitus; HTN, hypertension; OR, odds ratio; PSM, propensity score matching.
*p < 0.05, **p < 0.01, ***p < 0.001.
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0.0
0
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4
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0

2
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4

6

8
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Duration (mo)

Numbers at risk

No bicarbonate 1,584

1,485

1,405

1,343

1,294

1,239

1,197

No bicarbonate 887

823

789

766

745

718

695

2,493

1,850

1,746

1,671

1,611

1,553

1,506

Bicarbonate

887

693

655

633

616

604

591

Bicarbonate

Figure 3. Kaplan-Meier curves relating bicarbonate use to all-cause mortality. (A) For the total population. (B) For the propensity-matched patients.

of diuretics (OR, 1.89; 95% CI, 1.08–3.30), higher baseline
Cr (OR, 1.81; 95% CI, 1.39–2.34), and high-volume fluid resuscitation (OR, 1.48; 95% CI, 1.00–2.19) were independent
risk factors for the need for dialysis (Fig. 2). Kaplan-Meier
curves estimating the probability of all-cause mortality
showed a significantly higher risk in the bicarbonate group
than in the non-bicarbonate group (Fig. 3). Medical cause
(adjusted HR [aHR], 1.8; 95% CI, 1.57–2.21), volume overload (aHR, 1.47; 95% CI, 1.18–1.82), higher AKI stage (aHR,
1.23; 95% CI, 1.26–1.47), bicarbonate use (aHR, 1.33; 95%
CI, 1.12–1.59), and higher baseline Cr level (aHR, 1.16; 95%
CI, 1.05–1.29) were significant predictors of mortality in the
multivariate Cox proportional regression analysis (Supplementary Fig. 3C, available online). Moreover, we observed
that the hazards of AKI, dialysis, and mortality increased as
peak serum bicarbonate, measured as the TCO2, increased
to above the normal range in restricted cube splines (Supplementary Fig. 4, available online).
Differences in the hazard ratio for the development of
acute kidney injury according to use of bicarbonate in prespecified strata
Subgroup analysis suggested a stronger association between bicarbonate use and AKI in patients with a surgical
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cause of rhabdomyolysis (OR, 1.73; 95% CI, 1.50–1.73) than
in patients with a medical cause (OR, 1.56; 95% CI, 1.35–
1.81) (p for interaction < 0.001), although bicarbonate use
was significantly associated with AKI in patients with either
medically or surgically-induced rhabdomyolysis (Fig. 4). Irrespective of age, sex, underlying comorbidities except for
CKD, fluid amount, baseline serum TCO2, BUN/Cr ratio, or
BP, the use of bicarbonate was associated with AKI across
subgroups of patients (Fig. 4).
Fluid resuscitation and outcomes
Slightly more patients received low-volume fluid resuscitation than high-volume fluid resuscitation (53.7% and
46.3%, respectively). Patients administered a high volume
of fluid had a higher incidence of AKI regardless of the
use of bicarbonate (AKI: OR, 2.09; 95% CI, 1.82–2.41; p <
0.001; dialysis: OR, 2.05; 95% CI, 1.68–2.49; p < 0.001; AKI
in the propensity score-matched cohort: OR, 1.40; 95% CI,
1.14–1.73; p = 0.001; and dialysis in the propensity scorematched cohort: OR, 1.28; 95% CI, 0.90–1.82; p = 0.163)
(Fig. 5). Hazards of AKI, dialysis, and mortality increased
as the amount of fluid received increased during the first
72 hours of treatment (Supplementary Fig. 4). According to
the estimated cutoff value calculated using the maximally

Kim, et al. Bicarbonate and volume therapy for rhabdomyolysis

No. of patients
No
Bicarbonate
(%) in group bicarbonate

Subgroup

HR (95% CI)

HR

p-value for
interaction

No. of patients (%) with AKI
Age
Sex
DM
HTN
CKD
Cause
Fluid amount
Initial TCO2
BUN/Cr ratio
Shock

>65 yr
≤65 yr

834 (47.0) 216 (47.9)
940 (53.0) 235 (52.1)

336 (50.1)
334 (49.9)

1.93
1.41

Male
Female

1,216 (68.5) 324 (71.8)
558 (31.5) 127 (28.2)

457 (68.1)
214 (31.9)

1.56
1.88

Yes
No

87 (4.9)
26 (5.8)
1,687 (93.8) 425 (94.2)

39 (5.8)
632 (94.2)

1.74
1.64

Yes
No

110 (6.2)
33 (7.3)
1,664 (93.8) 418 (92.7)

47 (7.0)
624 (93.0)

1.59
1.65

Yes
No

17 (1.0)
5 (1.1)
1,757 (99.0) 446 (98.9)

7 (1.0)
664 (99.0)

0.95
1.66

810 (45.7) 230 (51.0)
964 (54.3) 221 (49.0)

285 (42.5)
386 (57.5)

1.53
1.72

High fluid
Low fluid

592 (33.4) 152 (33.7)
1,182 (66.6) 299 (66.3)

253 (37.7)
418 (62.3)

1.56
1.73

<24
≥24

1,151 (64.9) 316 (70.1)
623 (35.1) 135 (29.9)

456 (68.0)
215 (32.0)

1.70
1.54

917 (51.7) 315 (69.8)
857 (48.3) 136 (30.2)

429 (63.9)
242 (36.1)

1.51
1.97

88 (5.0)
32 (7.1)
1,686 (95.0) 419 (92.9)

46 (6.9)
625 (93.1)

1.65
1.65

Medical
Surgical

<20 (prerenal)
≥20 (normal)
Shock
Normal BP

0

0.5

1

Favors bicarbonate treatment

1.5

2

2.5

0.05
0.16
0.73
0.94
0.67
<0.001
0.56
0.12
0.07
0.09

3

Favors no bicarbonate treatment

Figure 4. Differences in HRs for the development of AKI with respect to the use of bicarbonate in prespecified strata.
AKI, acute kidney injury; BP, blood pressure; BUN/Cr, blood urea nitrogen to creatinine; CKD, chronic kidney disease; DM, diabetes
mellitus; HTN, hypertension; HR, hazard ratio; TCO2, total carbon dioxide.
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Figure 5. Rate of AKI, severe AKI, dialysis, and mortality according to the amount of fluid treatment for rhabdomyolysis. (A) Total
population. (B) After propensity score matching.
AKI, acute kidney injury.
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Table 3. Analysis of the effects of interaction between BIC therapy and high-volume fluid treatment on the development of acute kidney
injury
Variable
Low-volume fluid
High-volume fluid
OR for the fluid group within
strata of the bicarbonate group

No bicarbonate
No. of patientsa
OR (95% CI)
299/309
1.0 (reference)
152/127
1.14 (0.93–1.38)
1.14

Bicarbonate
OR for bicarbonate group
within strata of the fluid group
No. of patientsa
OR (95% CI)
418/156 1.62 (1.39–1.87)
1.62
253/60
1.81 (1.53–2.14)
1.59
1.12

Measure of interaction on additive scale (95% CI): relative excess risk due to interaction, 1.56 (0.86–2.27); attributable proportion due to interaction, 0.56
(0.42–0.71); and synergistic index, 8.65 (2.02–37.04).
CI, confidence interval; OR, odds ratio.
a
With/without acute kidney injury.

selected log-rank statistics with the condMC method, over
5.5 mL/kg/hr of fluid for a period of 72 hours was associated with higher mortality (p < 0.001). The low-volume fluid
group had a lower risk of mortality in Kaplan-Meier analysis, and the cutoff fluid rate of 5.5 mL/kg/hr maximized
the difference in survival estimates (Supplementary Fig. 5,
available online).
As expected, patients in the prerenal (baseline BUN/
Cr ratio > 20) and shock (systolic BP < 90 mmHg) groups
received high-volume fluid therapy and had higher rates of
volume overload, AKI, dialysis, and death within 30 days.
In subgroup analyses stratified by both BP status (normal
BP vs. shock) and volume status (BUN/Cr ratio of ≤20 vs.
>20), high-volume fluid therapy was associated with a significantly higher rate of AKI, dialysis, severe AKI, and death
in 30 days in every subgroup except the shock group, indicating that high-volume fluid therapy itself has a negative
effect on prognosis (Supplementary Table 3, 4; available
online).
Interaction between use of bicarbonate and fluid amount
Given that the use of both bicarbonate and high-volume
fluid therapies were associated with a poor prognosis,
we evaluated additive risks using the RERI and found a
significant additive interaction between bicarbonate and
high-volume treatment for the development of AKI in the
propensity score-matched cohort using a multi-adjusted
model (Table 3). The RERI was 1.56, suggesting a 1.56 relative excess risk owing to the additive interaction. We also
found that 56% of the OR for developing AKI in patients exposed to both bicarbonate and high-volume fluid therapy
was attributable to the additive interaction between bicar-
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bonate and high fluid volume. Moreover, the risk of AKI in
bicarbonate users who received high-volume fluid therapy
was 8.65 times as high as the sum of the risks in participants exposed to a single risk factor alone. This indicates
that bicarbonate and high-volume fluid treatments interact
synergistically to cause AKI.
Volume overload and electrolyte imbalances
Patients who received bicarbonate treatment developed
volume overload more frequently than patients who did
not (n = 418 [16.8%] vs. n = 126 [8.0%], p < 0.001) (Supplementary Fig. 6, available online). Similarly, more patients
in the high- volume fluid group developed volume overload than those in the low-volume fluid group (n = 195
[9.5%] vs. n = 321 [18.2%], p < 0.001). Electrolyte imbalances such as hyponatremia, hypernatremia, hypokalemia,
hyperkalemia, hypochloremia, and hyperchloremia were
more common in the bicarbonate group and high-volume
fluid group than the non-bicarbonate group and low-volume fluid group.

Discussion
In this retrospective, propensity score-matched cohort
study involving patients with rhabdomyolysis, we concluded that bicarbonate therapy increased AKI risk, the need
for dialysis, and mortality. Additional hypervolemic treatment also appeared to be deleterious as it was associated
with volume overload and resulted in poor renal outcomes.
Early fluid resuscitation and bicarbonate therapy had
been advocated since a 1984 study of seven participants
with crush injuries reported treatment by the induction of
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alkaline solute diuresis [13]; since then, however, results
concerning the outcomes of bicarbonate treatment for the
prevention of AKI have been conflicting [5,14–17]. In a previous retrospective study of more than 2,000 patients with
traumatic rhabdomyolysis, bicarbonate with mannitol did
not prevent AKI, the need for dialysis, or decrease mortality. Thus, the authors concluded that the use of bicarbonate
with mannitol should be reevaluated [6]. Several meta-analyses have noted the lack of prospective controlled
trials comparing bicarbonate therapy with fluid therapy
alone for preventing rhabdomyolysis-induced AKI [8,9].
In our study, higher rates of AKI in the bicarbonate group
might have resulted from several factors. First, clinicians
may have used bicarbonate therapy a priori in patients
with presumptive high-risk factors with worse expected
disease courses because its use was at the discretion of the
treating physicians. We used propensity score matching by
adjusting for underlying disease, sex, volume and BP status, baseline Cr level, and baseline CK level in an attempt
to correct for this; however, the bicarbonate group still
presented with a higher AKI incidence, need for dialysis,
and mortality. Based on a review of the literature for other
studies with higher AKI rates in the bicarbonate group than
in the non-bicarbonate group, we found one study that
reported that of 157 patients, 16.5% had AKI and the incidence of AKI was significantly higher in those patients who
received bicarbonate therapy; however, the authors speculated that bicarbonate administration was not the cause
of AKI but the result of receiving more aggressive therapy
[18]. However, this study was not designed to identify the
difference between bicarbonate and non-bicarbonate
groups; thus, causal relations could not be assessed. Second, bicarbonate therapy may potentially have detrimental
effects. The effects of volume and sodium overload are not
disputable [19]. Consequences of bicarbonate therapy are
hypervolemia, hyperosmolarity, and hypernatremia. Bicarbonate infusion may induce hyperlactatemia. In contrast
to the beneficial use of bicarbonate for bicarbonate-losing
metabolic acidosis, such as metabolic acidosis caused by
diarrhea or renal tubular acidosis, the use of bicarbonate
for lactic acidosis has been disproved [19]. Furthermore,
a hyperosmolar state caused by bicarbonate infusion may
lead to paradoxical intracellular acidosis [8,20]. Additionally, serum ionized calcium level is reduced by bicarbonate
infusion, and hypocalcemia is associated with reduced left

ventricular contractility [21]. These reactions may offset
any beneficial effect of alkalization of urine, and bicarbonate therapy may contribute to the development of AKI. We
found that hypernatremia, volume overload, and other
electrolyte imbalances were more prominent in the bicarbonate group than in the non-bicarbonate group, although
the rates of hypocalcemia were not significantly different
between the bicarbonate and non-bicarbonate groups, and
lactate levels were not measured.
Hypervolemic treatment may also contribute to the
development of AKI [2]. The primary mechanism of rhabdomyolysis-induced AKI is renal vasoconstriction; thus,
early intravenous fluid treatment has been used to restore
blood flow and glomerular filtration to protect the kidneys.
Surprisingly, previous studies have shown that a greater
degree of kidney dysfunction results from venous congestion transmitted to the renal venous compartment than
from lack of arterial perfusion [22,23]. Therefore, aggressive
volume treatment to maintain renal flow may contribute
to peripheral overload, resulting in renal congestion and
AKI. We demonstrated that patients with volume overload
were at increased risk of developing AKI. Moreover, volume overload was an independent risk factor for mortality
in our study. Our results are consistent with those of a previous study that reported that volume overload increases
the risk of AKI and mortality, independent of the severity of
acute illness, indicating that prevention of volume overload
is crucial in managing critically ill patients [24]. We stratified high-volume fluid therapy and bicarbonate therapy
using RERI analysis, and each variable independently and
synergistically had detrimental effects on the development
of AKI. We suggest that <5.5 mL/kg/hr fluid resuscitation
should be used to prevent AKI and mortality in patients
with rhabdomyolysis, and volume overload, hourly urine
output, and central venous pressure should be monitored
periodically. Nevertheless, bicarbonate use may have a role
in severe acidemic patients with rhabdomyolysis. Despite
the lack of relevant clinical data supporting its effectiveness, theoretical evidence still exists [25–27].
Although the risk of AKI was higher for medically-caused
rhabdomyolysis than surgically-induced rhabdomyolysis, the association between bicarbonate use and AKI was
higher in patients with rhabdomyolysis with a surgical
cause. In terms of AKI, bicarbonate use appeared harmful
in patients who were postsurgical, hypothermic, or im-
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mobilized, whereas bicarbonate use appeared beneficial
in cases of crush, seizure, hyperthermia, and malignant
neuroleptic syndrome. However, given the large numerical
differences in causal subcategories in our cohort, further
subanalyses are required to elucidate important subgroup
effects. Therefore, we propose a large-scale cohort study
wherein patients have rhabdomyolysis of homogeneous
etiology.
Our study had several strengths. We used propensity score-matched analyses to reduce selection bias and
potential baseline differences between bicarbonate and
non-bicarbonate groups. AKI was defined and staged according to standard definitions proposed by the KDIGO
Group [11]; therefore, the study results are likely generalizable to patients at other institutions. More than 4,000 patients were enrolled, and after propensity score matching,
over 3,000 patients were included in the analyses, which to
the best of our knowledge is the largest cohort of rhabdomyolysis patients analyzed in a single study.
Our study also has several limitations. First, it was not
specifically designed to illustrate the initiation and maintenance of bicarbonate therapy, bicarbonate dosage, or
target serum and urine pH levels. We did not tailor the
infusion of bicarbonate according to serum or urine pH
levels. Second, information on the type of fluid was not
stratified. Different fluid mixtures such as isotonic saline
and dextrose fluids were used in our study in the real-world
setting. However, the amount of fluid was adjusted by body
weight to set individual target volumes. Third, although we
separated medical and surgical causes of rhabdomyolysis,
numerous heterogeneous causes of rhabdomyolysis were
included. Fourth, although we performed propensity score
matching to avoid potential bias in the use of bicarbonate
in patients with predicted worse outcomes, such as severe
acidemia, volume depletion, or state of shock, there may
have been confounding effects due to complex and unintended treatment settings. Future research should prospectively evaluate the need for bicarbonate infusion and the
amount of fluid therapy without these limitations.
In conclusion, we found that the use of bicarbonate and
high-volume fluid treatment that resulted in volume overload were not beneficial but rather harmful to a certain
subset of patients with rhabdomyolysis, as reflected by increased AKI risk, the need for dialysis, and increased mortality.
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Estimating baseline creatinine values to define acute
kidney injury in critically ill pediatric patients
Yeon Joo Lee, Young Seo Park, Seong Jong Park, Won Kyoung Jhang
Department of Pediatrics, Asan Medical Center Children’s Hospital, University of Ulsan College of Medicine, Seoul, Republic of Korea

Background: Acute kidney injury (AKI) is a common complication in critically ill children. However, the common lack of baseline serum
creatinine values affects AKI diagnosis and staging. Several approaches for estimating baseline creatinine values in those patients
were evaluated.
Methods: This single-center retrospective study enrolled pediatric patients with documented serum creatinine measurements within
3 months before admission and more than two serum creatinine measurements within 7 days after admission to the pediatric intensive care unit of a tertiary care children’s hospital between January 2016 and April 2020. Four different approaches for estimating
AKI using serum creatinine measurements were compared: 1) back-calculation using age-adjusted normal reference glomerular filtration rates, 2) age-adjusted normal reference serum creatinine values, 3) minimum values measured within 7 days after admission,
and 4) initial values upon admission.
Results: The approach using minimum values showed the best agreement with the measured baseline value, with the largest intraclass correlation coefficient (0.623), smallest bias (–0.04), and narrowest limit of agreement interval (1.032). For AKI diagnosis and
staging, the minimum values were 80.8% and 76.1% accurate, respectively. The other estimated baseline values underestimated AKI
and showed poor agreement with baseline values before admission, with a misclassification rate of up to 42% (p < 0.001).
Conclusion: Minimum values of serum creatinine measured within 7 days after hospital admission showed the best agreement with
creatinine measured within 3 months before admission, indicating the possibility of using it as a baseline when baseline data are unavailable. Further large-scale studies are required to accurately diagnose AKI in critically ill children.
Keywords: Acute kidney injury, Creatinine, Critical illness, Pediatrics

Introduction
Acute kidney injury (AKI) is a common problem associated
with increased adverse outcomes and high mortality in critically ill pediatric patients [1–4]. AKI in children is currently
diagnosed using standardized diagnostic criteria derived

from those for adults [5–10], most of which use changes
in baseline serum creatinine values (SCr-base) or the glomerular filtration rate (GFR) for diagnosing and staging
AKI. Ideally, SCr-base accurately reflects a patient’s steadystate kidney function before the onset of AKI [11]. However,
many patients do not have preadmission SCr-base values in
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their records, which complicates AKI diagnosis and staging
[12–14].
In the absence of consensus-based standardized methods for replacing missing SCr-base data, several values
have been suggested for estimating a surrogate SCr-base
value, including the initial admission SCr values, minimum
SCr values during hospitalization, dynamic SCr values
during a 7-day or 48-hour window, or back-calculation by
imputing an estimated GFR (eGFR) of 75 mL/min/1.73 m2
with the Modification of Diet in Renal Disease (MDRD)
equation or the Chronic Kidney Disease Epidemiology Collaboration formula [13,15–20]. However, those substitutes
have mainly been studied and validated in adult populations. Few studies have evaluated the various estimation
approaches in critically ill children. Therefore, it is difficult
to determine which SCr-base surrogate should be used to
evaluate AKI and related clinical outcomes in critically ill
pediatric patients.
This study evaluated several approaches for calculating
an estimated SCr-base (eSCr-base) value, including methods commonly used in adult patients and those specified
and adjusted for use in pediatric patients. The eSCr-base
values calculated using different approaches were compared with a reference SCr-base value measured 3 months
or less before admission (mSCr-base). The value of the different estimations in diagnosing and staging AKI was also
compared.

do-not-resuscitate orders (Fig. 1).
This study was approved by the Institutional Review
Board of Asan Medical Center (No. 2020-0878), which
waived the requirement for informed consent because the
study was retrospective. This study was conducted in accordance with the principles of the 1964 Declaration of Helsin-

A total of 1,171 critically ill pediatric
patients admitted to PICU
(January 2016 – April 2020)
38 Patients excluded
- Under 1 months of age (n = 2)
- Over 18 years of age (n = 36)

1,133 Patients

306 Patients without mSCr-base

827 Patients

58 Patients excluded
- Kidney anomaly (n = 4)
- Chronic renal failure (n = 49)
- On dialysis prior to PICU admission (n = 5)

769 Patients

Methods
Study subjects
This study was a single-center, retrospective cohort study.
All critically ill children consecutively admitted to a 14bed multidisciplinary pediatric intensive care unit (PICU)
in Asan Medical Center Children’s Hospital, Seoul, Korea
between January 2016 and April 2020 were screened. Patients aged 1 month to 18 years with available mSCr-base
data, defined as the lowest value measured 3 months or less
before PICU admission, and at least two documented SCr
measurements within the first 7 days of PICU admission
were enrolled. Exclusion criteria were as follows: age of <1
month or >18 years, no available mSCr-base value, known
kidney anomalies, preexisting chronic renal failure, dialysis
used before PICU admission, PICU stay of <24 hours, and

8 Patients excluded
- PICU stay less than 24 hours (n = 6)
- With do-not-resuscitate orders (n = 2)

761 Patients

51 Patients excluded
- Without two SCr values within the first 7
days of PICU admission

Studies included 710 patients

Figure 1. Flow chart for inclusion and exclusion of the study
population.
mSCr-base, measured SCr-base (within 3 months prior to admission); PICU, pediatric intensive care unit; SCr, serum creatinine.
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ki and later amendments. It also conforms to the Strengthening the Reporting of Observational Guidelines statement
for reporting observational studies.
Data collection
We retrospectively reviewed the electronic medical records
of all included patients and collected data on their baseline demographic characteristics, underlying disorders,
reasons for PICU admission, initiation of continuous renal
replacement therapy (CRRT), duration of PICU stay, 28-day
mortality rate, and laboratory findings, including SCr values. We evaluated four different methods for calculating an
eSCr-base value: 1) back-calculation of SCr values using the
age-adjusted normal reference value for eGFR (SCr-eGFR)
[21–23] (Supplementary Table 1, available online 2) normal
reference values adopted from the pediatric Sequential
Organ Dysfunction Assessment (pSOFA) (SCr-ref ) [24]
(Supplementary Table 1); 3) minimum SCr value measured
within 7 days after PICU admission (SCr-min); and 4) initial SCr values measured at PICU admission (SCr-adm).
Imputation of SCr-base by back-calculation was performed
using the original Schwartz formula because it was derived
from SCr measured using the Jaffe method, which is used in
our institution [22,25–28]. To evaluate disease severity and
organ dysfunction, the Pediatric Risk of Mortality III and
pSOFA scores were calculated using the worst documented
values within the first 24 hours of PICU admission [24,29].
Study design
The primary outcome was agreement between mSCr-base
and the eSCr-base values calculated using the different
methods. For this purpose, reliability analyses were performed to assess the intraclass correlation coefficients
(ICCs). In addition, descriptive statistics were used to calculate the bias (mean difference) and limit of agreement
(LOA), and the results are depicted as scatterplots. The
secondary outcome was the performance of the various
eSCr-base values in AKI diagnosis and staging. For that
purpose, we compared the AKI diagnoses and stages determined using the various eSCr-base values with those made
using mSCr-base.
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Definitions
AKI was defined as an absolute increase in SCr of 0.3 mg/
dL within 48 hours or a > 50% relative increase in SCr
compared with “SCr-base” during the first 7 days of PICU
admission (higher than stage 1 of the Kidney Disease: Improving Global Outcomes [KDIGO] 2012 criteria) [10]. AKI
was diagnosed and classified according to the definition
of the KDIGO workgroup, which considers the maximum
increase in SCr during the first 7 days of PICU admission.
The urine output criteria were not used because of data
uncertainty.
Statistical analyses
The data were analyzed using IBM SPSS for Windows,
version 21.0 (IBM Corp., Armonk, NY, USA). Continuous
variables with a normal distribution are reported as means
and standard deviations (SDs), and those with skewed
distributions are reported as medians and interquartile
ranges (IQRs). Normality was determined using the Kolmogorov-Smirnov test. Categorical variables are expressed
as numbers and proportions. The agreement between
eSCr-base and mSCr-base was assessed using a reliability
analysis with ICCs. The bias and LOA (defined as the bias
± 1.96 × SD), were calculated using descriptive statistics.
The performance of the various eSCr-base values in AKI
diagnosis and staging was compared with the results with
mSCr-base using chi-square testing in a trend analysis.
Based on crosstables of the mSCr-base and eSCr-base
results, we calculated and report the sensitivity, specificity, positive predictive value (PPV = true positive/[true
positive + false positive]), negative predictive value (NPV
= true negative/[true negative + false negative]), positive
likelihood ratio (PLR = sensitivity/1 – specificity), negative
likelihood ratio (NLR = 1 – sensitivity/specificity), misclassification rate, and percent positive agreement. Kappa
statistics with 95% confidence intervals (CIs) are used to
report the agreement levels. The misclassification rate was
evaluated using McNemar test. For all analyses, variables
with a two-sided p-value of <0.05 were considered statistically significant.
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Table 1. Baseline characteristics of the study population
Variable
No. of patients
Male sex
Age (mo)
Weight (kg)
Height (cm)
Duration of PICU stay (day)
Hospital stay (day)
Underlying disease
Cardiac
Hemato-oncologic
Gastrointestinal/hepatic
Respiratory
Neurologic
Genetic
Endocrinologic
Nephrology
None
Cause of PICU admission
Respiratory problems
Gastrointestinal/hepatic problems
Cardiac problems
Shock
Neurological problems
Hemato-oncologic problems
Nephrological problems
Post-cardiopulmonary arrest
Others
CRRT within 7 days of PICU admission
Presence of AKI
Stage 1
Stage 2
Stage 3
Malnutrition
28-Day mortality
mSCr-base
SCr-eGFR
SCr-ref
SCr-min
SCr-adm
PRISM III score
pSOFA score

Data
710
383 (53.9)
23.0 (7.0–88.0)
10.0 (5.7–21.0)
81.0 (63.0–118.2)
7 (3–16)
37 (19–82)
200 (28.2)
158 (22.3)
121 (17.1)
83 (11.7)
49 (6.9)
44 (6.2)
24 (3.4)
11 (1.6)
19 (2.7)
281 (39.6)
133 (18.7)
103 (14.5)
64 (9.0)
48 (6.8)
30 (4.2)
24 (3.4)
12 (1.7)
15 (2.1)
48 (6.8)
417 (58.7)
166 (39.8)
112 (26.9)
139 (33.3)
192 (27.0)
49 (6.9)
0.19 (0.17–0.31)
0.49 (0.40–0.66)
0.40 (0.30–0.70)
0.21 (0.17–0.34)
0.32 (0.22–0.53)
9.0 (5.3–14.0)
6.0 (4.0–8.0)

Data are expressed as number only, number (%), or median (interquartile
range).
AKI, acute kidney injury; CRRT, continuous renal replacement therapy;
eGFR, estimated glomerular filtration rate; mSCr-base, measured SCrbase (within 3 months prior to admission); PICU, pediatric intensive care
unit; PRISM, Pediatric Risk of Mortality; pSOFA, pediatric Sequential Organ
Failure Assessment; SCr, serum creatinine; SCr-adm, initial SCr value measured at PICU admission; SCr-eGFR, back-calculation of SCr values using
the age-adjusted normal reference value of eGFR; SCr-min, minimum SCr
value measured within 7 days after PICU admission; SCr-ref, normal reference SCr values adopted from pSOFA.

Table 2. The ICCs, bias (mean difference), and LOAs between
mSCr-base and SCr-eGFR, SCr-ref, SCr-min, and SCr-adm
Estimation method
SCr-eGFR
SCr-ref
SCr-min
SCr-adm

ICC
0.35
0.34
0.62
0.57

Bias
–0.27
–0.25
–0.04
–0.22

LOA
1.13
1.19
1.03
1.68

eGFR, estimated glomerular filtration rate; ICC, intraclass correlation coefficients; LOA, limits of agreement; SCr, serum creatinine; SCr-adm, initial
SCr value measured at pediatric intensive care unit admission; SCr-eGFR,
back-calculation of SCr values using age-adjusted normal reference value
of eGFR; SCr-min, minimum SCr value measured within 7 days after pediatric intensive care unit admission; SCr-ref, normal reference SCr values
adopted from the pediatric Sequential Organ Dysfunction Assessment
score.

Results
Baseline characteristics of the study population
A total of 710 patients were included. The median (IQR)
age and body weight were 23.0 months (7.0–88.0 months)
and 10.0 kg (5.7–21.0 kg), respectively. Cardiac (28.2%)
and hemato-oncological disorders (22.3%) were the most
frequently encountered underlying disorders. Respiratory
problems (39.6%) were the most common indication for
PICU admission (Table 1). Forty-eight patients (6.8%) required CRRT within the first 7 days of PICU admission. The
overall 28-day mortality rate was 6.9%. Of all patients, 27%
were malnourished.
Comparison of mSCr-base and eSCr-base
The ICCs between mSCr-base and SCr-eGFR, SCr-ref, SCrmin, and SCr-adm were 0.351, 0.337, 0.623, and 0.571, respectively (Table 2). Fig. 2 shows the degree of agreement
between mSCr-base and each eSCr-base value. According
to the corresponding measurements of agreement, the
largest bias was found between mSCr-base and SCr-eGFR
(–0.21). SCr-adm showed the worst agreement with mSCrbase and the widest LOA interval (1.683), whereas SCr-min
showed the best agreement, with the smallest bias (–0.04)
and narrowest LOA interval (1.032) (Table 2).
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1.0

0.5

0.5

0.0

0.0
0.25
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1.25

0.20

0.40
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C

0.80

1.00

1.20
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D

3.0

3.0
2.5

mSCr-base (mg/dL)

2.5
mSCr-base (mg/dL)

0.60

2.0
1.5
1.0

2.0
1.5
1.0

0.5

0.5

0.0

0.0
0.00
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SCr-min (mg/dL)

0.00

1.00

2.00

3.00

4.00

5.00

SCr-adm (mg/dL)

Figure 2. Scatterplots comparing mSCr-base and estimated SCr-base values derived using four different estimating approaches.
(A) Back-calculation of SCr values using age-adjusted normal reference values for the eGFR (SCr-eGFR). (B) Normal reference SCr values adopted from the pediatric Sequential Organ Dysfunction Assessment score (SCr-ref). (C) Minimum SCr value measured within 7
days after PICU admission (SCr-min). (D) Initial SCr value at PICU admission (SCr-adm).
eGFR, estimated glomerular filtration rate; mSCr-base, measured SCr-base (within 3 months prior to admission); PICU, pediatric intensive care unit; SCr, serum creatinine.

Evaluation of estimated serum creatinine-based performance
Acute kidney injury diagnosis based on different estimated
serum creatinine-based values
The incidence of AKI calculated using mSCr-base was
58.7%, whereas it was overestimated as 63.5% by SCrmin. All other eSCr-base values (SCr-eGFR, SCr-ref, and
SCr-adm) underestimated the incidence of AKI (as 19.1%,
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22.1%, and 23.8%, respectively). Table 3 presents the sensitivity, specificity, PPV, NPV, PLR, NLR, misclassification rate,
percent positive agreement, McNemar test results, and kappa statistics of the various eSCr-base values compared with
mSCr-base. Among the eSCr-base values, SCr-min showed
the best agreement for AKI diagnosis, with a positive percent agreement of 80.8% and kappa statistic of 0.598 (95%
CI, 0.537–0.659).
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Table 3. Performance of the tested estimation methods in diagnosing and staging AKI relative to the use of baseline SCr levels measured preadmission
Estimation Diagnosis Sensitivity Specificity
method
of AKI (%)
(%)
(%)
mSCr-base
SCr-eGFR
SCr-ref
SCr-min
SCr-adm

58.7
19.1
22.1
63.5
23.8

31.5
36.5
87.8
37.9

98.3
98.3
71.0
96.2

PPV

0.962
0.968
0.812
0.935

NPV

PLR

NLR

Percent McNemar Kappa statistics
Misclassifica- agreement
test
tion rate (%)
(95% CI)
(%)
(p-value)

0.506 18.437 0.697
0.521 21.360 0.647
0.803 3.025 0.172
0.521 10.092 0.645

40.3
38.0
19.2
38.0

58.7
62.0
80.8
62.0

<0.001 0.26 (0.22–0.31)
<0.001 0.31 (0.26–0.36)
<0.001 0.60 (0.54–0.66)
<0.001 0.30 (0.25–0.35)

AKI, acute kidney injury; CI, confidence interval; mSCr-base, measured SCr-base (within 3 months prior to admission); NLR, negative likelihood ratio; NPV,
negative predictive value; PLR, positive likelihood ratio; PPV, positive predictive value; SCr, serum creatinine; SCr-adm, initial SCr value measured at pediatric intensive care unit admission.; SCr-eGFR, back-calculation of SCr values using age-adjusted normal reference value of eGFR; SCr-min, minimum SCr
value measured within 7 days after pediatric intensive care unit admission; SCr-ref, normal reference SCr values adopted from the pediatric Sequential
Organ Dysfunction Assessment score.

Table 4. Performance of the tested estimation methods in AKI staging and associated mortality relative to the use of baseline SCr levels measured preadmission
Estimation
method
mSCr-base
SCr-eGFR
SCr-ref
SCr-min
SCr-adm

Category
Staging (%)
28-Day mortality (%)
Staging (%)
28-Day mortality (%)
Staging (%)
28-Day mortality (%)
Staging (%)
28-Day mortality (%)
Staging (%)
28-Day mortality (%)

0
41.2
0.7
80.1
2.8
77.9
2.9
36.5
3.1
76.2
2.4

AKI stage
1
2
23.4
15.8
1.2
7.1
6.5
2.5
13.0
27.8
6.6
4.1
14.9
13.8
32.8
17.2
2.6
11.5
10.1
4.1
12.5
24.1

3
19.6
26.6
10.8
28.6
11.4
27.2
13.5
21.9
9.6
29.4

Misclassification
Percent
McNemar
rate (%)
agreement (%)
test

49.4
49.3
47.9
48.0
23.9
35.4
43.9
44.9

50.8
50.7
52.1
52.0
76.1
64.5
56.1
55.1

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Kappa statistics
(95% CI)

0.22 (0.18–0.26)
0.20 (0.16–0.23)
0.25 (0.20–0.29)
0.27 (0.23–0.31)
0.51 (0.46–0.56)
0.52 (0.47–0.57)
0.30 (0.25–0.34)
0.32 (0.27–0.37)

AKI, acute kidney injury; CI, confidence interval; mSCr-base, measured SCr-base (within 3 months prior to admission); SCr, serum creatinine; SCr-adm,
initial SCr value measured at pediatric intensive care unit admission; SCr-eGFR, back-calculation of SCr values using age-adjusted normal reference value
of eGFR; SCr-min, minimum SCr value measured within 7 days after pediatric intensive care unit admission; SCr-ref, normal reference SCr values adopted
from the pediatric Sequential Organ Dysfunction Assessment score.

Acute kidney injury staging and associated 28-day mortality rate
Using mSCr-base, 23.4%, 15.8%, and 19.6% of AKI cases
were classified as stages 1, 2, and 3, respectively. In the comparison between mSCr-base and the various eSCr-base values, SCr-min showed the best positive percent agreement
of 76.1%, with a kappa statistic of 0.510 (95% CI, 0.463–0.557)
for AKI staging (Table 4). The 28-day mortality rate showed
a statistically significant tendency to increase along with
the AKI stage calculated using mSCr-base and all the eSCr-base values (p < 0.001). The 28-day mortality data sorted
by AKI stage based on SCr-min showed the best agreement
with those sorted by mSCr-base, with a positive percent
agreement of 64.5% and a kappa statistic of 0.522 (95% CI,

0.474–0.569).

Discussion
In this study, we evaluated four different methods for calculating a surrogate SCr-base value for critically ill pediatric
patients and found overall poor agreement with mSCr-base.
No definite consensus-based diagnostic criteria for AKI
are available for children; several standardized criteria
have been adopted from those used in adults, including the
pediatric Risk Injury Failure Loss End-stage Renal Disease
(pRIFLE) criteria, the Acute Kidney Injury Network criteria,
and the KDIGO criteria [5,7,8,10,30]. Most of those criteria
require a baseline kidney function, represented by mSCr-
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base or GFR, to make an AKI diagnosis. However, mSCrbase is missing for up to 50% of patients, which makes the
accurate evaluation of AKI and associated clinical outcomes
difficult [12,13,31]. For patients without mSCr-base data,
several previous studies in adults have evaluated different
estimation methods [13,15,16,18,32], but the pediatric and
adult populations differ in several important, relevant ways.
The most widely used approach in the adult population is
the imputation method with the MDRD equation, which
assumes an eGFR of 75 mL/min/1.73 m2 [13,16,33]. However, the MDRD equation is inappropriate in children because
the normal reference eGFR differs by age, and the age- and
growth-dependent reference ranges for SCr and eGFR values in pediatric patients are wide [21,23,34,35]. In this study,
we used the age-adjusted normal reference values for eGFR
and SCr [21–24] in our SCr-eGFR and SCr-ref, calculations,
respectively. Nonetheless, SCr-eGFR and SCr-ref showed
poor agreement with mSCr-base. The finding that mSCrbase was smaller than both SCr-eGFR and SCr-ref can be
explained using various factors that depend on the conditions of individual patients. Most of the patients included
in this study had underlying disorders, most commonly
cardiac problems. In addition, 27.0% had severe malnourishment, which could be related to decreased muscle mass.
Consequently, assuming that the renal function of critically
ill pediatric patients admitted to a PICU is equivalent to that
of “normal healthy” children may be inappropriate.
Although the definition of mSCr-base used here, an SCr
value measured within 3 months before hospitalization, is
the most widely accepted, the use of mean, most recent, or
nadir outpatient SCr values at time intervals of up to 730
days before hospitalization has been suggested in adult
population studies [11,15,36]. However, in children, the
normal reference values can change significantly over time,
so using older data could lead to AKI evaluation inaccuracies. Furthermore, the use of data from >3 months of hospitalization could mistakenly suggest chronic renal failure.
Therefore, we used SCr values measured within 3 months
before hospitalization as mSCr-base.
SCr-min was another eSCr-base method used in this
study. Although a strong consensus exists that the lowest
SCr value should be used for the SCr-min calculation, the
duration within which the lowest SCr value is determined
varies among the relevant studies, ranging from the whole
hospitalization period to 2 weeks or 3 days after PICU ad-
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mission [11,13,16,17,31,32,37]. In this study, SCr-min was
defined as the lowest SCr value measured within 7 days after PICU admission for the following reasons. First, that time
period is consistent with the diagnostic criteria provided by
pRIFLE and KDIGO. Second, from a clinical standpoint, a
longer time window could impede the prompt evaluation
and management of AKI. Third, the condition of pediatric
patients admitted to a PICU with temporary AKI caused by
dehydration or acute deterioration, often improves dramatically with treatment.
Among the eSCr-base calculation methods tested here,
SCr-min showed the best agreement with mSCr-base (i.e.,
the actual SCr-based value), with the largest ICC, smallest
bias, and best percent agreement in AKI diagnosis, staging,
and the associated 28-day mortality rate. However, it slightly
overestimated the incidence of AKI. The eSCr-base values
calculated using the other methods underestimated the incidence of AKI; thus, the diagnosis and staging of AKI based
on those calculations were inaccurate, with large misclassification rates.
In adult populations, researchers have suggested several
approaches for SCr-base imputation and reported various
degrees of agreement between mSCr-base and their eSCr-base calculations. However, the best technique to use
remains controversial; no definite universal baseline SCr or
eSCr-base method has reached consensus-level support.
In addition, some investigators have expressed significant
disagreement consistent with our results and suggested the
use of recorded SCr values whenever possible [15,32,38].
Critically ill patients in intensive care unit settings differ
from the normal healthy population in many important
ways that can affect their SCr values, renal function, and
AKI evaluation, such as chronic illness, impaired nutritional
status, decreased muscle mass, fluid imbalance, and the use
of various medications [31]. Likewise, individual characteristics and clinical situations might need to be considered to
accurately estimate SCr-base and achieve good agreement
with the actual mSCr-base. In this study, SCr-min showed
the best agreement with mSCr-base, which suggests that
considering individual traits might provide a better estimate
of a patient’s steady-state than using a value assumed to
represent “normal healthy” children.
On the other hand, SCr itself has several drawbacks as a
marker of renal function. It is affected by age, sex, ethnicity,
dietary factors, and muscle mass. In addition, it is actively
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secreted by the proximal tubule, leading to an overestimation of GFR. There is also a time lag between significant
renal injury and the elevation of SCr levels. Cystatin C was
recently introduced as an alternative endogenous marker
of renal function because it is freely filtered by the renal
glomerulus, does not have non-renal elimination or glomerular secretion, and is independent of muscle mass.
Consequently, cystatin C measurement could provide some
advantages in evaluating AKI, especially in critically ill children [39,40]. Large-scale, well-designed studies of pediatric
patients are needed to develop pediatric-specific definitions, diagnostic tools, and staging criteria for AKI that use
proper markers, including cystatin C.
This study has some limitations. First, it was a single-center retrospective study. Due to the characteristics of the
study population, the results might have limited generalizability. Second, in back calculating SCr from eGFR, we used
the original Schwartz equation (instead of the revised bedside Schwartz equation) because it was derived from SCr
measured using the Jaffe method, which is used to measure
SCr in our institution. However, the kinetic Jaffe assay can
be affected by factors such as albumin, glucose, and bilirubin in ways that can result in the overestimation of SCr
[25,27,41].
Third, mSCr-base was defined as the lowest value within 3
months before PICU admission. All the SCr values included
were measured regardless of the patients’ status and whether they were drawn in the emergency room or at outpatient
clinics. Those values might not fully represent the patients’
best normal condition. Fourth, only SCr-based criteria were
used for AKI diagnosis and classification. However, a recent
report emphasizes that changes in urine output can be
helpful for detecting AKI that might be missed when using
only SCr criteria [2].
Despite those limitations, this study has several strengths.
Its main advantage is that, to the best of our knowledge, it is
the first to evaluate different eSCr-base methods in critically
ill pediatric patients. In addition to considering methods
widely studied and used in adult populations, we examined
the characteristics of the children and used age-adjusted
normal reference SCr and eGFR values. We further evaluated not only the agreement between each eSCr-base
and mSCr-base, but also the clinical performance of each
eSCr-base and mSCr-base in AKI diagnosis and staging to
determine which method could be most useful in clinical

practice. Because this was a single-center study, unified diagnosis and staging using the same criteria and general intensive care were applied consistently throughout the study
period, which reduced the number of confounding factors.
In conclusion, the diagnosis and staging of AKI are greatly
affected by the SCr-base value used; therefore, the careful
selection of an appropriate SCr-base is important. In this
study, SCr-min showed the best agreement with mSCr-base
in both the actual SCr value calculated and the diagnosis
and staging of AKI. However, further large-scale studies are
required to establish definite, accurate diagnostic and staging criteria for AKI in critically ill pediatric patients.
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Index in acute kidney injury patients underwent
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Background: Comorbid conditions impact the survival of patients with severe acute kidney injury (AKI) who require continuous renal
replacement therapy (CRRT). The weights assigned to comorbidities in predicting survival vary based on type of index, disease, and
advances in management of comorbidities. We developed a modified Charlson Comorbidity Index (CCI) for use in patients with AKI requiring CRRT (mCCI-CRRT) and improved the accuracy of risk stratification for mortality.
Methods: A total of 828 patients who received CRRT between 2008 and 2013, from three university hospital cohorts was included
to develop the comorbidity score. The weights of the comorbidities were recalibrated using a Cox proportional hazards model adjusted
for demographic and clinical information. The modified index was validated in a university hospital cohort (n = 919) using the data of
patients treated from 2009 to 2015.
Results: Weights for dementia, peptic ulcer disease, any tumor, and metastatic solid tumor were used to recalibrate the mCCI-CRRT.
Use of these calibrated weights achieved a 35.4% (95% confidence interval [CI], 22.1%–48.1%) higher performance than unadjusted
CCI in reclassification based on continuous net reclassification improvement in logistic regression adjusted for age and sex. After additionally adjusting for hemoglobin and albumin, consistent results were found in risk reclassification, which improved by 35.9% (95%
CI, 23.3%–48.5%).
Conclusion: The mCCI-CRRT stratifies risk of mortality in AKI patients who require CRRT more accurately than does the original CCI,
suggesting that it could serve as a preferred index for use in clinical practice.
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Introduction

Methods

Despite advances in critical care medicine over the past
decades, treatment outcomes for patients admitted to the
intensive care unit (ICU) with acute kidney injury (AKI)
remain poor [1,2]. Since continuous renal replacement
therapy (CRRT), developed by Kramer in 1977, has become
an indispensable treatment option for critical care, the
mortality rate of severe AKI patients who require CRRT has
remained very high over the past 40 years, likely due to the
increased severity of underlying disease. Since the number
and severity of underlying comorbid diseases are among
the main causes of such an increase [1–3], predicting prognosis using an appropriate scoring system is important in
treating critically ill AKI patients as well as for providing
and allocating medical resources.
The Charlson Comorbidity Index (CCI) is the most widely used tool to evaluate the effects of comorbid diseases on
patient prognosis, and its use has been validated in various
acute/chronic conditions, including kidney diseases [4].
However, since the CCI was created originally as an index
for general ward-admitted patients with various comorbid
diseases, it is questionable whether each disease covered
by the index exerts the same impact in severe AKI patients
requiring CRRT. Since the index was developed 30 years
ago, there is an inherent disadvantage that the effects of
the diseases addressed might have changed with treatment
technology. Recently, various tools such as the Davies index and the Index of Coexistent Disease score [5–7] have
been created to evaluate the burden of coexistent chronic
diseases. Nevertheless, the CCI remains the most widely
used and clinician-friendly scoring system [4]. Although
a series of studies has recalibrated and validated CCI for
patients undergoing peritoneal dialysis, hemodialysis, and
renal transplantation, research regarding CRRT patients
is lacking [8–10]. Therefore, we recalibrated the weight of
comorbidities on mortality in severe AKI patients requiring
CRRT by modifying the original CCI (mCCI) and validated
the performance of the new mCCI index compared with
that of the original CCI.

Data collection in the development cohort
We collected data from 858 AKI patients aged ≥18 years who
received CRRT from Seoul National University Hospital (n
= 439), Seoul National University Boramae Medical Center
(n = 218), or Dongguk University Ilsan Hospital (n = 201)
between 2008 and 2013, as the development cohort. We excluded patients who had incomplete data regarding hemoglobin and albumin levels (n = 30). Therefore, the following
demographic and clinical information were obtained for
828 AKI patients: sex, age, hemoglobin and albumin at
baseline, 28-day mortality, and the 15 comorbidities constituting the CCI (peripheral vascular disease, dementia,
myocardial infarction, congestive heart failure, cerebrovascular disease, hemiplegia, diabetes, diabetes with end
organ damage, chronic pulmonary disease, connective
tissue disease, peptic ulcer disease, any tumor, metastatic
solid tumor, mild liver disease, and moderate to severe liver
disease), defined based on the International Classification
of Disease, the 10th Revision (ICD-10). Although there is a
criterion for classifying moderate/severe renal disease in
the original CCI appendix, scoring for underlying kidney
disease was excluded. This is because our study population
was composed of CRRT patients, who are those with severe
AKI. These data were confirmed by trained clinicians at
each medical center.
This study is in compliance with the Declaration of
Helsinki and received full approval from the Institutional
Review Boards of Seoul National University Hospital (No.
H-1404-028-568), Seoul National University Boramae Medical Center (No. 26-2014-15), Yonsei University Severance
Hospital (No. 4-2021-0082), and Dongguk University Ilsan
Hospital (No. DUIH 2018-12-010-012). Informed consent
was waived for this study because retrospective data were
used.
Data collection in the validation cohort
A total of 1,144 patients who received CRRT at Yonsei University Severance Hospital participated in the validation
cohort between 2009 and 2015. We excluded 225 patients
with missing information regarding albumin (n = 216) and
comorbidities (n = 9). Finally, information on age, sex,
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albumin, hemoglobin, and CCI score of 919 patients was
collected.
Statistical analyses
Baseline characteristics in the development and validation
cohorts were described using mean and standard deviation for continuous variables and frequency and percentile for categorical variables. The primary outcome of this
study was 28-day all-cause mortality, which was observed
in each hospitalization. To estimate the calibrated weights
of 15 comorbidities in AKI patients, Cox proportional hazard models were used after being stratified by age (<50,
50–59, and ≥60 years) and treatment center in the development cohort and adjusted for sex, albumin, hemoglobin, and the 15 comorbidities. We tested the proportional
hazard assumption using the Schoenfeld test. After estimating the hazard ratios (HRs) of the comorbidities in the
survival model, the modified CCI of CRRT patients (mCCI-CRRT) was calculated using each significant HR among
the CCI diseases divided by the lowest significant HR. The
comorbidity score of the mCCI-CRRT for each patient
was the sum of the rounded weights. We obtained Kaplan-Meier curves stratified into three categories (<2, 2–4,
≥5) for the original CCI and the mCCI-CRRT scores in the
development and validation cohorts to compare the performances. The index discriminations between CCI and
mCCI-CRRT were assessed by C-statistics and continuous
net reclassification improvement (cNRI). The C-statistic
was the area under the receiver operator curve between
sensitivity and 1-specificity. To overcome the disadvantages of C-statistics, such as difficulty in clinical interpretation and unclear decision threshold, cNRI, which is the
sum of the proportion in event prediction of the event
group (cNRIevent) and the non-event prediction of the nonevent group (cNRInon-event) was used [11]. Improvement in
the mortality prediction of mCCI-CRRT compared to the
age-adjusted and original CCI was estimated using a logistic regression model adjusted for sex and age in model
1 and additionally adjusted for hemoglobin and albumin
in model 2. All analyses were conducted using R software,
version 4.0.2 (R Foundation for Statistical Computing,
Vienna, Austria) and p < 0.05 was considered statistically
significant.
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Results
Baseline characteristics of both the development and validation cohorts are presented in Table 1. In the development
cohort, most participants were in the ≥60-year age group at
initiation of CRRT therapy, and 61.0% of patients were male.
Similar distributions were observed regarding age and sex
in the validation cohort. The average follow-up duration
and 28-day mortality rate during hospitalization were 14.45
± 11.96 days and 61.5% (n = 509) in the development cohort,
respectively, and 18.92 ± 11.25 days and 58.8% (n = 540)
in the validation cohort. In the development cohort, most
subjects (82.6%) had one or more comorbidities. Among
the 15 comorbidities, tumor was the most prevalent (24.4%),
followed by diabetes without end organ damage (19.6%),
moderate to severe liver disease (18.1%), and congestive
heart failure (18.0%). Additionally, 34.5% of the patients in
the validation cohort had diabetes without end organ damage, followed by any tumor (31.9%), diabetes with end organ damage (24.4%), and congestive heart disease (16.5%).
Table 2 lists the β coefficients, adjusted HR, and weights
for each comorbidity in the Cox proportional hazard model.
We confirmed a relationship between time and residuals in
proportional hazard assumption using the Schoenfeld test
(p = 0.76). The original CCI calculated the adjusted relative
risk of each item for 1-year mortality. A relative risk of <1.2
was excluded from the weight calculation. Relative risk
from 1.2 to <1.5 was set as a weight of 1, from 1.5 to <2.5 as
a weight of 2, from 2.5 to <3.5 as a weight of 3, and relative
risk ≥3.5 was set as a weight of 6 [4]. Unlike the original
CCI, weighting of the mCCI-CRRT was derived by dividing
the significant HR of each item by the significant smallest
adjusted HR (peptic ulcer disease). Metastatic solid tumor
scored 5 points and was the strongest predictor of mortality
among the comorbidities, followed by a score of 3 for any
tumor (including leukemia and lymphoma) and a score of 1
for dementia and peptic ulcer disease.
The total scores of the original and recalibrated weights
were allocated to each patient in the development cohort.
The median CCI and mCCI-CRRT in the development cohort were 2 and 0, respectively (Fig. 1). We categorized the
CCI and mCCI-CRRT into three score categories using the
same cutoff values (<2, 2–4, ≥5) to compare the probability of survival using CCI and mCCI-CRRT. Fig. 2 illustrates
the Kaplan-Meier curves for the CCI (Fig. 2A, C) and mC-
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Table 1. Descriptive characteristics in the development and validation cohorts
Variable
No. of subjects
Age (yr)
<50
50–59
≥60
Sex
Male
Female
28-Day mortality
Follow-up duration (day)
Hemoglobin (g/dL)
Albumin (g/dL)
Comorbidity
No comorbidity
Peripheral vascular disease
Dementia
Myocardial infarction
Congestive heart failure
Cerebrovascular disease
Hemiplegia
Diabetes, without end organ damage
Diabetes, with end organ damage
Chronic pulmonary disease
Connective tissue disease
Peptic ulcer disease
Any tumor
Metastatic solid tumor
Mild liver disease
Moderate to severe liver disease
Charlson Comorbidity Index score
APACHE II score
SOFA score

Development cohort
828

Validation cohort
919

111 (13.4)
132 (15.9)
585 (70.7)

162 (17.6)
172 (18.7)
585 (63.7)

505 (61.0)
323 (39.0)
509 (61.5)
14.45 ± 11.96
9.86 ± 2.25
2.68 ± 0.55

567 (61.7)
352 (38.3)
540 (58.8)
18.92 ± 11.25
9.66 ± 2.26
2.71 ± 0.52

144 (17.4)
23 (2.8)
32 (3.9)
98 (11.8)
149 (18.0)
74 (8.9)
44 (5.3)
162 (19.6)
134 (16.2)
31 (3.7)
26 (3.1)
49 (5.9)
202 (24.4)
25 (3.0)
69 (8.3)
150 (18.1)
3.4 ± 2.35
28.16 ± 7.69
12.83 ± 3.41

140 (15.2)
36 (3.9)
33 (3.6)
86 (9.4)
152 (16.5)
91 (9.9)
20 (2.2)
317 (34.5)
224 (24.4)
66 (7.2)
22 (2.4)
105 (11.4)
293 (31.9)
89 (9.7)
119 (12.9)
76 (8.3)
3.16 ± 2.28
27.47 ± 7.65
13.33 ± 3.59

Data are expressed as number only, number (%), or mean ± standard deviation.
APACHE II, Acute Physiology And Chronic Health Evaluation II; SOFA, sequential organ failure assessment.

CI-CRRT (Fig. 2B, D) differentiated by the three risk groups
in both cohorts. When the survival probability was classified
by CCI in the development (Fig. 2A) and validation (Fig. 2C)
cohorts, survival curves for the ≥5 and 2 to 4 groups intersected and overlapped, while group differences based on
the log-rank test were significant in the validation cohort.
However, survival curves of mCCI-CRRT (Fig. 2B) showed
differences in survival probability according to the classification of risk scores in the development cohort (p < 0.01).
In addition, survival probability analysis showed a decrease
in mCCI-CRRT (Fig. 2D) as risk increased, with significant

between-group differences in the validation cohort.
We estimated the mortality prediction of mCCI-CRRT
compared to those of CCI and age-adjusted CCI in the validation cohort using C-statistics (Table 3). Significant difference was observed in the comparison between CCI (0.54;
95% confidence interval [CI], 0.50–0.58) and mCCI-CRRT
(0.59; 95% CI, 0.55–0.62) (p = 0.01). However, the C-statistics
difference in the age-adjusted CCI (0.58; 95% CI, 0.54–0.61)
compared with that of the mCCI-CRRT was not significant (p
= 0.60). Our calibrated weights in the mCCI-CRRT achieved
a 35.4% (95% CI, 22.1%–48.1%) higher performance than
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Table 2. Weights of mCCI-CRRT based on Cox proportional hazard model compared with original CCI
Variable
Female sex
Albumin
Hemoglobin
Peripheral vascular disease
Dementia
Myocardial infarction
Congestive heart failure
Cerebrovascular disease
Hemiplegia
Diabetes, without end organ damage
Diabetes, with end organ damage
Chronic pulmonary disease
Connective tissue disease
Peptic ulcer disease
Any tumor
Metastatic solid tumor
Mild liver disease
Moderate to severe liver disease

Coef
0.07
–0.44
0.03
–0.14
–0.58
–0.06
–0.16
–0.17
–0.46
–0.12
–0.19
0.26
0.14
–0.68
0.40
0.87
0.00
0.14

SE
0.09
0.09
0.02
0.29
0.27
0.17
0.15
0.16
0.24
0.12
0.13
0.2
0.25
0.22
0.11
0.24
0.17
0.12

HR
1.08
0.65
1.03
0.87
0.56
0.94
0.85
0.84
0.63
0.89
0.83
1.30
1.15
0.51
1.50
2.38
1.00
1.15

p-value
0.43
0.001
0.22
0.62
0.03
0.72
0.29
0.28
0.06
0.31
0.17
0.20
0.57
0.001
0.001
0.001
0.99
0.24

CCI

mCCI-CRRT

1
1
1
1
1
2
1
2
1
1
1
2
6
1
3

0
1
0
0
0
0
0
0
0
0
1
3
5
0
0

CCI, Charlson Comorbidity Index; Coef, coefficient; HR, hazard ratio; mCCI-CRRT, modified CCI-continuous renal replacement therapy; SE, standard error.
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Figure 1. Distribution of the CCI (A) and mCCI-CRRT (B) in the development cohort.
CCI, Charlson Comorbidity Index; mCCI-CRRT, modified CCI-continuous renal replacement therapy.

did CCI in reclassification, based on cNRI in logistic regression adjusted for age and sex. After additionally adjusting
for hemoglobin and albumin, consistent results were found
in risk reclassification improvement by 35.9% (95% CI,
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23.3%–48.5%). In comparison with age-adjusted CCI, mCCI-CRRT significantly improved the net risk reclassification
of mortality by 22.9% (95% CI, 9.9%–35.8%) in model 1 and
by 15.2% (95% CI, 2.1%–28.2%) in model 2.
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Figure 2. Kaplan-Meier curve of CCI and mCCI-CRRT score groups in development (A, B) and validation (C, D) cohorts.
CCI, Charlson Comorbidity Index; mCCI-CRRT, modified CCI-continuous renal replacement therapy.

Discussion
In this study, we modified the original CCI using the AKICRRT cohort database of three hospitals in Korea to provide
better risk stratification in AKI patients requiring CRRT.
Furthermore, we validated the accuracy of the modified index by comparing its performance with that of the original
index using data of independent hospitals for the development cohort. We found that mCCI-CRRT exhibited better

risk stratification performance for mortality in incident AKICRRT patients compared with that provided by the original
CCI.
In patients with severe AKI requiring CRRT, the effect of
comorbidities on outcome is considerable and warrants development of a comorbidity index [12,13]. However, for the
original CCI, the scoring system was created with a development cohort of patients admitted to a general ward with
various disease entities, while validation was performed on
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Table 3. Model performance of the mCCI-CRRT in the validation cohort
Variable
CCI vs. mCCI-CRRT
CCI
mCCI-CRRT
p-value
Age-adjusted CCI vs. mCCI-CRRT
Age-adjusted CCI
mCCI-CRRT
p-value

C-statistics

cNRIa

cNRIb

0.54 (0.50–0.58)
0.59 (0.55–0.62)
0.01

35.4 (22.1–48.1)

35.9 (23.3–48.5)

0.001

0.001

0.58 (0.54–0.61)
0.59 (0.55–0.62)
0.6

22.9 (9.9–35.8)

15.2 (2.1–28.2)

0.001

0.02

CCI, Charlson Comorbidity Index; cNRI, continuous net reclassification improvement; mCCI-CRRT, modified CCI-continuous renal replacement therapy.
a
Adjusted for age and sex; badjusted for age, sex, hemoglobin, and albumin.

breast cancer patients [4]. Therefore, it might not be appropriate to apply the original CCI in AKI patients requiring
CRRT. To our knowledge, there have been few attempts to
recalibrate the CCI of patients requiring CRRT. Therefore,
this study is meaningful in that it used a large sample of incident AKI-CRRT patients and validated the index using an
independent observational cohort.
The disease weights in the original CCI showed many
changes when using the mCCI-CRRT. When considering
only HR without statistical significance, the more prevalent
causes of septic AKI (metastatic solid tumor, any tumor,
connective tissue disease, chronic pulmonary disease, and
moderate to severe liver disease) showed higher HR values. In contrast, HRs tended to be <1.0 in common causes
of ischemic AKI, hypovolemic AKI, and postoperative AKI
(peptic ulcer disease, dementia, hemiplegia, cerebrovascular disease, congestive heart failure, and myocardial infarction) [14].
Metastatic solid tumors show the highest weight, even in
mCCI-CRRT [15–18]. Although target therapy and immunotherapy, which did not exist in the 1980s when the original
CCI was developed, are used widely and new anticancer
drugs are being developed, the mortality and risk of sepsis
and septic AKI in cancer patients remain high. This highest
weight also might be due to cancer treatment-related immune dysfunction and secondary infections [19,20].
Although the difference was not statistically significant,
the weight of connective disease in mCCI-CRRT increased
from 1 to 2 compared with the original CCI. Recently, biologics such as tumor necrosis factor-α or interleukin-6
blocking monoclonal antibodies, which did not exist 25
years ago, have been used for various autoimmune diseases
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and connective tissue disorders [21]. The disturbance of the
immune system following the use of these biologics is believed to cause sepsis more frequently and is more difficult
to treat in patients with connective tissue disease [22,23].
On the other hand, the weights of diabetes and hemiplegia
were lower in the mCCI-CRRT group than in the original
CCI group. Since CCI was first developed in 1977, the guidelines for diabetes control have become more sophisticated, and the target serum glucose level has been lowered,
which might decrease the risk of mortality due to diabetes.
In this study, peptic ulcer disease showed a statistically
significant hazard ratio. Previous studies have shown that
the incidence of stress-induced ulcers was high in critically
ill patients receiving ICU care [24–26]. In one observational retrospective study, 90-day mortality was significantly
higher in a bleeding group among patients admitted to the
ICU, but there was no difference in mortality at <28 days
compared to the non-bleeding group [24]. In another study,
critically important gastrointestinal (GI) bleeding was not
significantly related to 90-day mortality in patients who received ICU care for more than 7 days, and 90-day mortality
was increased by comorbidities such as liver disease, renal
replacement therapy, and coagulopathy [27]. Finally, based
on a recent randomized trial comparing proton pump inhibitor and placebo groups in critically ill patients admitted
to the ICU, 90-day mortality and the number of clinically
important events did not show significant difference between the two groups [28]. These studies show that GI
bleeding had relatively little influence on mortality in critically ill patients compared to other comorbidities, which is
consistent with the results of this study.
In both the original CCI and mCCI-CRRT, there was no
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statistically significant difference in mortality between men
and women, as shown in Table 2. Previous studies have
found similar lack of association. Zettersten et al. [29] reported no difference in mortality between men and women
in a retrospective cohort analysis of approximately 9,000
patients admitted to a Swedish university hospital ICU between 2006 and 2016. Sakr et al. [30] reported that the overall ICU mortality rate did not differ significantly between
males and females in 3,902 patients admitted to one of 24
participating medical and/or surgical ICUs between April
2006 and September 2006.
Our study has some limitations. First, risk stratification
for underlying chronic diseases was performed without
considering the differences in acute antecedent factors
such as myocardial infarction, bleeding, or sepsis that cause
AKI. In this situation, the acute medical condition requiring
CRRT is severe, and the contribution of underlying chronic
diseases can be underestimated. Second, this dataset only
included serum hemoglobin and albumin levels among
many laboratory measures. Thus, we could not adjust for
other variables such as baseline serum creatinine, quantitative proteinuria, or prothrombin time for recalibrating
the weights of comorbidities. In addition, since there were
no patients with acquired immunodeficiency syndrome in
either cohort, this condition was not taken into consideration. Third, this is a scoring system created from a cohort
composed of a single racial group, and it might not be generalizable or applicable to other racial groups and populations. Additional validation using disease-specific cohorts
and other national data is necessary. Fourth, since the underlying comorbidity information is based on the ICD-10
code registered in the diagnosis window of electronic health
records, specific relative risk of mortality could be underestimated. Finally, since information on CRRT dose, which
is an important factor for CRRT patients, was not collected,
there might be a difference in CRRT dose between the development and validation cohorts. However, since the sample size of each cohort was large and the same CRRT protocol was used, a large difference in CRRT dose between the
two cohorts was less likely. In addition, our study focused
on pre-existing conditions, i.e., underlying comorbidities
prior to CRRT initiation. Therefore, we did not consider
post-CRRT factors.
A major strength of our study is that the new index was
created based on a relatively large cohort from a multi-cen-

ter ICU, and it was validated with an independent, similarly
sized cohort, which is quite large in terms of CRRT-related
studies. Lastly, the mCCI-CRRT demonstrated superior performance in a head-to-head comparison with the original
CCI.
In conclusion, we suggest use of the new mCCI-CRRT
scoring system that offers superior risk stratification for
mortality in incident AKI-CRRT patients compared with the
original CCI. In addition, this could be a preferred scoring
system in clinical practice and statistical analysis in epidemiological research. As treatment options for various
diseases develop, the effects of individual chronic diseases
on mortality will change. Therefore, this edition of the mCCI-CRRT is not final, and it will require periodic updates to
remain current and fit the trends over time.
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Humoral response to viral vector COVID-19 vaccine in
hemodialysis patients
Niranjan Raja, Arul Rajagopalan, Jegan Arunachalam, Arun Prasath, Rakesh Durai, Manorajan Rajendran
Department of Nephrology, Madurai Medical College, Madurai, India

Background: The coronavirus disease 2019 (COVID-19) vaccine is not readily available in many countries where dosing interval is
spaced more than ideal. Patients with chronic kidney disease, especially those on maintenance hemodialysis, have a tendency for a
reduced immune response. This study was undertaken to demonstrate the distinct humoral immune response to the viral vector
COVID-19 vaccine in patients with kidney failure receiving maintenance hemodialysis.
Methods: The study was carried out with two cohorts: 1) patients receiving maintenance hemodialysis and 2) healthcare workers
from the same dialysis center as controls, each group with 72 subjects. Participants received a dose of Covishield ChAdOx1 nCoV-19
coronavirus vaccine. The humoral immunological response was determined using electrochemiluminescence immunoassay which
quantitatively measures antibodies to the severe acute respiratory syndrome coronavirus 2 spike protein receptor-binding domain.
Results: All study subjects in the control group developed a humoral response (antibody titer of ≥0.8 U/mL), while only 64 of 72 in
the dialysis group (88.9%) were responders. Age (ρ = –0.234, p = 0.04) and sodium level (ρ = 0.237, p = 0.04) correlated with low
antibody titer in bivariate analysis. In multivariate analysis, only age (odds ratio, 1.10; 95% confidence interval, 1.01–1.22; p = 0.045)
was associated with nonresponders.
Conclusion: Our study demonstrated a weak antibody response of hemodialysis patients to the viral vector COVID-19 vaccine. Older
age was associated with nonresponders. Evaluation of both humoral and cellular immunity after the second vaccine dose and serial
antibody titers can help determine the need for booster shots.
Keywords: Antibody formation, Secondary immunization, Chronic kidney failure, COVID-19, Hemodialysis

Introduction
The coronavirus disease 2019 (COVID-19) pandemic has
severely affected countries worldwide. Vaccination of the
majority of the population is an effective method to end the
pandemic. However, vaccine availability remains unfeasible in many parts of the world, especially in developing

nations. Although in many countries, including India, the
replication-defective viral vector vaccine, ChAdOx1 nCoV19 (Oxford-AstraZeneca), was administered initially as two
doses 4 weeks apart, it was later spaced to 12 to 16 weeks
for better coverage of the population with at least a single dose and due to improved efficacy with the increased
interval between doses [1]. The delay of the second dose
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might be appropriate for the general population; however, patients with chronic kidney disease (CKD), especially
those receiving maintenance hemodialysis, tend to have a
reduced immune response, as evidenced with the hepatitis
B virus vaccine [2] and other vaccinations [3,4].
Furthermore, these patients suffer from high morbidity
and mortality due to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [5,6] and are at high risk of
contracting the infection due to continuous visits to medical facilities and exposure to other people, even during
peak times of the COVID-19 pandemic [7]. This study was
undertaken to demonstrate the distinct humoral immune
response in patients with kidney failure receiving maintenance hemodialysis. The antibody titers against the SARSCoV-2 spike (S) protein were evaluated in maintenance hemodialysis patients and compared with those in healthcare
workers in the same center as controls.

Methods
Study design
Study participants
This study was conducted in our hemodialysis center with
two cohorts: 1) patients receiving maintenance hemodialy-

sis and 2) healthcare workers from the same dialysis center
as controls. Participants received a dose of Covishield ChAdOx1 nCoV-19 coronavirus vaccine (recombinant) developed by AstraZeneca (Cambridge, United Kingdom), and
manufactured by Serum Institute of India Pvt Ltd. (Pune,
India) from COVID-19 vaccination centers deputed by the
government. All patients received the standard dose (0.5
mL) of the vaccine containing 5 × 1010 viral particles [8].
A total of 141 patients was receiving maintenance hemodialysis in our center. At the time of the study, 20 patients
had been vaccinated for approximately 6 to 7 weeks and
were waiting for their scheduled second dose at 12 to 16
weeks, and 72 patients had been vaccinated 4 weeks prior.
Twenty-one patients had a history of COVID-19 infection,
22 were not vaccinated at the time of the study, and six refused to get vaccinated. Participant selection is shown in
Fig. 1.
Seventy-two patients included in the study were receiving maintenance hemodialysis in our center and had been
vaccinated with the first dose 4 weeks prior. Subjects who
were younger than 18 years, had a history of COVID-19 infection, were vaccinated previously at 6 weeks or more, or
had an acute illness at the time of the study were excluded.
In addition, 72 healthcare workers from the same dialysis
center were enrolled as controls for the study.

Health-care workers of the
dialysis center

Patients on hemodialysis
(n = 141)

Health-care workers
vaccinated between 4 and 6
wk before selected
(n = 72)

Patients vaccinated between
4 and 6 wk before selected
(n = 72)

Excluded
· Vaccinated before 6 weeks or earlier (n = 20)
· History of COVID-19 infection (n = 21)
· Not vaccinated (n = 22)
· Refused vaccination (n = 6)

Informed consent and enrolment

Sample of controls
(n = 72)

Sample of dialysis patients
(n = 72)

Figure 1. Study participant selection. All participants, including the controls, provided blood samples in the 5th week after vaccination.
COVID-19, coronavirus disease 2019.
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Antibody measurement
The humoral immunological response was determined
by measuring antibody titers using electrochemiluminescence immunoassay with Elecsys Anti-SARS-CoV-2 S on
a Cobas 6000 analyzer e 601 module (Roche Diagnostics,
Rotkreuz, Swiss) [9]. This test is an immunoassay for in
vitro quantitative determination of antibodies (including
immunoglobulin G [IgG]) to the SARS-CoV-2 S protein receptor-binding domain (RBD) in human serum and plasma. In previous studies, although full-length and fragments
of S protein induced specific antibodies with neutralizing
activity, the RBD was suggested as a major target for eliciting highly potent neutralizing antibodies with protective
efficacy [10]. This test has a linear range of 0.4 to 250 U/mL.
Titers of <0.8 U/mL were considered nonreactive and ≥0.8
U/mL reactive.
Data and sample collection
Informed consent was obtained from the participants
including controls for drawing blood samples and participation in the study. Demographic details, medical history,
and adverse events following vaccination of the patients
and controls were collected with a proforma. Venous blood
samples were taken from the patients during their dialysis
visits before the initiation of the session.
Although the SARS-CoV-2 antibodies against S antigen
and its subunits can be detected as early as 1 to 3 weeks
after an infection or vaccination, the test used attains maximum sensitivity by the 5th week [9]. Therefore, all samples
were collected between 28 and 35 days after the first dose
of the vaccine for both patients and controls. Body mass index (BMI) was defined as dry weight in kilograms divided
by the square of the height in meters.
Statistical analyses
Statistical analysis was performed using the IBM SPSS ver.
23.0 (IBM Corp., Armonk, NY, USA). All categorical variables were presented as frequency and percentage and
continuous variables as either mean (standard deviation)
or median (interquartile range). The shape of the data
distribution of antibody titers was assessed using the histogram/Shapiro-Wilk test. The chi-square test and Fisher
exact test were used to determine the difference between
the dialysis and control groups based on proportion values,
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and an independent sample t test or Mann-Whitney U test
was used to determine the difference among the groups
based on continuous values. Spearman correlation was
used to determine the relationship between antibody titers
and demographic and laboratory parameters. Multivariate
logistic regression was used to determine the most important predictors of nonreactive antibody titers. BMI was
classified based on Asian BMI classification guidelines. A
p-value of <0.05 was considered statistically significant.
Ethics statement
The Institutional Ethics Committee in our hospital requires
approval only for original research with trial/experimental
interventions (procedure/drugs) administered patients
(approval No. DHR Reg.No.EC/NEW/INST/2020/484).
These patients were not treated with any trial/experimental therapy. All procedures followed the guidance of the
Declaration of Helsinki. Written informed consent was obtained from the patients for participation in the study and
for performing investigations.

Results
The dialysis and control groups each included 72 participants. The majority of patients in the dialysis group were
males (80.6%) and in the control group females (66.7%). The
average age in the dialysis group was higher (46.14 ± 8.89
years) than in the control group (40.35 ± 6.65 years). Mean
BMI was lower in the dialysis group (20.87 ± 4.26 kg/m2).
The majority of patients (n = 48) had hypertension
(66.7%), 20 (27.8%) had diabetes mellitus, four (5.6%) had
dilated cardiomyopathy, four (5.6%) had a history of cerebrovascular accident, and two (2.8%) had hypothyroidism.
Among patients in the dialysis group, 36 (50.0%) had hepatitis C virus (HCV) infection at the time of the study, and
26 (36.1%) were receiving treatment. On average, the dialysis duration was 8.65 ± 6.68 months; four patients (5.6%)
had permanent catheters, and the remaining patients had
arteriovenous fistula for hemodialysis access. None of the
study participants were on or received immunosuppressive
agents at least 3 months prior to the study.
Diabetic kidney disease was the most common native
kidney disease, observed in 18 patients (25.0%), followed
by chronic glomerulonephritis in 14 (19.4%), chronic in-
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terstitial nephritis in six (8.3%), obstructive uropathy in
five (6.9%), hypertensive nephrosclerosis in three (4.2%),
and autosomal dominant polycystic kidney disease in two
(2.8%). Native kidney disease was not known in 24 (33.3%)
patients because many patients in India present with advanced stages of CKD. Among control subjects, four (5.6%)
had diabetes mellitus, and two (2.8%) had hypertension.
Demographic details, clinical characteristics, and laboratory results of the study subjects are shown in Table 1.

nonreactive titer group subjects regarding HCV infection,
diabetes mellitus, BMI, dialysis duration, lymphocyte count,
and adverse events such as fever and myalgia (Table 4).
A multivariate logistic regression model was used to construct the statistical model to predict the risk of nonreactive
antibody titers using the most significant two factors correlating with low antibody titers identified based on bivariate analysis, age, and sodium levels (Table 5). Only age (p
= 0.045) was a statistically significant independent variable
associated with nonreactive antibody titers.

Lower humoral response in the dialysis group

Discussion
All study subjects in the control group developed a positive
humoral response defined based on a value of ≥0.8 U/mL
compared with only 64 of 72 (88.9%) in the dialysis group
(Table 1). All eight patients with nonreactive antibody titers
were older (greater than the mean age of the dialysis group),
four were HCV infected, and two had diabetes mellitus.
Adverse events
Fever and myalgia were significantly more common in the
control subjects (Table 2). Other adverse events such as
pain at the local site, pruritus, or abdominal pain were observed in only a few patients. Serious adverse events were
not observed in any study subjects.
Factors affecting antibody titers
In the dialysis group, age negatively correlated with antibody titer (Table 3); titer was lower with increasing age
(Spearman correlation ρ = −0.234, p = 0.04). Dialysis dose
(Kt/V) did not correlate with antibody titer (ρ = 0.085, p =
0.75). Similarly, hemoglobin (ρ = 0.003, p = 0.98) and albumin levels (ρ = 0.147, p = 0.22) did not correlate with titer.
Bivariate analysis of laboratory results, sex, age, and BMI
with antibody titers is shown in Table 3.
In the dialysis group, age and sodium level correlated
with antibody titer in bivariate analysis; titers were lower in
patients with higher age (Spearman correlation ρ = –0.234,
p = 0.048) and lower sodium level (ρ = 0.237, p = 0.045). Statistically significant correlation was not observed between
antibody titers and other lab parameters.
Fisher exact test (p > 0.05) showed no significant difference in the proportion of reactive titer group subjects and

The compromised immunity in hemodialysis patients is
evident by a poor immune response to vaccinations such
as hepatitis B [1], pneumococcus [2], or influenza [3]. In the
present study, the humoral immune response to COVID-19
vaccination (Covishield) in hemodialysis patients compared with a cohort of healthcare workers in the same center was investigated.
Covishield is a recombinant, monovalent vaccine composed of a replication-deficient chimpanzee adenovirus
(ChAdOx1) vector that encodes the S glycoprotein of SARSCoV-2. The antigen is expressed locally, stimulating neutralizing antibodies and cellular immune responses. The
initial schedule of Covishield ChAdOx1 nCoV-19 coronavirus vaccine (recombinant) was two doses of 0.5 mL each,
4 weeks apart, which was later spaced to 12 to 16 weeks for
better coverage of a larger population and due to improved
efficacy in clinical trials with increased spacing. Due to a
short supply of vaccines, a policy of initially vaccinating a
larger cohort with a single dose might provide better overall population protection than vaccinating half the number
of individuals with two doses in the short term [1].
In our study, the antibody titers were significantly lower
in the dialysis group, including eight patients (11.1%) with
absent antibody titer (<0.8 U/mL). This weaker antibody
response was comparable with results obtained in studies
with messenger RNA vaccines [11,12], in which approximately 10% of dialysis patients did not have an antibody
response. Simon et al. [13] studied vaccine response in 86
dialysis patients and found 17 (19.8%) were nonresponders even after the second dose, which was almost double
than reported in our study. The study by Simon et al. [13]
excluded patients who tested positive for antibodies before
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Table 1. Demographic details, clinical characteristics, and laboratory parameters of the study subjects
Factor
Demographics
No. of patients
Sex
  Male
  Female
Age (yr)
Clinical characteristics
Body mass index (kg/m2)
Diabetes mellitus
Hypertension
Dilated cardiomyopathy
Cerebrovascular accident
Hypothyroidism
HCV infection
Blood pressure (mmHg)
Systolic blood pressure
Diastolic blood pressure
Native kidney disease
Diabetic kidney disease
Chronic glomerulonephritis
Chronic interstitial nephritis
Obstructive uropathy
Hypertensive nephrosclerosis
ADPKD
Unknown
Dialysis access
Arteriovenous fistula
Permanent catheter
Dialysis adequacy (Kt/V)
Dialysis duration (mo)
Laboratory parameters
Hemoglobin (g/dL)
White blood cell count (cell/mm3)
Neutrophils (%)
Lymphocytes (%)
Neutrophil-to-lymphocyte ratio
Creatinine (mg/dL)
Sodium (mEq/L)
Potassium (mEq/L)
Albumin (g/dL)
Antibody titer (U/mL)
Reactive titer, ≥0.8
Nonreactive titer, <0.8

Dialysis group

Control group

72

72

58 (80.6)
14 (19.4)
46.14 ± 8.89

24 (33.3)
48 (66.7)
40.35 ± 6.65

20.87 ± 4.26
20 (27.8)
48 (66.7)
4 (5.6)
4 (5.6)
2 (2.8)
36 (50.0)

23.12 ± 3.35
4 (5.6)
2 (2.8)
-

145.81 ± 15.10
94.77 ± 10.63

127.56 ± 6.20
79.12 ± 4.21

18 (25.0)
14 (19.4)
6 (8.3)
5 (6.9)
3 (4.2)
2 (2.8)
24 (33.3)

-

68 (94.4)
4 (5.6)
1.16 ± 0.17
8.65 ± 6.68

-

8.07 ± 1.33
6,944.4 ± 2,770.4
67.85 ± 10.54
22.49 ± 14.16
3 (2.09–5.26)
7.15 ± 3.29
133.5 ± 5.2
4.49 ± 1.05
3.03 ± 0.70

12.69 ± 1.27
8,204.2 ± 1,991.0
58.11 ± 9.13
31.49 ± 6.72
1.79 (1.38–2.57)
0.88 ± 0.17
136.5 ± 4.0
4.27 ± 0.36
4.05 ± 0.37

64 (88.9)
8 (11.1)

72 (100)
0 (0)

Data are expressed as number only, number (%), mean ± standard deviation, or median (interquartile range).
ADPKD, autosomal dominant polycystic kidney disease; HCV, hepatitis C virus.

346

www.krcp-ksn.org

Raja, et al. Humoral response to COVID-19 vaccine in dialysis patients

Table 2. Adverse events due to vaccination in dialysis and control
groups

Table 4. Comparison of antibody titer levels in HCV infection, diabetes mellitus, and BMI

Adverse event
Dialysis group (n = 72) Control group (n = 72)
Fever
12 (16.7)
32 (44.4)
Myalgia
6 (8.3)
32 (44.4)
Pruritus
2 (2.8)
0 (0)
Pain at the local site
4 (5.6)
0 (0)
Abdominal pain
0 (0)
2 (2.8)

Variable
HCV infection
Positive
Negative
Diabetes mellitus
Positive
Negative
BMIa
Underweight
Normal
Overweight
Obese
Dialysis duration (mo)
≤5
>5
Lymphocytes (%)
≤27
>27
Significant adverse event
Fever
  Present
  Absent
Myalgia
  Present
  Absent

Data are expressed as number (%).

Table 3. Spearman rank correlation between pathological parameters, sex, age, BMI, and antibody titers
Variable
Sex
Age
BMI
Hemoglobin
White blood cell count
Neutrophils
Lymphocytes
NLR
Creatinine
Sodium
Albumin
Dialysis dose (Kt/V)

Dialysis group
ρ
−0.131
−0.234
0.023
0.003
0.144
0.016
−0.117
0.123
0.057
0.237
0.147
0.085

p-value
0.27
0.05
0.85
0.98
0.23
0.89
0.33
0.30
0.64
0.05
0.22
0.75

BMI, body mass index; NLR, neutrophil-to-lymphocyte ratio; ρ, point-biserial.

vaccination, thereby eliminating subjects who developed
antibodies due to subclinical infections. In contrast, all
participants in the control group developed a humoral
response, with the majority (89.9%) having titer of ≥250 U/
mL. This comparison clearly demonstrated a weaker antibody response in dialysis patients, indicating this group
was susceptible to higher morbidity and mortality following infection.
Overall, the age of dialysis subjects enrolled in the present study was relatively younger (46.14 ± 8.89 years) compared with that of CKD patients. Most of the older patients
in our center were vaccinated much earlier than 4 weeks
because only older individuals were eligible for the initial
round of vaccinations in India, hence, were not eligible for
the study. In addition, fewer older patients were receiving
hemodialysis in the dialysis unit because many older endstage renal disease patients refuse dialysis, and even those
scheduled for maintenance hemodialysis typically do not

Responder

Nonresponder p-value

32 (50.0)
32 (50.0)

4 (50.0)
4 (50.0)

>0.999

18 (28.1)
46 (71.9)

2 (25.0)
6 (75.0)

>0.999

22 (16.2)
57 (41.9)
47 (34.6)
10 (7.4)

2 (25.0)
6 (75.0)
0 (0)
0 (0)

0.05

34 (53.1)
30 (46.9)

4 (50.0)
4 (50.0)

>0.999

72 (52.9)
64 (47.1)

6 (75.0)
2 (25.0)

0.29

44 (32.4)
92 (67.6)

0 (0)
8 (100)

0.11

38 (27.9)
98 (72.1)

0 (0)
8 (100)

0.11

Data are expressed as number (%).
BMI, body mass index; HCV, hepatitis C virus.
a
World Health Organization’s Asian BMI classification.

Table 5. Factors associated with nonreactive antibody titers
among the dialysis patients based on multivariate logistic regression analysis
Predictor
Age
Sodium

OR (95% CI)
1.11 (1.01–1.22)
0.76 (0.71–1.08)

p-value
0.05
0.06

Dependent variable is antibody titers (1, nonreactive; 0, reactive).
CI, confidence interval; OR, odds ratio.

receive dialysis regularly and are lost to follow-up due to
economic burden on the family.
Age, sex, and BMI were distributed unequally between
the control and dialysis groups; the majority of subjects
were female in the control group and male in the dialysis
group. Furthermore, the patients in the control group were
younger on average and had higher BMI than subjects in
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the dialysis group.
A multivariate analysis was performed to account these
confounding factors. Among the variables, only age affected the antibody titers with statistical significance, which
was in agreement with various studies [13–16] showing
similar relatively poor antibody responses in older age
groups. This reinforces the importance of the age factor in
the humoral response.
Bivariate analysis showed sodium to correlate with low
antibody titer (ρ = −0.237, p = 0.04) but was not significant
in multivariate analysis including age and sodium level as
variables. The correlation in bivariate analysis indicated
the probable presence of cofounders. Hemodilution due to
volume overload could have caused pseudo-low antibody
titers because samples were collected before the dialysis
session. Most patients in the study were presumed to have
achieved dry weight because only subjects receiving hemodialysis for more than 2 months were enrolled in the study.
However, volume status was assessed based on clinical
examination, and objective methods such as body composition monitors were not used. Furthermore, hyponatremia
in dialysis patients can be due to factors other than fluid
overload, such as malnutrition and inflammation [17,18]. A
detailed assessment is needed of nutritional status and inflammatory markers not tested in the present study, which
are study’s limitations.
A statistically significant association was not observed
between antibody levels and sex, BMI, dialysis duration,
dialysis dose, hemoglobin, albumin, total count, lymphocyte count, urea, liver function tests, HCV infection, diabetes mellitus, and adverse events due to vaccines. Grupper
et al. [15] demonstrated a correlation between lymphocyte
count and the humoral response given their role in adaptive immunity, which was not observed here; however, the
authors also did not find an association with BMI, dialysis
duration, dialysis dose, or albumin level.
Although the seroconversion rate may be considered relatively good for dialysis patients, it is subpar when compared
to normal subjects. These patients are exposed repeatedly
to other patients and healthcare workers due to their regular visits for dialysis and have high morbidity and mortality
due to comorbidities.
Baseline antibody titers were not measured in the study
participants. Although previously infected patients were
excluded from our study, seroconversion due to subclinical
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infections or minimal symptoms might not have been evident. However, this confounding factor was at least partly
addressed by selecting control subjects from the same hemodialysis center.
Neutralization assays such as the plaque reduction neutralization test (PRNT) are the gold standard for serological testing and determining immune protection against
COVID-19 [19]. PRNT has several limitations rendering it
unsuitable for large-scale studies. The assay used in the
present study, Elecsys Anti-SARS-CoV-2 S, is not a neutralization test but has a good correlation with pseudovirus neutralization assay (safer and more versatile than
neutralization assay), with a positive agreement of 92.3%
(95% confidence interval [CI], 63.97–99.81) [20]. This assay
shows a positive predictive agreement of 96.6% (95% CI,
93.35–98.51) and a negative predictive agreement of 99.98%
(95% CI, 99.91–100) [21].
SARS-CoV-2 antibodies against S protein and its subunits can be detected within 1 to 3 weeks after infection
[22,23]. However, we tested in the 5th week after vaccination because our test attains maximum sensitivity by that
period [9].
The upper limit of detection of Elecsys Anti-SARS-CoV-2
S assay is 250 U/mL, a limitation of our study. A higher
upper limit of the assay would be preferable because a
better difference in adaptive humoral response between
dialysis and the control groups could have been identified.
Similarly, the complete humoral response profile after the
second dose of the COVID-19 vaccine will provide relevant
information but will require a larger sample and control
cohorts. This was a single-center study with a limited number of patients, and complete humoral response was not
the focus; however, differences were apparent.
Lack of follow-up of the patient titers is another limitation of our study. Even in normal subjects with adequate
antibody responses, titers have been shown to decline over
time [24]. In some studies, SARS-CoV-2 IgG titers decline
substantially in dialysis patients within 3 months after diagnosis [25]. Therefore, these patients should be followed
up with titers to monitor the level of immunity, which can
help determine the need and timing of booster doses.
In addition to antibody production in response to SARSCoV-2 infection, host cellular immunity plays an essential role in impeding virus replication and expansion at
various stages of COVID-19 disease [26]. CD4 and CD8 T
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cells recognize multiple regions of the N protein of SARSCoV-2 in previously exposed patients. T cells showed
strong cross-reactivity to the N protein of SARS-CoV-2 in
patients who recovered from SARS (the disease associated
with SARS-CoV infection) 17 years after the outbreak in
2003 [27]. Furthermore, patients who had no detectable
antibody at 6 months after COVID-19 infection were found
to have SARS-CoV-2 antigen-specific T-cell responses [28].
Our study did not attempt to determine the T-cell immune
response, which might contribute to protection from
COVID-19.
In conclusion, our study results demonstrated a weak
antibody response of hemodialysis patients to the viral vector COVID-19 vaccine, and older age was associated with
nonresponders. Evaluation of both humoral and cellular
immunity after the second dose of COVID-19 vaccine and
serial follow-up of antibody titers can help determine the
need for booster shots.
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The combined clinical impact of red blood cell
distribution width and vascular calcification on
cardiovascular events and mortality in patients with endstage kidney disease
Da Won Kim, Munpyo Lee, Kwon Jae Lee, Yeon Hee Lee, Dongryul Kim, Seok Joon Shin, Hye Eun Yoon
Division of Nephrology, Department of Internal Medicine, College of Medicine, The Catholic University of Korea, Seoul, Republic of Korea

Background: Little is known about how the interaction between red blood cell distribution width (RDW) and vascular calcification (VC)
affects cardiovascular (CV) events and mortality in end-stage kidney disease (ESKD) patients. This study investigated the combined
prognostic effect of RDW and VC in ESKD patients starting dialysis.
Methods: A retrospective single-center study of 582 ESKD patients was conducted. VC was assessed by calculating the aortic calcification index (ACI) using computed tomography. Patients were divided into low ACI-low RDW, low ACI-high RDW, high ACI-low RDW, and
high ACI-high RDW groups based on median ACI (17.12) and RDW (14.3) values. The association between RDW and VC and the composite endpoint of CV events and death was analyzed.
Results: During a median follow-up of 3.1 years (range, 1.5–5.5 years), 165 CV events (28.4%) and 124 deaths (21.4%) occurred.
Cox regression showed that the low ACI-high RDW (adjusted hazard ratio [HR], 1.66; 95% confidence interval [CI], 1.04–2.66; p =
0.03) and high ACI-low RDW (adjusted HR, 1.95; 95% CI, 1.21–3.14; p = 0.006) groups had a greater risk of CV events and death
than the low ACI-low RDW group. The high ACI-high RDW group had the greatest risk (adjusted HR, 2.23; 95% CI, 1.42–3.52; p =
0.001). The effect of the interaction between ACI and RDW on CV events and mortality was statistically significant (p = 0.005).
Conclusion: High RDW and VC interact to increase the risk of CV events and death in ESKD patients.
Keywords: Cardiovascular diseases, Chronic kidney failure, Dialysis, Mortality, Red blood cell distribution width, Vascular calcification

Introduction
Cardiovascular (CV) disease is a major cause of mortality in end-stage kidney disease (ESKD) patients [1]. Both
atherosclerosis and arteriosclerosis contribute to arterial

disease in these patients by causing extensive media and
intima calcification [2]. Inappropriate calcification of vessel
walls can be measured by diverse noninvasive methods,
and computed tomography (CT) is the gold standard for
quantification of vascular calcification (VC) [3]. Abdominal
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aortic calcification can be used to assess both atherosclerosis and arteriosclerosis [4]. We previously demonstrated
that the aortic calcification index (ACI), an estimate of abdominal aortic calcification, is a significant predictor of allcause death and CV events in ESKD patients [5,6].
Red blood cell distribution width (RDW) is an index of
erythrocyte size heterogeneity [7]. In addition to its role
as a marker for differential diagnosis of anemia, RDW has
emerged as an independent marker for predicting various
medical conditions. We previously reported that increased
RDW after initiation of dialysis independently predicts CV
events and deaths in ESKD patients [8]. In addition, RDW
has been reported to have a prognostic role in patients with
various stages of chronic kidney disease (CKD), including ESKD [9,10]. However, the interaction between serum
RDW and VC has not been investigated in clinical studies.
We hypothesized that higher RDW at baseline would augment the risk of all-cause mortality and CV events associated with VC. This study evaluated the clinical impact of VC
and RDW in ESKD patients starting dialysis.

ation of dialysis to evaluate for the presence of acquired
cystic lesions and malignancy in the kidney. Among 713
adult ESKD patients (age, ≥20 years) starting maintenance
dialysis (incident dialysis patients, including emergency
dialysis) between January 2006 and July 2017, 131 patients
who had not undergone noncontrast abdomen CT at the
initiation of dialysis, who had undergone a major surgical
procedure, or had incomplete medical records were excluded. A total of 582 patients who started maintenance
dialysis and who underwent a noncontrast abdominal CT
scan at the initiation of dialysis between January 2006 and
July 2017 were included (Fig. 1).
The study was approved by the Institutional Review Board of The Catholic University of Korea (No.
OC19OISI0172) and was conducted according to the principles of the Declaration of Helsinki. This was a retrospective study of anonymized patient data and therefore the
need for written consent was waived.

Methods

The abdominal aorta was examined by noncontrast CT
on consecutive, sequential 8-mm slices. The proportion
of the aortic circumference covered by the most extensive
arteriosclerotic portion was quantified in cross-section and
expressed as the ACI [11]. Semiquantitative measurement

Study population
In our center, we perform CT of the abdomen at the initi-

Assessment of abdominal aortic calcification

713 Adult ESKD patients (age, ≥20 yr) starting maintenance dialysis
(incident dialysis)
between January 2006 and July 2017

131 Patients excluded
: those who had not undergone noncontrast abdomen CT scan
at the initiation of dialysis, had undergone a major surgical
procedure, or had incomplete medical records

582 Patients included in the final cohort

Low ACI-low RDW
(n = 154)

Low ACI-high RDW
(n = 138)

High ACI-low RDW
(n = 135)

High ACI-high RDW
(n = 155)

Figure 1. A flow diagram of study population.
ACI, aortic calcification index; ESKD, end-stage kidney disease; CT, computed tomography; RDW, red blood cell distribution width.
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of the ACI was conducted independently by two observers
and was reproducible for the patients examined.
Data collection and definitions
Demographic characteristics including age, sex, smoking
status, body mass index (BMI), dialysis modalities, comorbidities, laboratory data, and treatment characteristics
were compared. Blood samples were obtained from all
patients at the initiation of dialysis. BMI was defined as the
patient’s weight in kilograms divided by their height in meters squared (kg/m2). Estimated glomerular filtration rate
(eGFR) was calculated using the following dialysis-specific
equation recommended by Shafi et al. [12]: eGFR (mL/
min/1.73 m 2) = 2.4 × blood urea nitrogen 0.984 × creatinine−1.868. Serum levels of creatinine, blood urea nitrogen,
albumin, alkaline phosphatase, calcium, phosphorous,
total cholesterol, triglycerides, high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol, intact
parathyroid hormone (PTH), iron, transferrin saturation,
ferritin, vitamin B12, folate, and high sensitivity C-reactive
protein (hs-CRP) were measured by laboratory tests, and
hemoglobin content, RDW, leukocyte count, and platelet
count were also determined. History of medication use
such as erythropoiesis-stimulating agents, iron replacement medications, renin-angiotensin-aldosterone system
(RAAS) blockers, beta-blockers, calcium channel blockers,
calcium-based phosphorus-binders, non-calcium-based
phosphorus-binders, statins, and vitamin D analogues was
recorded.
Patients were divided into four groups (low ACI-low
RDW, low ACI-high RDW, high ACI-low RDW, and high
ACI-high RDW) according to median ACI (17.12) and RDW
(14.3) values.
Echocardiography
In our center, we perform echocardiography at the initiation of dialysis to evaluate cardiac function. Two-dimensional echocardiographic measurements were performed
by trained sonographers according to the recommendations of the American Society of Echocardiography [13].
Left ventricular (LV) end-systolic volume, LV end-diastolic
volume (LVEDV), LV posterior wall thickness, interventricular septal thickness (IVST), and LV internal dimension

(LVID) were assessed. LV ejection fraction and left atrial
(LA) diameter were measured by biplane Simpson’s rule.
LV mass index was calculated according to the Devereux
formula and indexed to body surface area [14]. LV diastolic
dysfunction was estimated by measuring mitral inflow velocities and myocardial velocities using pulsed-wave Doppler imaging. Peak velocity of early filling (E), peak velocity
of atrial filling (A), and ratio of E to A waves (E/A ratio) were
also recorded. Septal mitral annular early peak velocity (E’)
and E/E’ ratio were determined by tissue Doppler imaging.
Outcome measures
The primary study endpoint was the composite of patient
mortality and CV events. CV events were defined as the incidence of coronary heart disease (angina pectoris or myocardial infarction), heart failure, cerebrovascular disease
(transient ischemic attack, cerebral infarction, or cerebral
hemorrhage), peripheral vascular disease, or pulmonary
vascular disease.
Statistical analysis
Baseline characteristics of the study cohort stratified by ACI
and RDW are expressed as means ± standard deviations or
medians with interquartile ranges (25th–75th percentile)
for variables with a skewed distribution. Categorical data
are expressed as numbers with percentages. Continuous
variables were compared using the Kruskal-Wallis test or
a one-way analysis of variance as appropriate. Categorical
data were compared using the chi-squared test. Survival
distributions of the different groups were estimated using
Kaplan-Meier curves and compared using log-rank tests.
Cox regression analysis was used to identify prognostic
variables contributing to all-cause mortality and CV events.
Univariate analysis was followed by multivariate analysis
using the forward method. Variables with statistical significance were included in multivariate analysis. Estimated
standard error of the coefficient (β1) was used to establish
the 95% confidence interval (CI) of the hazard ratio (HR).
An interaction model was conducted in the context of Cox
regression analyses using the forward method. In an interaction model, a third variable influences the relationship
between an independent and dependent variable [15]. In
this study, to determine if ACI mediated the relationship
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between RDW and the primary study endpoint, or to determine if RDW mediated the relationship between ACI and
the study endpoint, a two-way interaction term between
ACI and RDW was included in the model. Correlations
among variables were assessed by Spearman correlation
analysis. A p-value less than 0.05 denoted statistical significance. Statistical analyses were performed using PASW
Statistics version 18.0 (IBM Corp., Armonk, NY, USA).

LVID in systole, LVEDV, IVST at end-diastole, LA diameter,
E/A ratio, and E/E’ ratio differed significantly between the
four groups. Patients in the high ACI groups had a significantly lower LVID in systole, LVID in diastole, and LVEDV,
as well as a significantly higher IVST at diastole, LA diameter, and E/E’ ratio, than patients in the low ACI groups.

Results

A total of 165 CV events (28.4%) and 124 deaths (21.4%)
occurred during the follow-up (median duration, 3.1 years;
range, 1.5–5.5 years). Kaplan-Meier analysis showed that
cumulative event-free survival was significantly lower in
the high ACI groups than in the low ACI groups (p < 0.001)
(Fig. 2). There was a significant difference in cumulative
event-free survival between the low ACI-high RDW group
and the low ACI-low RDW group (p = 0.03), whereas cumulative event-free survival was not significantly different
between the high ACI-low RDW group and high ACI-high
RDW group (p = 0.99).

Patient characteristics
In total, 582 patients were included in the analysis (low
ACI-low RDW, n = 154; low ACI-high RDW, n = 138; high
ACI-low RDW, n = 135; and high ACI-high RDW, n = 155).
Table 1 compares patient characteristics among the four
groups. Four hundred seventeen patients (71.6%) were
hemodialysis patients, and 165 (28.4%) were peritoneal dialysis patients. Patients in the high ACI groups were older,
more likely to have diabetes mellitus and CV disease, and
have higher eGFR, serum leukocyte counts, and calcium
and folate levels at the initiation of dialysis than patients
in the low ACI groups. The cause of ESKD, BMI, serum
albumin, phosphorus, hemoglobin, triglyceride, intact
PTH, hs-CRP, and iron levels, in addition to RDW, platelet count, and ACI differed significantly among the four
groups. Patients in the high ACI groups used significantly
less calcium-based and non-calcium-based phosphorus-binders and vitamin D analogues and significantly
more beta-blockers than those in the low ACI groups. Levels of serum urea nitrogen, alkaline phosphatase, total cholesterol, high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol, transferrin saturation, ferritin, and
vitamin B12, in addition to dialysis modality, sex, smoking percentage, and the use of erythropoiesis-stimulating
agents, iron replacement medications, RAAS blockers,
calcium channel blockers, and statins did not differ among
the four groups.
Echocardiographic measurements
Table 2 compares echocardiographic measurements
among the four groups. A total of 318 patients underwent
echocardiography at dialysis initiation. LVID in diastole,
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Cardiovascular events and deaths

Predictors of cardiovascular events and death
Factors associated with CV events and death were compared using the low ACI-low RDW group as the reference
(Table 3). In univariate analysis, the risk of CV events and
death was higher in the low ACI-high RDW, high ACI-low
RDW, and high ACI-high RDW groups than the low ACIlow RDW group. Moreover, multivariate analysis adjusted
for older age, diabetes mellitus, history of CV disease,
eGFR, hemoglobin level, ACI value per se, RDW value per
se, albumin, hs-CRP, and total cholesterol levels, and use of
non-calcium-based phosphorus-binders verified that the
HR was increased in the low ACI-high RDW (adjusted HR,
1.66; 95% CI, 1.04–2.66; p = 0.03) and high ACI-low RDW
(adjusted HR, 1.95; 95% CI, 1.21–3.14; p = 0.006) groups
and was highest in the high ACI-high RDW group (adjusted
HR, 2.23; 95% CI, 1.42–3.52; p = 0.001). In addition, there
was a significant interaction between ACI and RDW for the
composite endpoint (p for interaction = 0.005).
In subgroup analysis of patients with baseline echocardiographic data (n = 318), the high ACI-high RDW group
(adjusted HR, 3.34; 95% CI, 1.62–6.89; p = 0.001) exhibited
the highest HR in multivariate analysis after adjusting for
older age, diabetes mellitus, history of CV disease, ACI,

Kim, et al. RDW and VC on CV events and mortality in ESKD

Table 1. Baseline demographic and laboratory data of the study population
Variable
No. of patients
Age (yr)
Male sex
Body mass index (kg/m2)
Smoking (%)a
Diabetes mellitus (%)
History of CV disease (%)
Cause of ESKD (%)
Diabetes mellitus
Hypertension
Glomerulonephritis
Others
Dialysis modality
Hemodialysis
Peritoneal dialysis
eGFR (mL/min/1.73 m2)
Creatinine (mg/dL)
Urea nitrogen (mg/dL)
Albumin (g/dL)
ALP (U/L)
Calcium (mg/dL)
Phosphorus (mg/dL)
Hemoglobin (g/dL)
RDW (%)
Leukocyte count (×103/μL)
Platelet count (×103/μL)
Total cholesterol (mg/dL)
Triglyceride (mg/dL)
HDL cholesterol (mg/dL)
LDL cholesterol (mg/dL)
Intact PTH (pg/mL)
hs-CRP (mg/L)
Iron (μg/dL)
Transferrin saturation (%)
Ferritin (ng/mL)
ACIb
Vitamin B12 (pg/mL)
Folate (ng/mL)
ESA
Iron replacement
Ca-based P-binders
Non-Ca-based P-binders
Vitamin D analogues
RAAS blockers
Ca channels-blockers
Beta-blockers
Statins

Low ACI-low RDW
(n = 154)
154
50.3 ± 12.7
92 (15.8)
24.0 ± 4.3
40 (7.0)
83 (14.3)
19 (3.3)
78 (13.4)
37 (6.4)
17 (2.9)
22 (3.8)
99 (17.0)
55 (9.5)
4.2 (2.7–6.7)
6.9 (5.4–9.4)
77.5 (58–99)
3.6 (3.1–4.0)
101 (77–182)
7.9 (7.2–8.6)
5.5 (4.5–7.2)
8.9 (7.7–9.9)
13.2 (12.7–13.6)
7.5 (5.8–9.8)
203 (159–261)
170 (137–199)
139 (111–203)
37 (29–48)
107 (84–134)
273 (169–439)
2.8 (0.9–18.3)
57 (40–88)
26.5 (19–41)
187 (98–326)
3.2 ± 5.67
756 (512–1,009)
7.8 (6–17)
142 (24.4)
135 (23.2)
110 (18.9)
41 (7.0)
56 (9.6)
118 (20.3)
108 (18.6)
83 (14.3)
84 (14.4)

Low ACI-high RDW
(n = 138)
138
53.6 ± 12.5
86 (14.8)
23.3 ± 3.8
35 (6.1)
58 (10.0)
14 (2.4)
60 (10.3)
42 (7.2)
12 (2.1)
24 (4.1)
99 (17.0)
39 (6.7)
3.9 (2.5–6.4)
7.2 (5.2–10.3)
84.9 (59–98)
3.4 (2.9–3.9)
108 (82–189)
7.7 (7.2–8.3)
5.8 (4.5–7.3)
8.8 (7.6–9.7)
15.1 (14.5–16.1)
7.4 (5.8–9.9)
182 (135–247)
158 (125–201)
122 (92–172)
38 (30–49)
98 (71–128)
257 (141–421)
3.5 (1.1–16.0)
57 (36–84)
25.6 (17–38)
180 (66–339)
3.8 ± 6.06
811 (517–1,087)
8.2 (5–19)
135 (23.2)
116 (19.9)
101 (17.4)
47 (8.1)
46 (7.9)
95 (16.3)
102 (17.5)
92 (15.8)
63 (10.8)

High ACI-low RDW
(n = 135)
135
67.0 ± 10.0
69 (11.9)
24.6 ± 3.8
30 (5.2)
96(16.5)
41 (7.0)
98 (16.8)
28 (4.8)
4 (0.7)
5 (0.9)
104 (17.9)
31 (5.3)
6.1 (4.0–9.8)
5.5 (4.3–6.9)
71.7 (54–89)
3.4 (2.9–3.9)
119 (82–167)
8.2 (7.6–8.7)
5.0 (4.2–6.2)
9.3 (8.5–10.2)
13.2 (12.9–13.7)
7.4 (5.7–9.7)
206 (166–258)
153 (121–198)
142 (104–181)
36 (27–45)
94 (77–127)
198 (121–316)
3.0 (0.9–17.0)
56 (39–74)
25.1 (18–38)
194 (105–339)
33.9 ± 12.4
807 (576–1,123)
9.9 (6–23)
128 (22.0)
114 (19.6)
75 (12.9)
21 (3.6)
36 (6.2)
97 (16.7)
97 (16.7)
95 (16.3)
80 (13.7)

High ACI-high RDW
(n = 155)
155
68.8 ± 10.6
82 (14.1)
23.2 ± 3.8
29 (5.0)
96 (16.5)
41 (7.0)

p-value
<0.001
0.17
0.01
0.36
<0.001
<0.001
<0.001

92 (15.8)
45 (7.7)
4 (0.7)
14 (2.4)
115 (19.8)
40 (6.9)
5.3 (3.6–9.4)
6.1 (4.3–8.4)
78.2 (61–98)
3.3 (2.9–3.6)
102 (78–184)
8.1 (7.6–8.6)
5.0 (4.1–6.6)
8.9 (7.9–10)
15.0 (14.6–15.9)
7.8 (6.0–10.2)
191 (140–255)
157 (126–201)
117 (88–154)
38 (29–47)
96 (71–125)
191 (105–326)
8.6 (2.3–48.5)
47 (26–76)
23.7 (14–36)
190 (107–434)
33.0 ± 12.7
845 (640–1,110)
13.9 (7–25)
149 (25.6)
134 (23.0)
87 (14.9)
19 (3.3)
32 (5.5)
107 (18.4)
124 (21.3)
106 (18.2)
78 (13.4)

0.08
<0.001
<0.001
0.06
0.003
0.54
0.001
0.002
0.004
<0.001
0.71
0.04
0.21
<0.001
0.36
0.08
<0.001
<0.001
0.009
0.1
0.499
<0.001
0.36
0.04
0.14
0.79
0.001
<0.001
0.01
0.4
0.22
0.01
0.13

Data are expressed as mean ± standard deviation, number (%), or median (range).
ACI, aortic calcification index; ALP, alkaline phosphatase; Ca, calcium; CV, cardiovascular; eGFR, estimated glomerular filtration rate; ESA, erythropoietin
stimulating agent; ESKD, end-stage kidney disease; HDL, high-density lipoprotein; hs-CRP, high sensitivity C-reactive protein; LDL, low-density lipoprotein; P,
phosphorus; PTH, parathyroid hormone; RAAS, renin-angiotensin-aldosterone system; RDW, red blood cell distribution width.
a

n = 575. bMean value despite skewed distribution since median value and interquartile range derive ‘zero’ in low ACI groups
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Table 2. Comparison of echocardiographic measurements of groups based on ACI and RDW
Variable
2

LV mass index (g/m )
LVID in diastole (mm)
LVID in systole (mm)
PW thickness in end-diastole (mm)
PW thickness in end-systole (mm)
LV end diastolic volume (mm3)
LV end systolic volume (mm3)
IVST at end-diastole (mm)
IVST at end-systole (mm)
LV ejection fraction (%)
LA diameter (mm)
E/A ratio
E/E’ ratio

Low ACI-low RDW
(n = 73)
56 (47–66)
49 (47–53)
35 (30–38)
11 (10–12)
15 (14–17)
102 (89–139)
40 (31–69)
12 (11–12)
15 (14–16)
60 (54–64)
40 (34–44)
0.87 (0.7–1.2)
10.5 (8–14)

Low ACI-high RDW
(n = 81)
56 (44–70)
51 (45–55)
33 (30–39)
11 (10–12)
15 (14–16)
103 (79–132)
45 (29–59)
11 (10–12)
15 (13–16)
61 (55–64)
40 (35–44)
0.90 (0.6–1.1)
11.1 (9–14)

High ACI-low RDW
(n = 80)
60 (50–70)
48 (43–51)
31 (27–34)
12 (11–12)
15 (14–16)
96 (78–107)
36 (28–50)
12 (11–13)
15 (14–16)
61 (56–65)
42 (40–45)
0.94 (0.6–0.8)
14.5 (12–17)

High ACI-high RDW
(n = 84)
60 (48–72)
49 (44–52)
34 (29–37)
12 (11–12)
15 (14–17)
97 (78–117)
41 (32–56)
12 (11–13)
15 (14–16)
58 (49–64)
43 (40–47)
0.88 (0.6–1.0)
14.1 (11–19)

p-value
0.31
0.03
0.02
0.07
0.54
0.02
0.09
0.008
0.44
0.081
0.001
0.02
<0.001

Data are expressed as median (interquartile range).
ACI, aortic calcification index; E/A ratio, ratio of peak velocity of early filling (E) to peak velocity of atrial filling (A); E/E’ ratio, ratio of peak velocity of early
filling (E) to early diastolic mitral annular early peak velocity (E’); IVST, interventricular septal thickness at end-diastole; LA, left atrium; LV, left ventricle; LVID,
left ventricular internal dimension; PW, left ventricular posterior wall; RDW, red blood cell distribution width.

Cumulative event-free survival (%)

100

p < 0.001

80

60
p = 0.03
40

p < 0.001
Low ACI-low RDW
Low ACI-high RDW
High ACI-low RDW
High ACI-high RDW

20

0
0

1

2

3

4

5

6

7

8

9

Follow-up (yr)

Number at risk
Low ACI-low RDW

p = 0.99

131

106

89

75

54

41

28

18

9

4

Low ACI-high RDW

112

98

80

63

48

33

18

14

10

7

High ACI-low RDW

102

76

51

39

24

14

9

7

4

3

High ACI-high RDW

106

74

55

38

25

17

8

6
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2

Figure 2. Comparison of event-free survival rate for all-cause mortality and cardiovascular events according to the ACI and serum
RDW value.
ACI, aortic calcification index; RDW, red blood cell distribution width.
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Table 3. Cox regression analysis of predictors of all-cause mortality and CV events
Variable
Male sex
Age, >60 yr
Smoking
HD vs. PD
Body mass index
Diabetes mellitus
History of CV disease
eGFR
Hemoglobin
ACI
Albumin
hs-CRP
RAAS blockers
Beta-blockers
Statins
Non-Ca-based P-binders
Vitamin D analogues
Iron
Transferrin saturation
Ferritin
RDW
Total cholesterol
Vitamin B12
Folate
Low ACI-low RDW
Low ACI-high RDW
High ACI-low RDW
High ACI-high RDW

Univariate analysis
HR (95% CI)
p-value
1.12 (0.85–1.47)
0.44
2.41 (1.82–3.19)
<0.001
0.90 (0.66–1.23)
0.50
1.02 (0.77–1.36)
0.90
0.99 (0.97–1.03)
0.94
1.81 (1.35–2.42)
<0.001
1.97 (1.45–2.69)
<0.001
1.03 (1.01–1.06)
0.009
1.09 (1.01–1.18)
0.03
1.02 (1.02–1.03)
<0.001
0.72 (0.57–0.91)
0.007
1.00 (1.00–1.01)
0.04
0.86 (0.63–1.17)
0.33
1.01 (0.76–1.35)
0.95
1.03 (0.79–1.36)
0.82
0.44 (0.29–0.66)
<0.001
0.75 (0.55–1.02)
0.07
0.99 (0.99–1.00)
0.08
0.99 (0.99–1.00)
0.40
1.00 (0.99–1.00)
0.63
1.09 (1.01–1.18)
0.02
0.99 (0.99–1.00)
0.04
1.00 (0.99–1.00)
0.39
1.00 (0.99–1.00)
0.77
1.64 (1.03–2.59)
3.39 (2.21–5.22)
3.46 (2.26–5.30)

0.04
<0.001
<0.001

Multivariate analysis
HR (95% CI)
p-value
1.84 (1.32–2.57)

<0.001

1.46 (1.05–2.02)
1.45 (1.04–2.03)

0.02
0.03

0.74 (0.56–0.96)

0.02

0.51 (0.33–0.79)

0.003

1.66 (1.04–2.66)
1.95 (1.21–3.14)
2.23 (1.42–3.52)

0.03
0.006
0.001

ACI, aortic calcification index; Ca, calcium; CI, confidence interval; CV, cardiovascular; eGFR, estimated glomerular filtration rate; HD, hemodialysis; HR, hazard ratio; hs-CRP, high sensitivity C-reactive protein; P, phosphorus; PD, peritoneal dialysis; RAAS, renin-angiotensin-aldosterone system; RDW, red blood
cell distribution width.

albumin and total cholesterol levels, use of non-calcium-based phosphorus-binders, and LV ejection fraction
(Table 4). The interaction between ACI and RDW for the
composite endpoint was also statistically significant (p for
interaction = 0.001).
Correlation between aortic calcification index and red
blood cell distribution width
In Spearman correlation analysis, ACI and RDW were not
significantly correlated (r = 0.068 and p = 0.100) (Fig. 3).

Discussion
This study showed that a high serum RDW and ACI interacted to increase the risk of CV events and all-cause death
in ESKD patients. Using the low ACI-low RDW group as the
reference, there was a significant trend of increasing CV
events and deaths from the low ACI-low RDW group to the
high ACI-high RDW group. This finding was independent
of other powerful predictors such as age, traditional CV risk
factors, and laboratory parameters associated with mineral
metabolism disorders. In patients for whom echocardiographic data were available at the initiation of dialysis,
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Table 4. Cox regression analysis of factors associated with CV events and death among patients with echocardiographic data available
Univariate analysis
HR (95% CI)
p-value
2.17 (1.42–3.32)
<0.001
1.96 (1.27–3.04)
0.003
1.83 (1.15–2.93)
0.01
1.03 (0.99–1.07)
0.11
1.09 (0.98–1.21)
0.10
1.02 (1.01–1.03)
<0.001
0.65 (0.46–0.91)
0.01
1.00 (0.99–1.01)
0.10
0.39 (0.23–0.66)
<0.001
1.01 (0.99–1.01)
0.07
0.98 (0.97–0.99)
0.03
1.02 (0.99–1.06)
0.11
0.69 (0.45–1.05)
0.08
1.00 (0.99–1.01)
0.91
1.01 (0.99–1.02)
0.24
1.00 (0.99–1.00)
0.51
1.05 (0.93–1.19)
0.42
0.99 (0.99–0.99)
0.008
1.00 (0.99–1.00)
0.78
1.00 (0.99–1.01)
0.90

Variable
Age, >60 yr
Diabetes mellitus
History of CV disease
eGFR
Hemoglobin
ACI
Albumin
hs-CRP
Non-Ca-based P-binders
LV mass index
LV ejection fraction
E/E’ ratio
Vitamin D analogues
Iron
Transferrin saturation
Ferritin
RDW
Total cholesterol
Vitamin B12
Folate
Low ACI-low RDW
Low ACI-high RDW
High ACI-low RDW
High ACI-high RDW

1.71 (0.80–3.66)
3.50 (1.70–7.18)
4.01 (1.97–8.16)

0.17
0.001
<0.001

Multivariate analysis
HR (95% CI)
p-value

0.52 (0.36–0.76)

0.001

0.40 (0.23–0.69)

0.001

0.99 (0.99–0.99)

0.005

1.70 (0.79–3.66)
2.66 (1.27–5.57)
3.34 (1.62–6.89)

0.18
0.009
0.001

ACI, aortic calcification index; Ca, calcium; CI, confidence interval; CV, cardiovascular; E/E’, ratio of mitral peak velocity of early filling (E) to early diastolic
mitral annular velocity (E’); eGFR, estimated glomerular filtration rate; HR, hazard ratio; hs-CRP, high sensitivity C-reactive protein; LV, left ventricle; P, phosphorous; RDW, red blood cell distribution width.
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Figure 3. Bivariate correlation analysis of RDW and ACI.
ACI, aortic calcification index; RDW, red blood cell distribution
width.
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there was also a consistent trend toward an increase in
the composite endpoint in the high ACI-high RDW group.
Thus, patients with a high ACI and high RDW had the
greatest risk of CV events and all-cause death.
The degree of red blood cell volume heterogeneity can
be measured as a percentage known as the RDW [7]. RDW
has been used for differential diagnosis of anemia. Elevated RDW suggests profound deregulation of erythrocyte homeostasis, reflecting malnutrition, chronic inflammatory
status, and erythropoietin resistance [7,16,17]. In addition,
several studies have demonstrated the clinical usefulness
of RDW in various medical conditions. High RDW is associated with higher mortality rates in patients with congestive heart failure, stroke, peripheral artery disease, and
acute kidney injury who are treated with continuous renal
replacement therapy [18–21]. Furthermore, in patients with

Kim, et al. RDW and VC on CV events and mortality in ESKD

stage 3–5 CKD, a high RDW is associated with all-cause
mortality and CV disease [22]. In hemodialysis patients, a
higher RDW is a stronger predictor of mortality than traditional laboratory markers of anemia such as hemoglobin,
ferritin, and transferrin saturation [10]. The findings of the
current study are consistent with previous studies, namely
that an elevated RDW was associated with increased risk of
CV events and death.
CV disease is the leading cause of death in patients with
ESKD [23], and the extent of arterial calcification is regarded as the predominant determinant of CV disease and
mortality [24]. VC is a characteristic marker of coronary
atherosclerotic burden [25], and the extent of VC can be assessed using various imaging modalities, with CT being the
gold standard for quantifying VC. Previous studies reported
a relationship between VC and CT-based abdominal aortic
calcification and demonstrated that quantification of CTbased abdominal aortic calcification provided information
about the risk of CV events [26]. Advanced age, extended
dialysis vintage, diabetes mellitus, elevated calcium, phosphorus, and lipid levels, and inflammation are risk factors
for VC [25,27–31]. This study showed that patients in the
high-ACI groups were older, had a higher prevalence of diabetes mellitus and CV disease, and had a higher calcium
level and leukocyte count at the initiation of dialysis than
patients in the low-ACI groups. VC is also correlated with
LV diastolic dysfunction in ESKD patients [5]. We found a
significant relationship between LV diastolic stiffness and
limited diastolic filling in the high ACI groups based on a
higher LA diameter and E/E’ ratio, and LVEDV was lower
in the high ACI groups than in the low ACI groups.
In this study, the correlation between ACI and RDW was
not statistically significant. To the best of our knowledge,
no prior study has reported a significant correlation between VC and RDW in ESKD patients. Although there are
differences in the study population between our study and
previous studies, RDW and VC have also been reported to
show a relationship in other patient populations. Several
recent studies revealed a relationship between elevated
RDW and the burden of coronary atherosclerosis, where
elevated RDW was related to a higher coronary artery calcification score [32]. Another study demonstrated a positive
correlation between RDW and the coronary artery calcification score after adjustment for age, sex, BMI, diabetes
mellitus, glomerular filtration rate, and high-density lipo-

protein cholesterol level [33]. Oleksiak et al. [34] found that
an elevated RDW and coronary calcium score both independently increased the coronary atherosclerotic burden
in patients diagnosed with coronary artery disease. RDW
also predicted the outcomes of patients with coronary artery disease. RDW was a clinically useful prognostic factor
for all-cause mortality in patients with coronary artery
disease [35]. Additionally, an incremental relationship was
found between increased RDW and the risk of death in patients with coronary disease [36]. Although the pathophysiological mechanism underlying the relationship between
RDW and CV outcomes is not fully understood, it has been
suggested that greater variation in erythrocyte volume
increases blood viscosity and impairs blood flow, leading
to vascular occlusion [37]. Another explanation involves
oxidative stress [38]; high oxidative stress can decrease the
erythrocyte lifespan and suppress the response of erythropoietin to anemia, which ultimately increases RDW [7].
Such anisocytosis disrupts blood flow through the microcirculation, resulting in tissue hypoxia and a concomitant
increase in CV events [7,37]. In the current study, increased
RDW at the initiation of dialysis had an additive effect on
the risk of CV events and mortality in both the low ACI and
high ACI groups, even after adjusting for traditional CV risk
factors. The prognostic significance of RDW was also evident after adjustment for echocardiographic parameters.
Therefore, it is reasonable to speculate that a high RDW
contributes to increased CV events and death in ESKD patients irrespective of the degree of VC at the start of dialysis.
The exact mechanism by which RDW augments VC-associated risk is not known. An elevated RDW reflects several
conditions, such as impaired glycemic control, systemic
inflammation, oxidative stress, impaired iron metabolism,
hemodynamic overload, tissue hypoxia, endothelial dysfunction, and malnutrition [22]; a higher RDW may therefore reflect the presence of the conditions listed above that
confer a higher risk of VC.
When we compared survival between the low RDW and
high RDW groups, survival was not statistically significant
by Kaplan-Meier analysis (data not shown, p = 0.98). Additionally, RDW was statistically significant only in univariate
regression analysis, and not in multivariate analysis. Similarly, in our previous study [8], a higher RDW at the start of
dialysis was not associated with mortality and CV events.
However, we found that a progressive increase in RDW was
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associated with increased mortality and CV events in ESKD
patients. Those with a higher increase in baseline RDW
and RDW over the follow-up period had lower event-free
survival rate than those with less of an increase in baseline
RDW and RDW [8]. A large cohort study of 109,674 hemodialysis patients reported that a higher RDW was linked to
higher mortality [10]. The reason for RDW alone not being
a statistically significant risk factor in the current study
and our previous study [8] may be due to the relatively
small sample sizes of these studies. Nevertheless, the HR
increased incrementally in the low ACI-high RDW group,
high ACI-low RDW group, and high ACI-high RDW group
in this study. Large-scale studies are needed to determine
whether the effect of ACI is more important than that of
RDW and to further investigate the association between
RDW, mortality, and CV events.
In the current study, the interaction between ACI and
RDW was statistically significant in the entire patient population and in patients with echocardiography data. Since
the correlation between ACI and RDW was not significant,
this means that RDW and ACI do not interact as correlating
factors. Our results indicate that besides the effect of ACI,
the risk of CV events and all-cause mortality in ESKD patients is augmented by high RDW. Because patients with
ESKD have a high mortality rate compared to the general
population [39], our study suggests that the additive effect
of RDW on ACI requires further consideration. Monitoring
serial changes in ACI and RDW may be helpful to further
study the interaction between these two factors.
This study had several limitations. First, the retrospective
design limited robust analysis of the data. Second, data
were collected from a single center, which limits the generalizability of the results. Third, the pathophysiological
link underlying the interaction between high RDW and VC
is unclear. However, demographics, laboratory variables,
medications, and echocardiographic parameters were all
included in the analysis, which strengthens the clinical implications of our findings of an interaction between RDW
and VC.
In conclusion, we found that high serum RDW augmented the risk of CV events and death associated with
VC in ESKD patients starting dialysis. High RDW increased
the risks in all groups, including the low ACI and high
ACI groups, and the risk was highest in the high ACI-high
RDW group. This finding was consistent after adjusting for
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factors associated with anemia, nutritional status, inflammation, mineral metabolism disorder, and traditional CV
risk factors. Therefore, the combination of RDW, which
is a convenient and cost-effective index marker, and ACI,
which reflects the degree of VC as assessed by abdominal
CT, can be used to stratify risk of future CV disease and
mortality in ESKD patients.
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System of integrating biosignals during hemodialysis:
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Background: Appropriate monitoring of intradialytic biosignals is essential to minimize adverse outcomes because intradialytic hypotension and arrhythmia are associated with cardiovascular risk in hemodialysis patients. However, a continuous monitoring system for
intradialytic biosignals has not yet been developed.
Methods: This study investigated a cloud system that hosted a prospective, open-source registry to monitor and collect intradialytic biosignals, which was named the CONTINUAL (Continuous mOnitoriNg viTal sIgN dUring hemodiALysis) registry. This registry was based on
real-time multimodal data acquisition, such as blood pressure, heart rate, electrocardiogram, and photoplethysmogram results.
Results: We analyzed session information from this system for the initial 8 months, including data for some cases with hemodynamic
complications such as intradialytic hypotension and arrhythmia.
Conclusion: This biosignal registry provides valuable data that can be applied to conduct epidemiological surveys on hemodynamic
complications during hemodialysis and develop artificial intelligence models that predict biosignal changes which can improve patient
outcomes.
Keywords: Biosignal, Cardiac arrhythmias, Hypertension, Hypotension, Renal dialysis

Introduction
End-stage kidney disease is an increasing burden for global

health care, such that approximately 2.6 million patients
are receiving dialysis worldwide and this number is expected to more than double in 2030 [1]. Approximately
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80% to 90% of end-stage kidney disease patients receive
hemodialysis and the rest undergo peritoneal dialysis or
transplantation [2,3]. Hemodialysis frequently leads to hemodynamic instability and autonomic imbalances, which
predispose patients to intradialytic complications, such as
hypotension, hypertension, and arrhythmia [4]. These hemodynamic events ultimately lead to cardiovascular death,
which is the most common cause of death after starting
hemodialysis, and accounts for more than 40% of deaths
[5,6]. According to the United States Renal Data System
database, among hemodialysis patients, arrhythmia is responsible for up to 60% and 20% of cardiovascular and allcause deaths, respectively [7,8]. Accordingly, appropriate
monitoring of hemodynamic complications during hemodialysis is essential to prevent adverse outcomes.
A biosignal is a physiological sign, such as blood pressure
(BP), heart rate (HR), electrocardiogram (ECG) results,
cardiac output, central venous pressure, heart rhythm,
electroencephalogram, electrolytes, sympathetic nerve
activity, and respiratory rhythms [9,10]. Monitoring biosignals increases the awareness of their clinical importance
because they can serve as indicators for unpredictable
events during routine or urgent practice. Hemodialysis per
se changes the biosignals of patients with or sometimes
without symptoms, and thus monitoring changes in biosignals may allow for tracing or predicting hemodynamic
complications during hemodialysis [11–13]. Some studies
have traced intradialytic biosignals such as BP and ECG,
and the risk of hemodynamic complications and relevant
outcomes could be identified in detail by monitoring these
signals [8,14–16]. Nevertheless, intradialytic biosignals
other than BP have been underutilized because systems
that coordinate detection and storage have not been established in most centers.
To improve care quality and patient outcomes during hemodialysis, a system that integrates and utilizes biosignals
should be incorporated into clinical practice. Regarding
ECG, devices such as implantable loop recorders [8,14,15],
Holter ECGs [16], and adhesive single-lead patches [17]
could be applied during hemodialysis, but the clinical
accessibility and applicability have not been validated.
Herein, we developed system that integrated conventional monitoring of BP, HR, ECG, and photoplethysmogram
with peripheral oxygen saturation (SpO2), which was used
to provide information to the cloud-based CONTINUAL
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(Continuous mOnitoriNg viTal sIgN dUring hemodiALysis)
registry. This registry can be utilized in future studies to
apply intradialytic biosignals in epidemiological surveys
on hemodynamic complications and to develop artificial
intelligence models with biosignals to predict relevant cardiovascular risks.

Methods
Ethical considerations
This study protocol was approved by the Institutional Review Board (IRB) of the Seoul National University Hospital
in Seoul, Republic of Korea (No. 2005-018-1121) and was
conducted in accordance with the principles of the Declaration of Helsinki. The registry did not include personal
information such as name and unique identification information. The requirement to obtain informed consent from
the patients was waived by the IRB.
Aim and study design
The system was established in the hemodialysis facility of
the Seoul National University Hospital, which has maintained the biosignal registry since September 2020. Two
categories of datasets were collected and could be merged,
including hemodialysis-setting data from electronic medical records and real-time biosignal data from bedside
monitoring. The former data included hemodialysis dates,
times to start and end, the target value of the blood filtration rate and ultrafiltration, and the components and temperature of the dialysates and anticoagulants. The information was stored in Microsoft Excel format (Fig. 1A).
Study population
The registry consisted of adult patients (aged ≥18 years)
who received vital sign monitoring with the developed system regardless of the reason for hemodialysis.
Data collection
Bedside monitors (Solar 8000i; GE Healthcare, Waukesha,
WI, USA) produced the biosignals, including BP, HR, ECG,
and SpO2 by photoplethysmogram. For three-lead values
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for all patients, two electrodes were placed below the right
and left clavicles, and the other electrode was placed on
the left lower chest. The bandpass filter for ECG ranged
from 0.05 to 40 Hz. Values of changes in the ST segment,
either elevation or depression, were also measured. Wave-

form biosignals such as ECG and photoplethysmogram
were sampled at 500 Hz and updated every 2 seconds.
Fig. 1A shows the overall system integration and delivery
of intradialytic biosignals to the cloud, wherein the Vital
Recorder program was applied [18]. Fig. 1B shows a repre-

A

B

Figure 1. System and registry. (A) Schematic representation of the system platform from monitoring to storage. (B) Representative image of the bedside equipment.
AC, anticoagulants; BFR, blood flow rate; CONTINUAL, Continuous mOnitoriNg viTal sIgN dUring hemodiALysis; ECG, electrocardiogram;
HD, hemodialysis; HIS, hospital information system; HR, heart rate; SpO2, peripheral oxygen saturation; Temp, temperature; UF, ultrafiltration.
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sentative image of the bedside system equipment which
provided time-synchronized data to facilitate integrated
biosignal analysis. Data recording was initiated once the
connection between the monitors and the Vital Recorder
was established. The connection started to work when the
HR and SpO2 input values were recorded more than 5 times
within 1 minute. The data were continuously backed up to
the intranet-attached storage. The recordings and transfers automatically ended after 10 minutes if the biosignal
inputs stopped. Subsequently, clinicians could monitor
the real-time biosignals via the screen of any accessible
computer. After acquiring the hemodialysis and biosignal
data, these were merged based on unique identifiers such
as date, time, and the bed number for the hemodialysis
session.

mesylate as an anticoagulant. Additional information is
presented in Table 1.

Safety issue

Table 1. Baseline characteristics of the hemodialysis sessions

The research team regularly inspects the system and the
registry every month.
Statistical analysis
All statistical analyses were performed using IBM SPSS
version 25.0 (IBM Corp., Armonk, NY, USA). Data are presented as percentages for categorical parameters. Means ±
standard deviations or medians (interquartile ranges) were
used for continuous parameters according to the normal
distribution.

Results
Baseline characteristics during the initial 8-month period
Data were collected for cases during an initial 8-month
period and data for approximately 300 sessions per month
continue to be collected. A total of 2,243 hemodialysis sessions were collected from 612 patients between September
2020 and April 2021. The mean age was 64 ± 15 years old,
and 1,279 (57.0%) were male. Comorbidities of permanent
and paroxysmal atrial fibrillation were noted in 11.4% and
5.8% of cases, respectively. The hemodialysis time per
session was 3.7 ± 0.9 hours. The initial blood flow rate and
target ultrafiltration were 220 ± 38 mL/min and 1.7 ± 1.0 L,
respectively. More than 60% of patients used nafamostat
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Hemodynamic complications
Four representative cases with hemodynamic complications are presented to support the need for continuous
monitoring of biosignals, and the present system and relevant registry are proposed as an approach to address this
unmet need.
The first case was an 80-year-old male patient who was
admitted due to aspiration pneumonia. He had been on
hemodialysis for 6 years due to diabetic nephropathy. His
comorbidities included hypertension, immune thrombocy-

Variable
No. of patients
Age (yr)
Male sex
Body mass index (kg/m2)
Comorbidity
Hypertension
Diabetes mellitus
Heart failure
Coronary artery disease
Stroke
Permanent atrial fibrillation
Paroxysmal atrial fibrillation
Hemodialysis time (hr)
Blood flow rate (mL/min)
Ultrafiltration (L)
Dialysate findings
Dialysate sodium (mmol/L)
Dialysate potassium (mmol/L)
Dialysate bicarbonate (mmol/L)
Dialysate temperature (°C)
Use of anticoagulant
Heparin
Nafamostat mesilate
None
Access
Arteriovenous fistula
Arteriovenous graft
Catheter

Total
2,243
64.1 ± 14.6
1,279 (57.0)
23.7 ± 6.2
2,166 (96.6)
1,770 (78.9)
361 (16.1)
599 (26.7)
354 (15.8)
256 (11.4)
130 (5.8)
4.0 (3.5–4.0)
219.9 ± 37.6
1.7 ± 1.0
137.8 ± 1.6
2.3 ± 0.6
33.7 ± 1.4
36.5 ± 0.6
713 (31.8)
1,357 (60.5)
173 (7.7)
1,072 (47.8)
128 (5.7)
1,043 (46.5)

Data are expressed as number only, mean ± standard deviation, or number (%).
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topenia, and two-vessel coronary artery disease. The initial
systolic and diastolic BPs were 175 mmHg and 72 mmHg,
respectively, with an HR of 81 per minute. He had a normal
sinus ECG rhythm. After starting hemodialysis, his BP gradually decreased to 130/56 mmHg at 34 minutes and 98/54
mmHg at 97 minutes. The patient reported no symptoms,
and BP then increased up to 176/72 mmHg at 130 minutes
without prompting any medical action (Fig. 2). The National Kidney Foundation’s Kidney Disease Outcomes Quality
Initiative guidelines define intradialytic hypotension as a
decrease in either systolic BP of ≥20 mmHg or mean arterial pressure of ≥10 mmHg [19]. This case is a clear example of intradialytic hypotension, but physicians were not
notified because his BP recovered. Nevertheless, recurrent
hypotensive events, even without symptoms and with recovery, could be associated with a high risk of cardiovascular death and thus should be continuously monitored.
The second case was a 52-year-old male patient who
received a kidney transplant because of progressive immunoglobulin A nephropathy and underwent radical
nephrectomy of the graft 10 years later because of kidney
cancer. Accordingly, the patient underwent hemodialysis
thrice weekly for 7 years. His comorbidities included hypertension, hypothyroidism, and left ventricular hypertrophy. On initiation of hemodialysis, sinus tachycardia was

A

At baseline

noted, and the systolic and diastolic BPs were 156 mmHg
and 120 mmHg, respectively. Forty-six minutes after starting hemodialysis, the ratio of R to S on ECG was ≥1 [20], followed by depression of the ST segment and high amplitude
of the R wave (Fig. 3). His BP increased over time, but he
did not have any symptoms, such as chest pain or dyspnea.
This case indicates that the system could be used to identify subclinical cardiac ischemia.
The third case was a 66-year-old female patient who had
been on hemodialysis for 9 years because of drug-induced
nephrotoxicity. Her comorbidities included hypertension
and paroxysmal atrial fibrillation. She was admitted to the
ward because of fungal pneumonia. Before hemodialysis,
she had a normal sinus ECG rhythm, and HR was 98 beats
per minute. The initial systolic and diastolic BP values were
140 mmHg and 82 mmHg, respectively. Paroxysmal atrial fibrillation occurred at 60 minutes, followed by a drop
in systolic and diastolic BPs to 90 mmHg and 63 mmHg,
respectively (Fig. 4). This case indicates that a preceding
arrhythmia during hemodialysis can affect the risk of hypotension.
The fourth case was a 68-year-old female patient. She was
on hemodialysis for 7 years due to diabetic nephropathy.
Her comorbidities included hypertension, paroxysmal atrial fibrillation, and three-vessel coronary artery disease. She

B

After 120 min
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Figure 2. Case with subclinical intradialytic hypotension (IDH). (A) Biosignal changes with time of dialysis as monitored through the
system. Sweep rate = 25 mm/sec. Voltage (vertical axis) against time (horizontal axis) = –1.5 to 2.5 mV. (B) Blood pressure (BP) and
heart rate (HR) during hemodialysis.
DBP, diastolic BP; SBP, systolic BP.
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Figure 3. Case with intradialytic hypertension. (A) Biosignal changes with time of dialysis as monitored through the system. Sweep
rate = 25 mm/sec. Voltage (vertical axis) against time (horizontal axis) = –2.5 to 2.5 mV. (B) Blood pressure (BP) and heart rate (HR)
during hemodialysis. An R/S ratio equal to or greater than 1 suggests the presence of potential pathology in heart.
DBP, diastolic BP; SBP, systolic BP.
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Figure 4. Case with paroxysmal atrial fibrillation (Af), followed by intradialytic hypotension (IDH). (A) Biosignal changes with time of
dialysis as monitored through the system. Sweep rate = 25 mm/sec. Voltage (vertical axis) against time (horizontal axis) = –0.5 to 1.5
mV. (B) Blood pressure (BP) and heart rate (HR) during hemodialysis.
DBP, diastolic BP; SBP, systolic BP.

had received a percutaneous coronary artery intervention
procedure on the proximal, middle left anterior descending,
and right coronary arteries 3 years before. She was admitted
due to left foot necrosis and underwent an amputation below the knee. At 60 minutes after starting hemodialysis, she
had nonsustained ventricular tachycardia (Fig. 5) for her
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ECG rhythm, and this arrhythmia was repeated in subsequent hemodialysis sessions. Currently, limited data for the
prognostic significance of incidentally detected arrhythmias
in hemodialysis patients are limited. Therefore, monitoring
intradialytic arrhythmia may be helpful for identifying patients at risk of sudden complications.
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Figure 5. Case with intradialytic nonsustained ventricular tachycardia (NSVT). (A) Biosignal changes with time of dialysis as monitored through the system. Sweep rate = 25 mm/sec. Voltage (vertical axis) against time (horizontal axis) = –2.0 to 1.5 mV. (B) Blood
pressure (BP) and heart rate (HR) during hemodialysis.
SBP, systolic BP; DBP, diastolic BP.

Discussion
Biosignal monitoring may be essential for detecting and
preventing intradialytic complications. We developed an
intradialytic biosignal-integrating system, which continuously updated the CONTINUAL registry. This approach can
overcome some inherent limitations of current technology,
such as providing real-time monitoring and storage of data.
In this report, we also provided representative cases with
hemodynamic complications, all of which required prompt
prediction, prevention, and treatment. This CONTINUAL
registry will be used in the future for predicting patient
risks and preventive hemodialysis services based on both
handcrafted and artificial intelligence models.
An approach that supports continuous and real-time
monitoring of biosignals during hemodialysis is needed,
and it will be more feasible if the system is noninvasive.
This will allow clinicians to dynamically track changes in
the patient statuses during hemodialysis more closely than
with sporadic measurements conducted at most centers
[21]. As shown in previous cases, a threshold number of
sessions could provide sufficient data to predict hemodynamic complications during hemodialysis, some of
which can have asymptomatic features. Hemodialysis can
induce significant alterations in the hemodynamics of the

circulatory system, which imposes a cardiac burden [22].
The burden will manifest as arrhythmias, silent or evident
myocardial ischemia, and reversible or irreversible cardiac
dysfunction [23]. Currently, hemodialysis machines do not
collect biosignal datasets, and thus, some biosignals are
missed. This missing data may reflect the cardiovascular
risk of hemodialysis patients.
The practical goal of using this system is to utilize the
biosignal registry for developing predictive models and to
enhance decisions for complication risks. The large quantity of biosignals necessitates advanced or novel analytics
that range from collection to interpretation [24]. Machine
learning, including deep learning, is a rapidly developing
branch of artificial intelligence that has shown promise for
use in clinics [13,25]. A major limitation in utilizing biosignals for artificial intelligence-based clinical purposes is the
lack of data storage [26]. This system supports intranet-attached storage to facilitate future utilization. The availability of a large, readily accessible registry with biosignals can
shorten the time of model training [26]. We are currently
conducting several projects with the help of machine
learning using this CONTINUAL system.
Some limitations should be considered before fully utilizing this system and registry. The connection with the
bedside monitor could be momentarily lost because of vio-
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lent movement or arbitrary removal of the connector. This
may result in loss of the significant biosignals and relevant
intradialytic events and thus provide insufficient information to medical doctors or in developing models. The registry currently consists of data from hemodialysis patients
hospitalized in a tertiary hospital, whose characteristics
and risks of hemodynamic complications could differ from
those admitted to general hospitals.
In summary, we developed an integrated system of intradialytic biosignals that included BP, HR ECG, and photoplethysmogram with SpO2. This system-derived biosignal
registry will facilitate epidemiological surveys on hemodynamic complications, enhance artificial intelligence models for predicting risks, and thus improve patient outcomes.
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Elderly kidney transplant recipients have favorable
outcomes but increased infection-related mortality
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Background: The number of elderly patients with end-stage kidney disease has been increasing, but the outcomes of kidney transplants (KT) remain poorly understood in elderly patients. Therefore, we evaluated the clinical outcomes of elderly KT recipients and
analyzed the impact of elderly donors.
Methods: This retrospective cohort study included patients who underwent KT between 2000 and 2019. KT recipients were divided
into four groups according to a combination of recipient and donor age (≥60 or <60 years); elderly recipients: old-to-old (n = 46) and
young-to-old (n = 83); young recipients: old-to-young (n = 98) and young-to-young (n = 796). We compared the risks of mortality, graft
failure, and acute rejection between groups using Cox regression analysis.
Results: The incidence of delayed graft function, graft failure, and acute rejection was not different among groups. Annual mean tacrolimus trough level was not lower in elderly recipients than young recipients during 10-year follow-up. Mortality was significantly higher in elderly recipients (p = 0.001), particularly infection-related mortality (p < 0.001). In multivariable Cox regression analysis, old-toold and young-to-old groups had increased risk of mortality (adjusted hazard ratio [aHR], 2.89; 95% confidence interval [CI], 1.14–
7.32; p = 0.03; aHR, 3.06; 95% CI, 1.51–6.20; p = 0.002). However, graft failure and acute rejection risks were not increased in elderly recipients.
Conclusion: In elderly recipients, graft survival and acute rejection-free survival were not inferior to those of young recipients. However, mortality, especially risk of infection-related death, was increased in elderly recipients. Thus, low immunosuppression intensity
might help decrease mortality in elderly recipients.
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Introduction

of ages of the recipient and donor.

The prevalence and related burden of end-stage kidney disease (ESKD) is rapidly increasing globally [1]. South Korea
is a developed country with a rapidly aging population [2,3].
Moreover, the number of patients with ESKD is increasing
rapidly due to the increased burden of metabolic diseases,
such as diabetes and hypertension, and economic development that improves the accessibility of renal replacement
therapy (RRT) [1,4]. According to the United States Renal
Data System report, South Korea has the fourth-highest
incidence and the third-highest prevalence of ESKD in the
world [5]. Furthermore, among ESKD patients in South Korea, the proportion of elderly patients has steadily increased
from 36.0% in 2010 to 51.9% in 2019 [6].
Kidney transplant (KT) is the treatment of choice with
the best prognosis for patients with ESKD [7,8]. Previous
studies have demonstrated that the prognosis of KT is better than that of dialysis in elderly patients with ESKD [9–11].
Moreover, KT from elderly living donors to elderly recipients showed better graft survival than standard criteria deceased donor or expanded criteria deceased donor KT [12].
However, few studies have analyzed prognosis considering
the ages of donors and recipients together, particularly
Asians. Thus, this study investigated patient and graft outcomes of KT in elderly patients based on the combination

Methods
Patients
Patients aged >18 years who underwent KT at Kyungpook
National University Hospital in Daegu, Korea between
January 2000 and December 2019 were retrospectively analyzed. Retransplantation patients were also included. Old
patients were defined as those 60 years or older, and we
divided KT recipients into four groups according to combination of ages of recipient and donor, as follows (Fig. 1):
(1) Elderly recipients: old-to-old, defined as both donor
and recipient aged ≥60 years; young-to-old, defined as donor aged <60 years and recipient aged ≥60 years.
(2) Young recipients: old-to-young, defined as donors
aged ≥60 years and recipients aged <60 years; young-toyoung, defined as both donor and recipient aged <60 years.
Data collection
Patient data were retrospectively collected from electronic medical records. The demographics of the recipients
include age, sex, body mass index (BMI), primary renal
diseases, comorbid diseases, pretransplant dialysis vintage,

Kidney transplantation
(n = 1,023)

Elderly recipients (≥60 yr)
(n = 129)

Young recipients (<60 yr)
(n = 894)

Elderly donors (≥60 yr)
(n = 46)

Young donors (<60 yr)
(n = 83)

Elderly donors (≥60 yr)
(n = 98)

Young donors (<60 yr)
(n = 796)

Old-to-old

Young-to-old

Old-to-old

Young-to-old

Figure 1. Flow diagram of the study.
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pretransplant desensitization, number of human leukocyte
antigen (HLA) mismatches, and type of immunosuppressants. Serial follow-up serum creatinine and tacrolimus
trough levels were also collected, as well as demographic
characteristics of donors, including age, sex, and BMI. The
estimated glomerular filtration rate (eGFR) was calculated
using the MDRD equation (derived from the Modification
of Diet in Renal Disease study) [13]. Delayed graft function
was diagnosed in KT recipients who underwent dialysis
during the first week after transplant because of poor graft
function [8]. Finally, annual mean tacrolimus trough level
was calculated as the average value of all measured tacrolimus trough levels yearly after transplant.

agnosed based on the Banff 07 classification [15] and was
subdivided according to the time of diagnosis after transplant (early, 1 year or less after transplant; late, more than 1
year after transplant) and type of rejection.
Statistical analysis

Induction and maintenance immunosuppressive agents
were used according to our center’s protocol. The detailed
protocol is described in our previous studies [8,14]. Briefly,
intravenous basiliximab was used as induction immunosuppression in normal-risk patients, and anti-thymocyte
globulin was used for high-risk patients. For maintenance
immunosuppression, standard triple immunosuppressive
therapy (calcineurin inhibitor, mycophenolate, and corticosteroid) was applied. The target tacrolimus trough level
was 5–10 ng/mL until 3 months after transplant, then it
was tapered to 3–7 ng/mL. The target cyclosporine trough
level was 200–300 ng/mL during the 3 months after transplant, after which it was tapered to 50–150 ng/mL for the
maintenance period. Mycophenolate mofetil was administered daily at a fixed dose of 1.0 to 2.0 g. For corticosteroid
treatment, 500 mg intravenous methylprednisolone was
administered at the time of transplant and was tapered
to 5 mg per day oral prednisolone within six months after
transplant.

Continuous variables were expressed as mean ± standard
deviation, and categorical variables were expressed as
number (percentage). Analysis of variance or Student t test
was used to determine differences between continuous
variables. Pearson chi-square test or Fisher exact test was
used to determine differences among categorical variables.
Patient survival, death-censored graft survival, and BPARfree survival were analyzed using Kaplan-Meier analysis
with log-rank tests. Multivariable Cox proportional hazard
regression analyses were conducted for survival analyses.
The results of Cox regression analysis were presented as
hazard ratio (HR) with 95% confidence interval (CI). To
avoid confounding effects, variables that were significantly
different at baseline (p < 0.05; comorbid diabetes, BMI of
recipient and donor, tacrolimus use, and number of HLA
mismatches) or were associated with clinical outcomes of
transplant (sex, transplant type, immunosuppressants given) were entered in the multivariable Cox regression analysis. Here, Model 1 was adjusted for sex and diabetes; Model
2 for Model 1 variables plus recipient BMI, donor BMI, and
transplant type; Model 3 was adjusted for Model 2 variables
as well as tacrolimus use, number of HLA mismatches,
anti-thymocyte globulin induction, and maintenance mycophenolate use. Statistical analyses were conducted using
IBM SPSS version 22.0 (IBM Corp., Armonk, NY, USA) and
R (version 3.6.2; The R Foundation for Statistical Computing, Vienna, Austria). The p-values of <0.05 were considered statistically significant.

Outcomes

Ethics statement

The study outcomes were patient survival, death-censored
graft survival, and biopsy-proven acute rejection (BPAR)free survival. Patient survival was defined as the time from
KT to death from all causes. Death-censored graft survival
was defined as the time from transplant to the restart of
RRT. In cases of patient death with a functioning graft, graft
survival was censored at the time of death. BPAR was di-

The Institutional Review Board of Kyungpook National University Hospital reviewed and approved the study protocol
(No. 2021-07-069). The requirement for informed consent
was waived because the study was conducted as a retrospective review of electronic medical records. All patient
information was anonymized and deidentified before analyses. This study was conducted according to the 2000 Dec-
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laration of Helsinki and the Declaration of Istanbul, 2008.

differ among groups.

Results

Tacrolimus immunosuppression after transplant

Baseline characteristics

The majority of KT recipients (83.9%, 858 of 1,023) were
on immunosuppressive therapy, including tacrolimus.
Therefore, we compared mean tacrolimus trough levels
to identify degree of immunosuppression after transplant
(Fig. 2). The mean tacrolimus trough level was significantly
lower for the old-to-old group than the young-to-young
group at one year after transplant. However, there were no
differences in annual mean tacrolimus trough level among
groups at 2, 3, 4, 5, and 10 years after transplant.

Of the total 1,023 KT recipients examined during the study
period, 129 (12.6%) were ≥60-years-old at the time of transplant. Among these elderly recipients, 46 (4.5% of the total)
received KT from old donors (age, ≥60 years), which is defined as the old-to-old group; 83 elderly recipients (8.1% of
the total) were included in the young-to-old group. There
were 893 KT recipients (87.4%) aged <60 years at the time
of transplant; of them, 98 (9.6% of the total) received KT
from old donors (age, ≥60 years) and were defined as the
old-to-young group. There were 796 cases (77.8% of the
total) in which both donor and recipient were aged <60
years, defined as the young-to-young group and set as the
reference. The median follow-up duration for all patients
was 69.2 months (interquartile range [IQR], 39.8–115.9
months); that for old-to-old was 52.0 months (IQR,
38.0–77.0 months), that for young-to-old was 57.7 months
(IQR, 32.9–86.2 months), that for old-to-young was 55.8
months (IQR, 29.8–81.9 months), and that of the young-toyoung groups was 73.4 months (IQR, 44.8–131.6 months).
Baseline characteristics of each patient group are shown
in Table 1. The mean age was 64.8 ± 3.5 years in the old-toold group, 63.8 ± 3.2 years in the young-to-old group, 45.1
± 3.2 years in the old-to-young group, and 43.6 ± 10.2 years
in the young-to-young group. The proportion of males was
higher among elderly recipients (old-to-old and young-toold) compared with young recipients (old-to-young and
young-to-young) (p = 0.007). More than half of the elderly
recipients had ESKD due to diabetes, while more than half
of the young recipients had ESKD due to glomerulonephritis (p < 0.001). Comorbid diabetes was more frequent in the
elderly recipients compared with the young recipients (p
< 0.001). Pretransplant dialysis vintage and pretransplant
desensitization rates did not differ among groups. The
mean ages of donors were 66.7 ± 4.9 years in old-to-old,
43.7 ± 12.0 years in young-to-old, 64.2 ± 3.7 years in old-toyoung, and 41.9 ± 12.3 years in young-to-young (p < 0.001).
Pretransplant donor serum creatinine levels were not different among groups. The proportion of living or deceased
donors and type of induction immunosuppression did not

Outcomes and graft function
Patient and graft outcomes are summarized in Table 2. The
incidence of delayed graft function, graft failure, and BPAR
including early and late events was not different among
groups. The proportion of KT recipients whose serum
creatinine level was higher than 1.5 mg/dL at 1 year after
transplant was higher in the old-to-old and old-to-young
groups. The proportions of patients who were hospitalized
to treat infection did not differ among groups. The incidence of patient death was 13.0% (6 of 46) in the old-toold group and 16.9% (14 of 83) in the young-to-old group.
However, young recipients showed lower mortality (5.1% [5
of 98; old-to-young] and 6.0% [48 of 796; young-to-young])
(p = 0.001). Infection-related mortality was higher among
elderly recipients (p < 0.001). The incidence of cardiovascular and cancer-related deaths was not different among
the four groups. Supplementary Table 1 (available online)
shows detailed information about infection-related death,
the most common cause of which is pneumonia.
In subgroup analysis according to donor type, elderly
recipients showed higher all-cause mortality and infection-related mortality than young recipients in both living
donor KT and deceased donor KT groups (all ps < 0.05;
Supplementary Table 2, available online).
We increased the cutoff age of the elderly group to 65
years and compared outcomes among the four groups
(Supplementary Table 3, available online). The number of
patients in the old-to-old group was 16, in the young-toold group was 33, and in the old-to-young group was 48.
The results were similar to those of the analysis with an
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Table 1. Baseline characteristics of patients
Variable
No. of patients
Age (yr)
Male sex
BMI (kg/m2)
Primary renal disease
Diabetes
Hypertension
Glomerulonephritis
Comorbid disease
Hypertension
Diabetes
CVA
Cardiovascular disease
Pretransplant dialysis vintage (mo)
DXM positive
Desensitization
Rituximab
No. of HLA mismatches
Retransplantation
Donor age (yr)
Donor sex, male
Donor BMI (kg/m2)
Donor serum creatinine (mg/dL)
Transplant type
Living
Deceased
Induction immunosuppression
Basiliximab
Anti-thymocyte globulin
Immunosuppressant
Cyclosporine
Tacrolimus
Steroid
Mycophenolate
Sirolimus
Azathioprine

Old-to-old
46
64.8 ± 3.5
34 (73.9)
22.8 ± 2.5

Young-to-old
83
63.8 ± 3.2
63 (75.9)
23.3 ± 3.0

Old-to-young
98
45.1 ± 3.2
54 (55.1)
23.0 ± 4.6

Young-to-young
796
43.6 ± 10.2
483 (60.7)
22.2 ± 3.2

25 (54.3)
3 (6.5)
14 (30.4)

46 (55.4)
9 (10.8)
22 (26.5)

28 (28.6)
3 (3.1)
57 (58.2)

173 (21.7)
54 (6.8)
492 (61.8)

42 (91.3)
31 (67.4)
1 (2.2)
1 (2.2)
37.0 ± 28.7
3 (6.7)
10 (21.7)
8 (17.4)
4.0 ± 1.4
0 (0)
66.7 ± 4.9
22 (47.8)
23.5 ± 0.5
0.96 ± 0.28

73 (88.0)
49 (59.0)
3 (3.6)
3 (3.6)
55.0 ± 58.3
4 (4.8)
9 (10.8)
8 (9.6)
2.8 ± 1.7
0 (0)
43.7 ± 12.0
41 (49.4)
22.8 ± 2.7
0.86 ± 0.28

76 (77.6)
31 (31.6)
4 (4.1)
1 (1.0)
45.7 ± 61.5
7 (7.1)
10 (10.2)
10 (10.2)
2.8 ± 1.7
3 (3.1)
64.2 ± 3.7
55 (56.1)
23.9 ±3.1
0.97 ± 0.26

640 (80.4)
195 (24.5)
16 (2.0)
15 (1.9)
49.6 ± 55.3
44 (5.5)
106 (13.3)
106 (13.3)
3.1 ± 1.7
36 (4.5)
41.9 ± 12.3
409 (51.4)
23.4 ± 3.3
0.95 ± 0.21

26 (56.5)
20 (43.5)

47 (56.6)
36 (43.4)

60 (61.2)
38 (38.8)

500 (62.8)
296 (37.2)

42 (91.3)
4 (8.7)

69 (83.1)
14 (16.9)

86 (87.8)
12 (12.2)

651 (81.8)
145 (18.2)

2 (4.3)
43 (93.5)
45 (97.8)
45 (97.8)
0 (0)
1 (2.2)

5 (6.0)
74 (89.2)
78 (94.0)
79 (95.2)
2 (2.4)
1 (1.2)

3 (3.1)
90 (91.8)
95 (96.9)
93 (94.9)
1 (1.0)
0 (0)

116 (14.6)
651 (81.8)
770 (96.7)
734 (92.2)
12 (1.5)
23 (2.9)

p-value
<0.001
0.007
0.004
<0.001

0.08
<0.001
0.36
0.64
0.40
0.90
0.25
0.50
0.001
0.09
<0.001
0.74
0.002
0.08
0.59

0.21

0.001
0.007
0.57
0.42
0.72
0.30

Data are expressed as number only, mean ± standard deviation, or number (%).
BMI, body mass index; CVA, cerebrovascular accident; DXM, direct cross-match; HLA, human leukocyte antigen.

elderly cutoff age of 60 years. Both all-cause mortality and
infection-related mortality were higher in the elderly recipient groups. When patients were divided into two groups
based on the recipient or donor age of 70 years (age of ≥70
and <70 years), neither extremely elderly recipient nor
donor KT groups showed higher incidence of graft failure
and death of patients than the young recipient or donor KT
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groups as follows. 1) Extremely elderly recipients (n = 7) vs.
young recipients (n = 1,016): graft failure, 0 vs. 111 (10.9%)
(p > 0.99); death, 1 (14.3%) vs. 72 (7.1%) (p = 0.41). 2) Extremely elderly donors (n = 21) vs. young donors (n = 1,002):
graft failure, 1 (4.8%) vs. 110 (11.0%) (p = 0.37); death, 1
(4.8%) vs. 72 (7.2%) (p = 0.67).
Serial changes in eGFR after transplant are shown in Fig. 3.
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Figure 2. Comparison of annual mean tacrolimus trough levels.
*
Old-to-old vs. young-to-young; p < 0.05.
Table 2. Comparison of graft and patient outcomes
Variable
Delayed graft function
SCr > 1.5 mg/dL at 1 yr
Graft failure
BPARa
Early
Late
Acute TCMR
Early
Late
Active ABMR
Early
Late
Infection-related hospitalization
Bacterial infection
Viral infection
Death
Infection
Cardiovascular disease
Cancer
Others

Old-to-old (n = 46)
1 (2.2)
13 (28.3)
3 (6.5)
2 (4.3)
1 (2.2)
1 (2.2)
2 (4.3)
1 (2.2)
1 (2.2)
0 (0)
0 (0)
0 (0)
10 (21.7)
8 (17.4)
2 (4.3)
6 (13.0)
3 (6.5)
0 (0)
0 (0)
3 (6.5)

Young-to-old (n = 83) Old-to-young (n = 98) Young-to-young (n = 796)
3 (3.6)
5 (5.1)
31 (3.9)
8 (9.6)
27 (27.6)
101 (12.7)
5 (6.0)
14 (14.3)
89 (11.2)
4 (4.8)
9 (9.2)
46 (5.8)
3 (3.6)
6 (6.1)
20 (2.5)
1 (1.2)
3 (3.1)
26 (3.3)
2 (2.4)
4 (4.1)
33 (4.0)
2 (2.4)
3 (3.1)
17 (2.1)
0 (0)
1 (1.0)
15 (1.9)
2 (2.4)
5 (5.1)
14 (1.8)
1 (1.2)
3 (3.1)
4 (0.5)
1 (1.2)
2 (2.0)
10 (1.3)
20 (24.1)
16 (16.3)
204 (25.6)
15 (18.1)
11 (11.2)
168 (21.1)
5 (6.0)
5 (5.1)
39 (4.9)
14 (16.9)
5 (5.1)
48 (6.0)
8 (9.6)
1 (1.0)
6 (0.8)
1 (1.2)
0 (0)
3 (0.4)
3 (3.6)
0 (0)
9 (1.1)
2 (2.4)
4 (4.1)
30 (3.8)

p-value
0.85
<0.001
0.24
0.55
0.20
0.88
0.91
0.81
0.66
0.13
0.05
0.86
0.23
0.13
0.95
0.001
<0.001
0.45
0.18
0.66

Data are expressed as number (%).
ABMR, antibody-mediated rejection; BPAR, biopsy-proven acute rejection; SCr, serum creatinine; TCMR, T-cell mediated rejection.
a
Early indicates within 1 year of and late indicates at least 1 year after kidney transplantation.

The old-to-old group had significantly lower eGFR than groups
with young donors (young-to-old and young-to-young) at
14 days and 1, 2, 3, and 5 years after transplant (p < 0.05).

Patient survival
In the Kaplan-Meier curve for patient survival, elderly recipients showed significantly shorter survival times com-

www.krcp-ksn.org

377

Kidney Res Clin Pract 2022;41(3):372-383

eGFR (mL/min/1.73 m2)

100

*,†

80

*,†

*,†

*,†

*,†

†

Old-to-old
Young-to-old
Old-to-young

60

Young-to-young

40
20
0

POD14

1 yr

2 yr

3 yr

5 yr

10 yr

Figure 3. Serial changes in eGFR during 10-year follow-up.
eGFR, estimated glomerular filtration rate; POD, postoperative day.
*Old-to-old vs. young-to-old; p < 0.05. †Old-to-old vs. young-to-young; p < 0.05.

pared with young recipient groups (log-rank p < 0.001)
(Fig. 4). In univariable Cox proportional hazard regression
analysis, both elderly recipient groups showed a significantly higher risk of patient death than the young-to-young
group (Table 3). In multivariable analysis to adjust for confounding effects of baseline characteristics, elderly recipients were consistently at significantly higher risk of patient
death than was the young-to-young group (Model 3; oldto-old: aHR, 2.89; 95% CI, 1.14–7.32; p = 0.03; young-to-old:
aHR, 3.06; 95% CI, 1.51–6.20; p = 0.002).
Graft survival and biopsy-proven acute rejection-free survival
Death-censored graft survival was significantly different
among the four groups in the Kaplan-Meier survival curve
(log-rank p = 0.02) (Fig. 5A). In univariable and multivariable Cox proportional hazard regression analyses, there
was no significant difference in graft failure in elderly recipients compared with the young-to-young group (p >
0.05) (Table 4). However, the old-to-young group showed a
consistently increased risk of death-censored graft failure
compared with the young-to-young group (Model 3: aHR,
2.41; 95% CI, 1.30–4.46; p = 0.005).
BPAR-free survival did not differ among the four groups
as per the Kaplan-Meier survival curve (log-rank p = 0.389)
(Fig. 5B). Table 5 shows a risk of BPAR among groups in
univariable and multivariable Cox proportional hazard regression analyses. There were no significant differences in
BPAR risk in groups other than the young-to-young group
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(p > 0.05).

Discussion
We demonstrated that graft survival is not inferior in elderly recipients regardless of donor age compared to young
recipients with young donors. However, patient survival
was lower in elderly recipients from both young and elderly donors. In particular, as infection-related mortality was
higher in elderly recipients, special attention is needed in
this area. This is the first Asian cohort study to evaluate patient and graft prognosis considering the combined effects
of elderly recipients and donors. Our findings will assist
physicians of elderly patients with ESKD in selecting appropriate RRT modality and to help decrease mortality in
elderly recipients.
The prognosis of KT in generally better in Asian samples than in those of patients of other ethnicities [8,16,17].
Although the rate of KT in patients with ESKD has been
steadily increasing, it is still low in elderly patients with
ESKD in Korea [3,6,18]. KT improves the quality of life in
patients with ESKD and has a better prognosis than dialysis
[19], but elderly ESKD patients are often reluctant to receive KT, especially from elderly donors. Moreover, due to a
shortage of donated organs, the waiting time for deceased
donor KT is longer, making it more difficult for elderly
ESKD patients to receive KT, especially from young donors
[20]. However, survival benefit has been demonstrated in
elderly KT recipients compared to dialysis patients on the
waiting list for transplantation in several studies [7,9,10,21].
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Figure 4. Kaplan-Meier curve for patient survival. A p-value less than 0.008 indicates significant difference in post hoc Bonferroni
correction.
Table 3. Cox regression analysis of patient death
Variable
Young-to-young
Old-to-young
Young-to-old
Old-to-old

Univariable
HR (95% CI)
p-value
Reference
1.30 (0.52–3.29) 0.58
4.00 (2.19–7.29) <0.001
4.28 (1.81–10.12) <0.001

Model 1a
aHR (95% CI)
Reference
1.38 (0.54–3.51)
3.35 (1.76–6.36)
3.56 (1.46–8.70)

p-value
0.498
<0.001
0.005

Model 2b
aHR (95% CI)
Reference
1.25 (0.48–3.22)
2.96 (1.46–5.98)
3.29 (1.31–8.29)

p-value
0.65
0.003
0.01

Model 3c
aHR (95% CI)
Reference
1.24 (0.48–3.22)
3.06 (1.51–6.20)
2.89 (1.14–7.32)

p-value
0.66
0.002
0.03

aHR, adjusted hazard ratio; CI, confidence interval; HR, hazard ratio.
a
Adjusted for sex and diabetes. bAdjusted for sex, diabetes, recipient body mass index, donor body mass index, and transplant type. cAdjusted for sex, diabetes, recipient body mass index, donor body mass index, transplant type, tacrolimus use, number of human leukocyte antigen mismatches, anti-thymocyte globulin induction, and maintenance mycophenolate use.
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Figure 5. Kaplan-Meier curves for graft outcomes. (A) Death-censored graft survival. (B) Biopsy-proven acute rejection (BPAR)-free
survival. A p-value less than 0.008 indicates significant difference in post hoc Bonferroni correction.
Table 4. Cox regression analysis of death-censored graft failure
Variable
Young-to-young
Old-to-young
Young-to-old
Old-to-old

Univariable
HR (95% CI)
Reference
2.28 (1.29–4.04)
0.87 (0.35–2.15)
1.43 (0.45–4.54)

p-value
0.005
0.77
0.55

Model 1a
aHR (95% CI)
Reference
2.33 (1.28–4.23)
0.81 (0.32–2.05)
1.33 (0.41–4.31)

p-value
0.005
0.66
0.63

Model 2b
aHR (95% CI)
Reference
2.16 (1.18–3.98)
0.90 (0.35–2.30)
0.96 (0.23–4.00)

p-value
0.01
0.82
0.96

Model 3c
aHR (95% CI)
Reference
2.41 (1.30–4.46)
0.74 (0.26–2.10)
1.03 (0.25–4.36)

p-value
0.005
0.74
0.96

aHR, adjusted hazard ratio; CI, confidence interval; HR, hazard ratio.
a
Adjusted for sex and diabetes. bAdjusted for sex, diabetes, recipient body mass index, donor body mass index, and transplant type. cAdjusted for sex, diabetes, recipient body mass index, donor body mass index, transplant type, tacrolimus use, number of human leukocyte antigen mismatches, anti-thymocyte globulin induction, and maintenance mycophenolate use.

Table 5. Cox regression analysis of biopsy-proven acute rejection
Variable
Young-to-young
Old-to-young
Young-to-old
Old-to-old

Univariable
HR (95% CI)
Reference
1.84 (0.90–3.76)
0.94 (0.34–2.60)
0.92 (0.22–3.80)

p-value
0.10
0.90
0.92

Model 1a
aHR (95% CI)
Reference
1.85 (0.90–3.80)
0.73 (0.26–2.08)
0.71 (0.17–3.01)

p-value
0.09
0.56
0.65

Model 2b
aHR (95% CI)
Reference
1.61 (0.77–3.35)
0.69 (0.24–1.97)
0.83 (0.20–3.51)

p-value
0.21
0.49
0.80

Model 3c
aHR (95% CI)
Reference
1.67 (0.79–3.51)
0.73 (0.26–2.01)
0.81 (0.19–3.52)

p-value
0.18
0.56
0.78

aHR, adjusted hazard ratio; CI, confidence interval; HR, hazard ratio.
a
Adjusted for sex and diabetes. bAdjusted for sex, diabetes, recipient body mass index, donor body mass index, and transplant type. cAdjusted for sex, diabetes, recipient body mass index, donor body mass index, transplant type, tacrolimus use, number of human leukocyte antigen mismatches, anti-thymocyte globulin induction, and maintenance mycophenolate use.
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In addition, we showed that graft prognosis was not inferior
in elderly recipients receiving kidneys from elderly donors
compared to that of young recipients from young donors.
Therefore, elderly patients with ESKD should be positively
considered for KT from elderly donors.
In this study, recipient age had a significant impact on
patient survival regardless of donor age. Even after adjusting for various confounding factors, elderly recipients
consistently showed increased risk of death. Patients with
ESKD on dialysis have the highest mortality from cardiovascular disease [6], but elderly recipients have increased
mortality primarily due to infection. Although the overall
incidence of infection was not higher than that in young recipients, many severe/critical infection cases lead to death
of elderly patients. This suggests vulnerability to immunosuppressive therapy and the need for tailored immunosuppression in elderly recipients. The aging of the immune
system, or immunosenescence, causes immune system
alterations in that macrophages, neutrophil granulocytes,
and dendritic cells have reduced capability to react to mediators and cytokines [22,23]. Therefore, theoretically, the
intensity of immunosuppressive therapy in elderly recipients can be lowered during the maintenance period [22,24].
Our results showed that the mean tacrolimus trough level
kept low during the first year after transplant for the oldto-old group, but the level was not low compared with the
other groups thereafter. Therefore, it is recommended that
clinicians maintain steady low immunosuppression after
transplant, considering the risk of severe infection in elderly recipients.
The risk of graft failure was not increased in elderly recipients compared with young recipients receiving kidneys
from young donors. This agrees with previous studies that
examined the impact of donor age on graft survival in
young recipients rather than elderly recipients [18,25,26].
Although elderly recipients have higher mortality than
young recipients receiving kidneys from young donors,
death-censored graft survival was not inferior in these elderly recipients regardless of donor age. Therefore, elderly
recipients do not need to hesitate to receive a transplant
from elderly donors because donor age has a minor effect
on long-term function of the graft. In contrast, young recipients from elderly donors did not show increased mortality.
However, the risk of death-censored graft failure was increased compared with that of young recipients receiving

kidneys from young donors, so long-term graft survival will
be the major issue when determining the prognosis of such
young recipients.
Neither early nor late BPAR incidence was increased in
elderly recipients compared with young recipients, and
all groups showed a low incidence of BPAR in the range of
3% to 5%. BPAR episodes are a risk factor for patient death
and graft failure in KT recipients [18]. BPAR has a greater
association with mortality than does underlying diseases
in elderly recipients [24,27,28]. Some previous studies have
shown similar incidence of BPAR in elderly recipients to
that of young recipients [29], whereas others showed a lower risk of BPAR [18,30,31]. We found that donor or recipient
age had a neutral impact on BPAR, which might be due to
the low overall incidence of BPAR in our study patients.
Thus, it would be reasonable to maintain a low intensity of
immunosuppression, especially for elderly recipients with
high risk of infection-related death.
The strength of this study is that it demonstrates high
infection-related mortality in elderly KT recipients, but
not low immunosuppression intensity compared to young
KT recipients. However, there are some limitations to this
study. First, this is a retrospective observational study, so
factors that affect patient or graft outcomes cannot be fully
controlled, limiting the interpretation of the results. However, we analyzed the impact of donor or recipient age using
multiple multivariable analysis models to minimize possible
confounding variables. Second, the sample of elderly recipients was small, and results were based on a single transplant
center, so the results of this study might not represent overall national results for Korea. However, this study observed
prognosis over long periods for the entire cohort of a single
transplant center and minimized variation based on differences between transplant centers or clinicians. Third, postoperative complications after transplant are higher in elderly
recipients [32], but postoperative complications could not be
examined based on the available data in this study. Therefore, prospective studies using a large-scale national cohort
with various clinical information are warranted to overcome
these limitations.
In conclusion, elderly recipients had increased risk of mortality compared with young recipients. Notably, infection-related mortality was higher in elderly recipients. However,
graft survival and BPAR-free survival of elderly recipients
were comparable with those of young recipients, and donor
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age did not significantly impact long-term graft function in
elderly recipients. Thus, low immunosuppression intensity
might help decrease mortality in elderly KT recipients.
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Coronavirus disease 2019 (COVID-19), the rapidly ongoing
pandemic caused by spread of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), led to a significant
impact on transplant systems [1]. Because of intensified
induction therapy as well as maintenance of immune
suppressant, there is significant concern about transplantation after COVID-19 infection. Meanwhile, the immune
response to SARS-CoV-2 is crucial in detecting primary
infection and in confirming postinfection recovery or reinfection [2]. In this case, we serially monitored humoral and
cellular immunity to SARS-CoV-2 in patients who were diagnosed with COVID-19 during preparation for an ABO-incompatible kidney transplantation (ABO icKT) and who
successfully received kidney transplantation (KT) without

reinfection or complication before or after.
A 47-year-old male patient with chronic kidney disease
(stage 5) secondary to diabetic nephropathy for which he
was on hemodialysis was planned for a living donor ABO
icKT. The potential donor was his spouse, and the isoagglutinin titer was 1:16. According to our center’s protocol,
we infused rituximab 4 weeks before KT and planned three
plasmapheresis procedures. However, 3 weeks prior to KT,
the patient was diagnosed as COVID-19 positive by reverse
transcriptase-polymerase chain reaction (SARS-CoV-2
test). Fortunately, the disease course was not severe, and
he only required quarantine and symptomatic treatment.
Both humoral and cellular immunity against SARS-CoV-2
had been assessed approximately 2 months prior to KT.

Received: February 12, 2022; Revised: February 26, 2022; Accepted: February 26, 2022
Correspondence: Eun-Jee Oh
Department of Laboratory Medicine, Seoul St. Mary’s Hospital, College of Medicine, The Catholic University of Korea, 222 Banpo-daero, Seocho-gu,
Seoul 06591, Republic of Korea. E-mail: ejoh@catholic.ac.kr
ORCID: https://orcid.org/0000-0001-5870-915X
Byung Ha Chung
Division of Nephrology, Department of Internal Medicine, Seoul St. Mary’s Hospital, College of Medicine, The Catholic University of Korea, 222
Banpo-daero, Seocho-gu, Seoul 06591, Republic of Korea. E-mail: chungbh@catholic.ac.kr
ORCID: https://orcid.org/0000-0003-0048-5717
Eun-Jee Oh and Byung Ha Chung contributed equally to this work as corresponding authors.
Copyright © 2022 by The Korean Society of Nephrology
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial and No Derivatives License (http://
creativecommons.org/licenses/by-nc-nd/4.0/) which permits unrestricted non-commercial use, distribution of the material without any modifications,
and reproduction in any medium, provided the original works properly cited.

Hong, et al. Successful KT after COVID-19 and immune monitoring

Humoral immunity of COVID-19 was detected by measuring anti-SARS-CoV-2 antibodies (Elecsys Anti-SARS-CoV-2
chemiluminescent immunoassay, cutoff of 0.8; Roche Diagnostics, Rotkreuz, Switzerland). That antibody level in
serum samples was 0.77 U/mL. The low pre-KT humoral
immunity level could be due to the immunosuppressive
effect of rituximab for ABO incompatibility. Cellular immunity against SARS-CoV-2 was detected by enzyme-linked
immune-spot (ELISPOT, the T-SPOT Discovery SARSCov-2 assay kit; Oxford Immunotec, Abingdon-on-Thames,
London, UK) and flow cytometry of T cell, regulatory T cell
(Treg), and natural killer (NK) subset cytokine expression.
Our case was characterized by predominant CD4+ and
CD8+ T cell responses, which suggests that he had developed SARS-CoV-2–specific T cell responses [3] (Fig. 1). Expression of Treg and NK subset cytokine also was detected.
In Fig. 2A, adaptive immunity to SARS-CoV-2 virus was
confirmed by measurement of SARS-CoV-2–specific T cell

A

immunity (spike protein, N protein, and M protein) by the
ELISPOT method.
Therefore, we decided to proceed with the ABO icKT. The
patient had received rituximab before the COVID-19 diagnosis, and CD19 and CD20 cell counts in peripheral blood
were <0.1%. Hence, the patient underwent only plasmapheresis three times just before KT. Antibody measurement
and ELISPOT assay were performed at post-KT intervals
of 1 and 3 months. One month after KT, the antibody level
was less than 0.4 U/mL, and ELISPOT assay and flow cytometry results also showed decreased cellular immune
response (Fig. 2B). Three months after KT, CD8+ absolute
cell count abruptly rebounded, but NK and Treg subset expression remained low. The patient remained stable with
an estimated glomerular filtration rate of 104 mL/min/1.73
m2 up to 10 months posttransplant.
There are approximately four previous case reports of
successful transplantation in patients with a mild disease

B

C

Figure 1. Expression of T cell, NK cell, and Treg subset cytokine as detected by flow cytometry from COVID-19 infection had
recovered at 6 weeks after COVID-19 diagnosis. (A) T cells (CD8+ and CD4+) producing cytokines were detectable in flow cytometry. (B) NK (CD16– CD56+ and CD16+ CD56–) subsets producing cytokines were detectable in flow cytometry. (C) Treg (CD25+ CD127low) subsets producing cytokines were detectable by flow cytometry. Flow cytometry results confirm adaptive immunity toward
COVID-19 (SARS-CoV-2) in the case patient.
COVID-19, coronavirus disease-19; NK, natural killer; SARS-CoV2, severe acute respiratory syndrome coronavirus 2; Treg, regulatory
T cell.
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Figure 2. Pre- and posttransplant T cell immunity of the patient. (A) SARS-CoV-2–specific T cell immunity by ELISPOT (spike protein
S1, N protein, and M protein). Adaptive immunity to SARS-CoV-2 virus was confirmed by SARS-CoV-2–specific protein (spike protein,
N protein, and M protein) detection by the ELISPOT method. After KT, SARS-CoV-2–specific protein level decreased in correlation with
flow cytometry results of T cell, Treg, and NK subsets cytokine expression. Decreased adaptive immunity was retained up to 3 months
after KT. (B) Adaptive immune response of cytokine expression of T cell, NK and Treg subsets detected by flow cytometry (CD8+, CD4+,
NK, and Treg expression). After recovery from COVID-19 infection, our patient showed adaptive immunity toward SARS-CoV-2 before KT,
with absolute cell count/3,000 lymphocytes by flow cytometry. T-cell immunity was expressed as CD4+ and CD8+, Treg was expressed
as CD25+ CD127low, and the NK subset was expressed as CD16– CD56+ and CD16+ CD56–. The CD8+ and CD4+ absolute cell
count decreased at 1 month after KT. The CD8+ absolute cell count abruptly rebounded at 3 months after KT, but CD4+ absolute cell
count remained low. Expression of NK and Treg subset also remained low at 3 months after KT.
COVID-19, coronavirus disease-19; ELISPOT, enzyme-linked immune absorbent spot; KT, kidney transplant; M, M protein; N, N protein;
NK, natural killer; PBMC, peripheral blood mononuclear cell; S1, spike protein; SARS-CoV2, severe acute respiratory syndrome coronavirus 2; Treg, regulatory T cells.

course of COVID-19 and two case reports of such patients
with a severe disease course [4–8]. No previous case report
or cohort study showed adaptive immunity in both precise
humoral and cellular patterns. T cell-mediated immune response is required for protection against SARS-CoV-2 and
is a surrogate of acquired immune protection from reinfection [2]. Though detected humoral immunity value was
below the cutoff value, we verified adaptive immunity by
detection of more precise cellular immunity with ELISPOT.
In conclusion, our data are reassuring that functional
SARS-CoV-2–specific T cell responses are acquired as soon
as 6 weeks after initial COVID-19 diagnosis and retained
for 6 months following infection. This suggests that adaptive T cell immunity is sustained, and the ideal wait time
for transplant could be as soon as only 6 weeks after initial
diagnosis of COVID-19. Most KT recipients slowly recover their immune status as immunosuppressant dosages
are tapered over time. Our patient recovered his immune

386

www.krcp-ksn.org

status, and CD8+ expression level was normal at 3 months
after KT. This case is promising for patients who have suffered from COVID-19 before KT and suggests that recovery from COVID-19 and the presence of T cell immunity
against SARS-CoV-2 could be a surrogate marker for safe
and successful KT.
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be sent to each author for electronic signature prior to starting review process. The manuscript will not be reviewed as
planned until all signatures are received. The paper submitted
without the signatures of all authors on all statements will be
finally removed from the system without further notice.

2. Types of Articles
2.1. Original Articles
These are expected to present major advances and important

new research results. Section headings should include Abstract, Introduction, Methods, Results, Discussion, Conflicts of
interest, Acknowledgments (if applicable), and References.
The text should be limited to 4,000 words (excluding tables,
figures and references) and 40 references.

2.2. Review Articles
These describe new developments of significance in the field
of nephrology and highlight unresolved questions and future
directions. Most reviews are solicited by the editors, but unsolicited submissions may also be considered for publication.
Review articles should include Abstract, Introduction, brief
main headings, and References. The text should be limited to
5,000 words (excluding tables, figures and references) and
100 references.

2.3. Special Articles
Articles in this section should provide insightful analysis and
commentary about any important topic in medicine, research, ethics, or health policy. They may also address consensus statements, guidelines, statements from task forces, or
recommendations. Most reviews are solicited by the editors,
but unsolicited submissions may also be considered for publication. The text should be limited to 5,000 words (excluding
tables, figures and references) and 50 references.

2.4. Correspondence
Correspondence generally takes one of the following forms: (1)
Reader’s comment on an article previously published in KRCP
and/or a reply from the authors; (2) An article that may not fit
to the format of original or review article but suggest creative
perspectives for medical issues; (3) A brief report of any kind
that presents important research findings adequate for the
journal's scope and of particular interest to the readers. The
submitted manuscript includes title page, main text, conflict
of interest, acknowledgments (if applicable) and references.
No abstract is included, and the text should be limited to 800
words (excluding tables, figures and references) and 8 references. A maximum of 2 figures or tables may be included.

2.5. Editorials
These are manuscripts that are related to materials within
the current issue; they raise challenging questions or explore
controversies. The editor solicits such opinion pieces. The order of the submitted manuscript includes title page, integrated discussion, conflict of interest, acknowledgments (if applicable) and references. The text should be limited to 1,500

words and 10 references. A maximum of 2 figures or tables
may be included.

2.6. Images in Practice
These present classic or unique images of common medical
conditions in clinical nephrology. Images are an important
part of much of what we do and learn in clinical practice. The
text should be limited to 400 words. There should be no more
than two figures. No tables or references are included.

3. Manuscript Preparation
3.1. Title Page
The title page should include article title, each author’s first
and last names, positions (associate professor, fellow, student,
etc.), and ORCID identifiers, and the institutions with which
they are affiliated, short running title not exceeding 50 characters, separate word count for abstract and text, and details
of the corresponding author (name, address, phone, and
e-mail information). Funding sources should be included, and
the individual contribution of each co-author must also be
detailed (see relevant section 4.3 below).

3.2. Abstract and Keywords
Abstract should not exceed 250 words in original, review or
special articles. It must be written for easy reading with no
abbreviations. The abstract of the original article should be divided into four subsections: Background, Methods, Results,
and Conclusion. Four to six keywords should be listed alphabetically below the abstract. For selecting keywords, refer to
the Index Medicus Medical Subject Headings (available from:
http://www.ncbi.nlm.nih.gov/mesh).

3.3. Main Text
The text for original articles, for example, should include the
following sections: Introduction, Methods, Results, and Discussion. The Introduction should be as concise as possible,
without subheadings. The Methods section should be sufficiently detailed. Subheadings may be used to organize the Results and Discussion. Each section should begin on a new
page.

3.4. Acknowledgments
General acknowledgments for consultations, statistical analysis and so on should be listed after main body of text, before
the References section, including the names of the individuals
involved. All financial and material support for the research

and the work should be stated here clearly and explicitly.

bert SJ, Weiner DE, Bomback AS, et al, eds. Primer on kidney
disease. 7th ed. Philadelphia: Elsevier; 2018. p. 68-76.

3.5. References
References should be cited with Arabic numerals in square
brackets. References are numbered consecutively in order of
appearance in text. References are limited to those cited in
text and listed in numerical order. List all authors if there are
less than or equal to six authors. List the first three authors
followed by “et al” if there are more than six authors. If an article has been published online but has not yet been given an
issue or pages, the digital object identifier (DOI) should be
supplied. Journal titles should be abbreviated in the style used
in Index Medicus. Other types of references not described below should follow The NLM Style Guide for Authors, Editors,
and Publishers (https://locatorplus.gov/cgi-bin/Pwebrecon.
cgi?DB = local&v1 = 1&ti = 1,1&Search_Arg = 101318441&Search_Code = 0359&CNT = 1&SID = 1). The authors may format the citations and references using the KRCP EndNote style
file, but we generally recommend the authors to type the citation numbers and references manually.

Website:
National Cancer Information Center. Cancer incidence [Internet]. Goyang (KR): National Cancer Information Center, c2009
[cited 2009 Oct 20]. Available from: http://www.cancer.go.kr/
cms/statics.

Journal articles:
Tomino Y. Diagnosis and treatment of patients with IgA nephropathy in Japan. Kidney Res Clin Pract 2016;35:197-203.
Han SS, Park JY, Kang S, et al. Dialysis modality and mortality
in the elderly: a meta-analysis. Clin J Am Soc Nephrol 2015;10:
983-993.
Corona G, Giuliani C, Verbalis JG, Forti G, Maggi M, Peri A. Hyponatremia improvement is associated with a reduced risk of
mortality: evidence from a meta-analysis. PLoS One 2015;10:
e0124105.
Saran R, Robinson B, Abbott KC, et al. US Renal Data System
2018 Annual Data Report: epidemiology of kidney disease in
the United States. Am J Kidney Dis 2019;73(3 Suppl 1):A7-A8.

3.7. Figures

Online publication but not yet in print:
Cho A, Choi MJ, Lee YK, et al. Effects of aspirin resistance and
mean platelet volume on vascular access failure in hemodialysis patients. Korean J Intern Med 2018 Jul 23 [Epub]. DOI:
10.3904/ kjim.2018.111.
Entire Book:
Daugirdas JT, Blake PG, Ing TS. Handbook of dialysis. 5th ed.
Philadelphia: Wolters Kluwer; 2015.
Book chapter:
Verbalis JG. Hyponatremia and hypoosmolar disorders. In: Gil-

3.6. Tables
Tables are numbered consecutively using Arabic numerals in
the order of their citation in text. Table titles should be short
and descriptive (e.g. Table 1. Demographic characteristics of
patients). If numerical measurements are given, the unit of
measurement should be included in the column heading. The
statistical significance of observed differences in the data
should be indicated by the appropriate statistical analysis. All
nonstandard abbreviations should be defined in footnotes.
Lower case letters in superscripts (a,b,c...) should be used for
special remarks.

Figure legends should be submitted for all figures. They
should be brief and specific, and placed on a separate sheet
after the References section. Figures are numbered consecutively using Arabic numerals in the order of their citation in
the text. Figures should be uploaded as separate files, not embedded in the manuscript file. Figures that are line drawing
or photographs must be submitted separately in high-resolution EPS or TIF format (or alternatively in high-resolution JPEG
format). Only high-resolution figure files (preferably 300 dpi
for color figures and 1,200 dpi for line art and graphs) should
be submitted. The files are to be named according to the figure number and format (e.g., Fig1.tif). Figures that are reproduced from other published sources require written permission from the authors and copyright holders.

3.8. Supplementary Digital Contents
Authors can submit supplementary digital contents to supplement the information provided in the print version of the
manuscript. Supplementary materials will be published online-only. When uploading supplementary files through the
online system, please use the “supplemental” file designation.
Supplementary materials must be cited consecutively in the
main body of the submitted manuscript and include the type
of material submitted (e.g., “Supplementary Table 1”; “Supplementary Fig. 1”).

4. Ethical Considerations
4.1. Ethical Approval of Studies
For human or animal experimental investigations, appropriate institutional review board or ethics committee approval is
required. Such approval and the approval number should be
stated in the Methods section of the manuscript. For those investigators who do not have formal ethics review committees,
the principles outlined in the Declaration of Helsinki as revised in 2013 should be followed (World Medical Association.
Declaration of Helsinki: Ethical principles for medical research
involving human subjects. Available at: https://www.wma.
net/policiespost/ wma-declaration-of-helsinki-ethical-principles-for-medicalresearch-involving-human-subjects/). For all
relevant clinical transplant articles, KRCP requires authors
state in the Methods section their adherence to the Declaration of Istanbul (Available at: http://www.declarationofistanbul.org/). Copies of written informed consent and Institutional Review Board (IRB) approval for clinical research should be
kept. If necessary, the editor or reviewers may request copies
of these documents to resolve questions about IRB approval
and study conduct.

4.2. Conflicts of Interest
The corresponding author must inform the editor of any potential conflicts of interest that could influence the authors'
interpretation of the data. Examples of potential conflicts of
interest include financial support from or connections to
pharmaceutical companies, political pressure from interest
groups, and academically related issues. Conflict of interest
statements will be published at the end of the text of the article, before the References section. Please consult the Committee on Publishing Ethics guidelines (http://www.publicationethics.org/) on conflict of interest. All sources of financial
support for the study should be stated in Acknowledgments
(see relevant section 3.4 above).

4.3. Authorship
Authorship credit should be based on 1) conception or design,
or analysis and interpretation of data; 2) drafting the article
or revising it; 3) providing intellectual content of critical importance to the work described; and 4) final approval of the
version to be published. Authors should meet above four conditions. The title page should include a list of each author’s
role for the submitted paper.

4.4. Redundant Publication or Duplicate Submission
Submitted manuscripts are considered with the understanding that they have not been published previously in print or
electronic format (except in abstract or poster form) and are
not under consideration in totality or in part by another publication or electronic medium. Authors must state that neither the manuscript nor any significant part of it is under
consideration for publication elsewhere or has appeared elsewhere in a manner that could be construed as a prior or duplicate publication of the same, or very similar, work.
When malpractices are found in an article submitted to KRCP,
we will follow the flowchart by the Committee on Publication
Ethics (COPE, https://publicationethics.org/resources/flowcharts) for settlement of any misconduct. Although the editors and referees make every effort to ensure the validity of
published manuscripts, the final responsibility rests with the
authors, not with KRCP, its editors, or the Korean Society of Nephrology.

5. Review Process
All submissions are sent to peer reviewers. Authors will usually be notified within 4 weeks by e-mail of whether the submitted article is accepted for publication, rejected, or subject to
revision before publication. Revised manuscripts must be
submitted online by the corresponding author. Failure to resubmit the revised manuscript within 3 months of the editorial decision is regarded as a withdrawal.

6. Visual Abstract Guidelines
Visual Abstracts are brief graphical summaries of Original Articles published online. They serve to summarize the work for
readers and may be used in social media postings. Authors do
not need to include a Visual Abstract with their initial submission but will be required to submit one at the revision stage
for all original research articles. The submitted visual abstract
will be reviewed along with the revised manuscript.
If the submission of visual abstract is delayed, there is inevitable delay in publication. Please submit it within the specified
time.
6.1. Creating Your Visual Abstract
Select one of the visual abstract templates provided (https://
www.krcp-ksn.org/file/KRCP_Visual_Abstracts_v1.0.pptx).
There are multiple layouts to accommodate author preferences as well as graphical constraints. The visual abstract should

include a title, methods, outcome and a concluding sentence.
Please fill in the template as it’s laid out and do not alter the
basic components of the template.
Keep in mind the following:
• Avoid excessive detail and clutter and keep text to a minimum.
• Any descriptive text should be at least 12 pt font size.
• The visual abstract should be saved as an editable Power
Point file as staff will add the article DOI and may edit the
text for clarity.

Society of Nephrology. Manuscripts published in the Journal
become the permanent property the Korean Society of Nephrology. All articles published in the Journal are protected by
copyright, which covers the exclusive rights to reproduce and
distribute the article, as well as translation rights. No KRCP article, in part or whole, cannot be reproduced, stored, or transmitted for commercial purposes, without prior written permission from the Korean Society of Nephrology.

9. Similarity Check

6.2. Adding Visual Details
It is critical that you only use images for which you have permissions or rights. To avoid any potential problems, either use
the copyright filter during an image search online or subscribe to an icon image bank. There are many image banks on
the internet, which are free to use. The images used for visual
abstract is recommended only open source, and the author is
responsible for copyright issues of visual abstract. Researchers
who frequently prepare visual abstracts may benefit from
purchasing a subscription to access higher quality icons (e.g.
Shutterstock, Getty Images, iStock, etc.).
Guiding principles:
• Select bold, solid color icons
• Avoid highly detailed icons as the intricacy may be lost in the
small format
• Exclude trade names, logos, or images of trademarked items.
• Graphics should be 440 pixels wide by 350-365 pixels tall.

7. Peer Review
This journal operates blind review processes. All contributions
will be initially assessed by the editor for suitability for the
journal. Papers deemed suitable are then sent to a minimum
of two independent expert reviewers to assess the scientific
quality of the paper. The Editor is responsible for the final decision regarding acceptance or rejection of articles. The Editor’s decision is final. For more information, please refer to
Recommendations for the Conduct, Reporting, Editing, and
Publication of Scholarly Work in Medical Journals (Available
at: http://www.icmje.org/icmje-recommendations.pdf).

8. Copyright
KRCP is the official peer-reviewed publication of the Korean

Similarity Check is a multi-publisher initiative to screen published and submitted content for originality. To find out more
about Similarity Check, visit http://www.crossref.org/crosscheck/index. html. All manuscripts submitted to KRCP may be
screened, using the iThenticate tool, for textual similarity to
other previously published works.

10. Open Access Policy
Every peer-reviewed research article in this journal is freely
available via our website (https://www.krcp-ksn.org). Articles
published in KRCP are distributed under the terms of the Creative Commons Attribution Non-Commercial and No Derivatives License (https://creativecommons.org/licenses/by-ncnd/4.0/), which permits unrestricted non-commercial use, distribution of the material without any modifications, and reproduction in any medium, provided the original works properly cited. ANY USE of the open access version of this Journal in
whole or in part must include the customary bibliographic citation, including author and publisher attribution, date, article
title, Kidney Research and Clinical Practice (Kidney Res Clin
Pract), and the URL https://www.krcp-ksn.org and MUST include a copy of the copyright notice. If an original work is subsequently reproduced or disseminated not in its entirety but
only in part or as a derivative work this must be clearly indicated. For any commercial use of material from the open access
version of the journal, permission MUST be obtained from
KRCP. If necessary, please contact the Editorial Board through
our editorial office (registry@ksn.or.kr). Proprietary rights notice for KRCP online were available at: https://www.krcp-ksn.
org/authors/permission.php

11. Data Sharing Policy
For clarification on data accuracy and reproducibility of the
results, raw data or analysis data will be deposited to a public
repository, for example, Harvard Dataverse (https://dataverse.
harvard.edu/) after acceptance of the manuscript. Therefore,
submission of the raw data or analysis data is mandatory
when requested by reviewers. If the data is already a public
one, its URL site or sources should be disclosed. If data cannot
be publicized, it can be negotiated with the editor. If there are
any inquiries on depositing data, authors should contact the
editorial office.

12. After acceptance
12.1. Article-in-press publication
After the manuscript is finally accepted, it will be published
online in PDF format through the English editing, author
proofing and final editorial correction process. The corresponding author should promptly and appropriately respond
to this editing process. Online publication will take place
within several weeks depending on the proof process. A Digital Object Identifier (DOI) is allocated, making it fully citable
and searchable by title, author name(s), and the full text.
Since our journal is officially published every 3 months interval, the volume, issue, and page will be finally allocated sequentially according to the order of accepted articles.

12.2. Publication charges
In order to cover the costs of reviewing, copy editing, layout,
and online hosting and archiving, KRCP charges an article
processing fee upon acceptance of submitted papers as
follows:
- Original Article, Review Article, Special Article, and Study Protocol: KRW 1,000,000 (Korea) / USD 1,000 (rest of world)
- Correspondence, Image in Practice: KRW 300,000 (Korea) /
USD 300 (rest of word).
There are no additional charges based on color, length, figures
or other elements. The publication costs for invited papers
such as editorials, some reviews and special articles are covered by the Korean Society of Nephrology. Payments are processed by a department unconnected to KRCP’s editorial
board.
• Publication charge waiver policy
Our mission is to share the achievements in the nephrology
field with researchers worldwide including the scientists in
the low-income countries. We continue to apply the publication charge waiver policy to encourage the academic activity
and support the limited funding for their research. To request
a publication charge waiver, please send an application to
registry@ksn.or.kr. Corresponding author from low-income
countries could be waived. Waiver application must contain
the manuscript number and country of corresponding author.
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[제품명] 솔리리스®주 [조성] 1바이알(30mL)중 에쿨리주맙 300mg [효능·효과] 1) 발작성 야간 혈색소뇨증(PNH : Paroxysmal Nocturnal Hemoglobinuria) 용혈을 감소시키기 위한 발작성 야간 혈색소뇨증(PNH : Paroxysmal Nocturnal Hemoglobinuria) 환자의 치료. 수혈 이력과 관계없이, 높은 질병 활성을 의미하
는 임상 증상이 있는 환자의 용혈에 임상적 이익이 확립되었다. 2) 비정형 용혈성 요독 증후군(aHUS : atypical Hemolytic Uremic Syndrome) 보체 매개성 혈전성 미세혈관병증을 억제하기 위한 비정형 용혈성 요독 증후군(aHUS : atypical Hemolytic Uremic Syndrome) 환자의 치료 · 사용제한 : 시가(Shiga) 톡신 생
성 대장균에 의한 용혈성 요독 증후군(STEC-HUS) 환자 대상의 적용을 권장하지 않는다. 3) 전신 중증 근무력증(Generalized Myasthenia Gravis) 항아세틸콜린 수용체 항체 양성인 환자의 불응성 전신 중증 근무력증(Refractory gMG: Refractory Generalized Myasthenia Gravis)의 치료 4) 시신경 척수염 범주 질환
(Neuromyelitis optica spectrum disorder) 항아쿠아포린-4(AQP-4) 항체 양성인 환자의 시신경 척수염 범주 질환(NMOSD: Neuromyelitis optica spectrum disorder)의 치료 [용법·용량] 심각한 감염에 대한 위험을 줄이기 위해서 환자들은 최신의 백신 접종 지침(Advisory Committee on Immunization Practices(ACIP)
recommendations)에 따라 백신 접종을 해야 한다.(사용상의 주의사항 1. 경고 항 참고) 이 약은 정맥투여되어야 하며 급속정맥투여(IV push) 또는 일시정맥투여(IV bolus)로 투여해서는 안된다. <성인> 1) 발작성 야간 혈색소뇨증(PNH) : 첫 4주간은 매 7일마다 600 mg, 네 번째 용량 투여 7일 후에 다섯 번째 용량으로 900
mg을 투여하고, 그 후부터는 매 14일마다 900 mg을 투여한다. 이 약은 권장 투여량과 일정에 맞게 투여, 혹은 예정된 일정의 2일 전/후로 투여 되어야 한다. 2) 비정형 용혈성 요독 증후군(aHUS) 및 불응성 전신 중증 근무력증(Refractory gMG) 및 시신경 척수염 범주질환(NMOSD) : 첫 4주간은 매 7일마다 900 mg, 네 번
째 용량 투여 7일 후에 다섯 번째 용량으로 1200 mg을 투여하고, 그 후부터는 매 14일마다 1200 mg을 투여한다. <소아> 1) 비정형 용혈성 요독증후군(aHUS) 만 18세 미만의 aHUS 환자일 경우, 체중에 따라 권장 일정으로 투여한다. (제품정보 원문 용법·용량 [표 1] 만 18세 미만 환자에서의 권장투여법 참고) 이 약은 권장
투여량과 일정에 맞게 투여, 혹은 예정된 일정의 2일 전/후로 투여되어야 한다. <혈장교환요법 및 신선 동결혈장투여시> 성인 및 소아 비정형 요독증후군, 성인 불응성 전신 중증 근무력증 및 시신경 척수염 범주질환 환자에 대해 PE/PI(혈장 교환 요법(plasma exchange 또는 plasmapheresis), 또는 신선 동결 혈장 투여
(fresh frozen plasma infusion))와 같은 부수적 시술을 받는 경우 추가 용량 투여가 필요하다. (제품정보 원문 용법·용량 [표 2] PE/PI 이후 이 약의 추가적 투여법 참고) [사용상의 주의사항] 1. 경고 중대한 수막구균 감염 작용기전으로 인하여 이 약의 사용은 중대한 수막구균 감염(패혈증 그리고/또는 뇌수막염)에 대한
환자의 감수성을 증가시킨다. 이 약의 투여 환자에게서 치명적이고 생명을 위협하는 수막구균 감염이 발생하였다. 수막구균 감염은 어느 혈청군에 의해서도 발생할 수 있지만, 이 약의 투여 환자들은 흔하지 않은 혈청군(X 등)에 의한 질환이 발생할 수 있다. 감염의 위험성을 낮추기 위하여, 이 약의 치료가 지연됨으로 인
한 위험성이 수막구균 감염 발생의 위험성보다 큰 경우를 제외하고는 모든 환자들은 반드시 이 약의 투여 시작 최소한 2주 전에 수막구균 백신을 투여 받아야 한다. 만약 접종 받지 않은 환자가 긴급히 이 약의 치료를 받아야 하면, 최대한 빨리 수막구균 백신을 투여 받도록 한다. 수막구균 백신 접종 이후 2주 이내 이 약을
투여할 경우, 4가 수막구균 백신 접종 이후 2주 동안 적절한 예방적 항생요법으로 치료 받아야 한다. 흔한 병원성 수막구균 혈청군을 예방하기 위하여 가능하다면 혈청군 A, C, Y, W135, B에 대한 백신이 권장된다. 환자들은 백신 사용을 위한 최신의 백신 접종 지침(Advisory Committee on Immunization Practices(ACIP)
recommendations)에 따라 백신을 접종 혹은 재접종 받아야 한다. 백신 접종은 보체를 더욱 활성화시킬 수 있다. 결과적으로, PNH, aHUS, 불응성 gMG 및 NMOSD를 포함한 보체 매개 질환을 가진 환자들은 용혈(PNH의 경우)이나 혈전성 미세혈관병증(TMA; aHUS의 경우) 또는 중증 근무력증의 악화(불응성 gMG의
경우) 또는 재발(NMOSD의 경우)과 같은 그들의 기저 질환의 징후 및 증상이 증가하는 경험을 할 수 있다. 따라서, 지침에 따른 백신 접종 이후 질환의 증상에 대해 면밀히 관찰되어야 한다. 백신 접종은 수막구균 감염 위험을 줄일 수 있지만, 완전히 없애지는 않는다. 적절한 항생제 사용에 대한 공식 지침(예: 국내 성인
세균성 수막염의 임상진료지침 권고안 등)을 고려하여야 한다. 수막구균 감염의 초기 징후나 증상이 나타나는지 면밀히 관찰하고, 감염이 의심되면 즉시 검사받아야 한다. 환자는 이러한 징후와 증상 및 즉시 치료를 받는 절차에 대해 안내 받아야 하며, 담당 의사는 반드시 환자와 이 약의 치료의 위험과 이익을 상의하
여야 한다. 수막구균 감염은 초기에 발견하고 치료하지 않으면 급격히 치명적이고 생명을 위협하게 될 수 있다. 중대한 수막구균 감염을 치료받는 환자는 이 약의 투여를 중지하도록 한다. 2. 다음 환자에는 투여하지 말 것 1) 이 약의 주성분, 뮤린 단백질 또는 기타 구성성분에 과민반응이 있는 환자 2) 치료되지 않은 중대
한 수막구균(Neisseria meningitidis) 감염 환자 3) 수막구균(Neisseria meningitidis) 백신을 현재 접종하지 않은 환자 또는 백신 접종 이후 2주 동안 적절한 예방적 항생요법으로 치료를 받지 않은 환자(이 약의 치료를 늦추는 것이 수막구균 감염을 일으키는 것보다 중대하지 않은 경우) 3. 다음 환자에는 신중히 투여할 것
1) 기타 전신 감염: 작용기전으로 인하여 이 약의 치료는 활성 전신 감염이 있는 환자들에게 주의하여 투여하여야 한다. 이 약은 말단 보체 활성을 차단하므로 환자들은 감염, 특히 Neisseria균 및 피낭성 세균(encapsulated bacteria) 감염에 대한 감수성이 증가할 수 있다. 파종성 임균 감염을 포함하는 N. meningitidis 외
의 Neisseria 종에 의한 중대한 감염이 보고되었다. 잠재적인 중대한 감염과 그 증상 및 징후에 대한 인식을 높이기 위하여 환자용 정보 안내서의 정보를 환자에게 제공해야 한다. 임질 예방에 관해 환자에게 조언해야 하고 위험성이 있는 환자는 정기적인 검사를 권고한다. 더욱이, 면역력이 약화된 환자와 호중구 감소 환
자에서 아스페르길루스 감염이 발생하였다. 이 약을 투여 받는 소아는 폐렴연쇄상구균(Streptococcus pneumonia)과 인플루엔자 간균 B형(Haemophilus influenza type b(Hib))에 의해 중대한 감염을 일으킬 위험이 증가할 수 있다. 폐렴연쇄상구균(Streptococcus pneumonia)과 인플루엔자 간균 B형(Haemophilus
influenza type b(Hib))에 의한 감염을 예방하기 위해 최신의 백신 접종 지침에 따라 백신 접종을 받도록 한다. 전신 감염이 있는 환자에게 이 약을 투여할 때는 주의하도록 한다. 에쿨리주맙에 안정되고 유지 요법을 받는 환자에게 추가적인 백신 접종이 필요한 경우, 이 약 투여에 따른 백신 접종 시기를 신중히 고려해야
한다. 2) 실험실적 검사 결과 모니터링: PNH 환자는 LDH 수치를 확인하여 혈관 내 용혈을 관찰, aHUS 환자는 혈소판 수, 혈청 LDH, 혈청 크레아티닌을 측정하여 미세혈관병증 여부를 관찰하여야 하며, 유지기간 동안 권장 투여일정(14±2일)내에서 용법·용량 조정이 필요할 수 있다(매 12일까지). 4. 약물이상반응 시
판 후 보고 및 완료된 임상시험에서 보고된 약물이상반응(발생률 1% 이상 발췌): 매우 흔하게(≥1/10) – 두통, 흔하게(≥1/100 ~ <1/10) - 폐렴, 상기도감염, 비인두염, 기관지염, 요로 감염, 구강 헤르페스, 백혈구감소증, 빈혈, 불면, 현기증, 미각이상, 고혈압, 기침, 입인두통, 설사, 구토, 구역, 복부통증, 발진, 탈모, 소
양증, 관절통, 근육통, 열, 피로감, 인플루엔자 유사질환모든 임상시험에서, 가장 중대한 이상반응은 수막구균 패혈증이었고, 이는 이 약으로 치료받은 환자에서 수막구균 감염증의 흔한 증상이었다. 수막구균 패혈증의 징후와 증상에 대해 환자에게 알리고 즉시 의료 조치 받을 것을 환자에게 권고해야 한다. Neisseria
gonorrhoeae, Neisseria sicca / subflava, Neisseria spp unspecified로 인한 패혈증을 포함하여 Neisseria 종의 다른 사례들이 보고되었다. [제조원] 알렉시온 [수입판매원] (주)한독 [최종개정일] 2021-02-18 *보다 자세한 정보는 제품 설명서를 참조하시기 바랍니다.
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고혈압, CAD 또는 심부전 치료의 시작은 아서틸로!

For your patients of
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ACERTIL ARGININE TAB 5MG, 10MG ABRIDGED PRODUCT INFORMATION
[COMPOSITION] ACERTIL ARGININE 5mg, 10mg film-coated tablets contain 5mg and 10mg perindopril arginine. Contains lactose as excipient. [DESCRIPTION] ACERTIL ARGININE TAB. 5mg: Light-green, rod-shaped film-coated tablet engraved with the company logo on one face. ACERTIL ARGININE TAB. 10mg: Green, round, biconvex, film-coated tablet engraved with 10 on one
face and the company logo on the other face. [INDICATIONS/DOSAGE AND ADMINISTRATION] It is recommended to take this drug once daily in the morning before meal. 1. Hypertension - Adults: 5mg taken once daily. The dose may be increased to 10mg once daily after one month of treatment. - Patients with a strongly activated renin-angiotensin-aldosterone system (RAAS):
starting dose of 2.5 mg is recommended. - Elderly: treatment should be initiated at a dose of 2.5 mg, once daily which may be progressively increased to 5 mg after one month. - Renal impairment: Clcr ≥ 60 ml/min: 5 mg/day; 30 < Clcr < 60 ml/min: 2.5 mg/day; 15 < Clcr < 30 ml/min: 2.5 mg every other day; Haemodialysed patients: Clcr < 15 ml/min: 2.5 mg on the day of dialysis.
2. Congestive Heart failure (adjuvant treatment with non-potassium sparing diuretics and digitalis treatment): - Adults: starting dose of 2.5mg once daily. Depending on tolerance, this dose may be increased after 2 weeks, to 5mg daily. - Severe congestive heart failure patients, elderly patients, patients having very low initial arterial blood pressure, patients with renal insufficiency, and
patients receiving treatment with high dosage diuretic: should be initiated at a dose of 1.25mg once daily under careful supervision. 3. Stable Coronary Artery Disease (reduction of the risk of cardiovascular mortality or non-fatal myocardial infarction in patients with a history of myocardial infarction and/or revascularization): - Adults: 5 mg once daily for two weeks, then increased to
10 mg once daily, depending on renal function and whether the 5 mg dose is well tolerated. - Elderly: 2.5mg once daily for one week, then 5 mg once daily the next week, before increasing the dose to 10 mg once daily depending on renal function and if the previous dose is well tolerated. - Renal impairment: Clcr ≥ 60 ml/min: 5 mg/day; 30 < Clcr < 60 ml/min: 2.5 mg/day; 15 < Clcr < 30
ml/min: 2.5 mg every other day; Haemodialysed patients: Clcr < 15 ml/min: 2.5 mg on the day of dialysis. [PRECAUTION IN USE] 1. Warnings: 1) The risk of neutropenia/agranulocytosis in the patient with immune-deficiency: This occurs rarely in uncomplicated patients but more likely in patient with collagen vascular disease such as systemic lupus erythematosus, scleroderma and
renal failure by immunosuppressant. If the ACE inhibitor should be administered to these patients, the risk/benefit ratio should be assessed carefully. 2) Angioedema: perindopril should promptly be discontinued and appropriate monitoring should be initiated and continued until complete resolution of symptoms has occurred. Angioedema associated with laryngeal oedema may be fatal.
3) Anaphylactoid reactions during desensitization: The treatment with ACE inhibitor to the allergic patient during desensitization treatment should be started carefully and this drug should not be administered to the patients with venom immunotherapy. However, if the patient needs both ACE inhibitor & desensitizing treatment, these reactions can be avoided by temporarily withholding
ACE inhibitor at least 24 hours before treatment. 4) Anaphylactoid reactions during membrane exposure: Patients receiving ACE inhibitors during dialysis with high flux membranes or low-density lipoprotein (LDL) apheresis with dextran sulphate have experienced life-threatening anaphylactoid reactions. So, ACE inhibitor should not be administered to these patients. However, if the
patient needs both ACE inhibitor & dialysis with high flux membranes or LDL apheresis, these reactions were avoided by temporarily withholding ACE inhibitor therapy at least 24 hours prior to each apheresis. 5) Pregnancy: When pregnancy is diagnosed, treatment with ACE inhibitors should be stopped immediately. 2. Contraindications: 1) Hypersensitivity to the active substance,
to any of the excipients or to any other ACE inhibitor. 2) History of angioedema associated with previous ACE inhibitors. 3) Hereditary or idiopathic angioedema. 4) Patients undergoing hemodialysis with acrylonitrile sulphonate sodium membrane. 5) Hyperlipidemia patients receiving LDL apheresis treatment (patients undergoing LDL apheresis with dextran sulphate cellulose). 6)
Pregnancy or potential pregnancy, lactation. 7) The drug is usually not administered in case of combinations with potassium-sparing diuretics, potassium salts, lithium. 8) Patients with bilateral renal artery stenosis or single functioning kidney artery stenosis. 9) Hyperkalemia. 10) Aortic valve stenosis, mitral valve stenosis or obstruction in the outflow. 11) Idiopathic hyperaldosteronism.
12) Children and adolescents (< 18 years). 13) Kidney transplant patients. 14) Patients with rare hereditary problems of galactose intolerance, the Lapp lactase deficiency or glucose-galactose malabsorption. 15) Concomitant use of Acertil tablet with renin inhibitor (aliskiren) in patients with diabetes mellitus or moderate to severe renal impairment (GFR < 60ml/min/1.73m2). 16)
ACEI and ARB should not be used concomitantly in patients with diabetic nephropathy. 17) Patients who administer Neprilysin(NEP) inhibitor or within 36 hours after discontinuation. 3. Careful Administration: 1) Renal impairment. 2) Excessive fall in blood pressure may occur in following patients, so, initiation of therapy should be done with low dose and dose increase should be
performed under close medical supervision: (1) severe hypertension (2) hemodialysis (3) volume or sodium depletion (4) dietary salt restriction (5) severe heart failure. 3) Elderly patients. 4) Dual blockade of RAAS (There is evidence that the concomitant use of ACE-inhibitors, ARBs or aliskiren increases the risk of hypotension, hyperkalaemia and decreased renal function (including
acute renal failure). Dual blockade of RAAS is therefore not recommended. If dual blockade therapy is considered absolutely necessary, this should only occur under specialist supervision and subject to frequent close monitoring of renal function, electrolytes and blood pressure. 5) Patients with ischemic or cerebrovascular disease. 6) Hepatic failure. 7) Hypertropic cardiomyopathy
4. Undesirable Effects (1) Common(≥1/100, <1/10): Headache, dizziness, vertigo, paraesthesia, visual disturbances, tinnitus, hypotension and effects related to hypotension, cough, dyspnoea, nausea, vomiting, abdominal pain, dysgeusia, dyspepsia, diarrhoea, constipation, rash, prurit, muscle cramps, asthenia. (2) Uncommon(≥1/1,000, <1/100): Eosinophilia, hypoglycaemia,
hyperkalaemia, hyponatraemia, mood disturbances, sleep disorder, somnolence, syncope, palpitations, tachycardia, vasculitis, bronchospasm, dry mouth, angioedema of face, extremities, lips, mucous membranes, tongue, glottis and/or larynx, urticaria, photosensitivity reactions, pemphigoid, hyperhydrosis, eczema, arthralgia, myalgia, renal insufficiency, erectile dysfunction, chest
pain, malaise, oedema peripheral, pyrexia, blood urea increased, blood creatinine increased, fall. (3) Rare(≥1/10,000, <1/1,000): Psoriasis (including psoriasis aggravation), blood bilirubin increased, hepatic enzyme increased. (4) Very rare(<10,000): Agranulocytosis or pancytopenia, haemoglobin decreased and haematocrit decreased, leucopenia/neutropenia, thrombocytopenia,
haemolytic anaemia in patients with a congenital deficiency of G-6PDH, confusion, angina pectoris, arrhythmia, myocardial infarction (possibly secondary to excessive hypotension in high risk patients), stroke (secondary to excessive hypotension in high-risk), eosinophilic pneumonia, rhinitis, pancreatitis, hepatitis either cytolitic or cholestatic, erythema multiform, acute renal failure.
(5) Not known: Raynaud’s phenomenon. - Syndrome of inappropriate antidiuretic hormone secretion (SIADH) can be considered as a very rare but possible complication associated with ACE inhibitor therapy. 5. Precautions for use (1) Stable coronary artery disease: if unstable angina pectoris during first month, appraisal of benefit/risk before treatment continuation. (2) Hypotension:
Symptomatic hypotension is seen rarely in uncomplicated hypertensive patients and is more likely to occur in patients who have been volume-depleted e.g. by diuretic therapy, dietary salt restriction, dialysis, diarrhea or vomiting, or who have severe renin-dependent hypertension. In patients at increased risk of symptomatic hypotension, initiation of therapy and dose adjustment should
be closely monitored. Similar considerations apply to patients with ischemic heart or cerebrovascular disease in whom an excessive fall in blood pressure could result in a myocardial infarction or cerebrovascular accident. A transient hypotensive response is not a contraindication to further doses, which can be given usually without difficulty once the blood pressure has increased after
volume expansion. (3) Aortic and mitral valve stenosis/hypertrophic cardiomyopathy: use with caution. (4) Renal impairment: In cases of renal impairment (creatinine clearance < 60 ml/min) the initial perindopril dosage should be adjusted according to the patient's creatinine clearance. And potassium and creatinine should be monitored on a regular basis. In some patients with bilateral
renal artery stenosis or stenosis of the artery to a solitary kidney, who have been treated with ACE inhibitors, increases in blood urea and serum creatinine, usually reversible upon discontinuation of therapy, have been seen. If renovascular hypertension is also present there is an increased risk of severe hypotension and renal insufficiency. In these patients, treatment should be started
under close medical supervision with low doses and careful dose titration. (5) Hypersensitivity/Angioedema: Angioedema of the face, extremities, lips, mucous membranes, tongue, glottis and/or larynx has been reported rarely in patients treated with ACE inhibitors, including this drug. Concomitant use of NEP inhibitors (e.g. sacubitril, racecadotril) and ACE inhibitors may also increase
the risk of angioedema. (6) Combination with mTOR inhibitors: Patients taking concomitant mTOR inhibitors (e.g. sirolimus, everolimus, temsilorimus) therapy may be at increased risk for angioedema. (7) Hepatic failure: Rarely, ACE inhibitors have been associated with a syndrome that starts with cholestatic jaundice and progresses to fulminant hepatic necrosis and (sometimes)
death. Patients receiving ACE inhibitors who develop jaundice or marked elevations of hepatic enzymes should discontinue the ACE inhibitor and receive appropriate medical follow-up. (8) Neutropenia/Agranulocytosis/Thrombocytopenia/Anemia: Perindopril should be used with extreme caution in patients with collagen vascular disease, immunosuppressant therapy, treatment with
allopurinol or procainamide, or a combination of these complicating factors, especially if there is pre-existing impaired renal function. If perindopril is used in such patients, periodic monitoring of white blood cell counts is advised and patients should be instructed to report any sign of infection (e.g. sore throat, fever). (9) Race: Perindopril may be less effective and cause a higher rate of
angioedema in black people than in non-black. (10) Cough: The cough is non-productive, persistent and resolves after discontinuation of therapy. (11) Surgery/Anaesthesia: stop treatment one day prior to surgery. (12) Hyperkalaemia: Risk factors for the development of hyperkalemia include those with renal insufficiency, worsening of renal function, age (> 70 years), diabetes mellitus,
intercurrent events, in particular dehydration, acute cardiac decompensation, metabolic acidosis and concomitant use of potassium-sparing diuretics, potassium supplements or potassium-containing salt substitutes; or those patients taking other drugs associated with increases in serum potassium. If concomitant use of the above-mentioned agents is deemed appropriate, they
should be used with caution and with frequent monitoring of serum potassium. (13) Diabetic patients: monitor glycaemia during first month. (14) Primary aldosteronism: use not recommended in patients with primary hyperaldosteronism (not responding to drugs acting through inhibition of the renin-angiotensin system). 6. Interactions (1) Drugs inducing hvperkalaemia: aliskiren,
potassium salts, potassium-sparing diuretics, ACE inhibitors, ARBs, NSAIDs, heparins, immunosuppressant agents such as ciclosporin or tacrolimus, trimethoprim. (2) Contra-indicated: Aliskiren (in diabetic or impaired renal patients), ARBs (in patients with diabetic nephropathy), potassium-sparing diuretics (e.g. spironolactone, eprelenone, triamterene, amiloride), potassium salt,
lithium, Neutral endopeptidase (NEP) inhibitor (e.g. sacubitril, racecadotril), Extracorporeal treatments. (3) Not recommended: Aliskiren (in other patients), ARBs, Estramustine, Co-trimoxazole (trimethoprim/sulfamethoxazole), mTOR inhibitors (e.g. sirolimus, everolimus, temsirolimus). (4) Special care: Antidiabetic agents (insulins, oral hypoglycaemic agents), Baclofen, Non-potassium
sparing diuretics, NSAIDs including aspirin ≥ 3g/day. (5) Some care: Antihypertensive agents, Vasodilators, Gliptines (linagliptine, saxagliptine, sitagliptine, vildagliptine), Tricyclic antidepressants, Antipsychotics, Anesthetics, Sympathomimetics, Gold. 7. Pregnancy and Breastfeeding: (1) Pregnancy: Perindopril should not be initiated during pregnancy. When pregnancy is diagnosed,
treatment with ACE inhibitors should be stopped immediately, and, if appropriate, alternative therapy should be started. (2) Breastfeeding: Alternative treatments with better established safety profiles during breast-feeding are preferable. 8. Drive and use machine: Individual reactions related to low blood pressure may occur in some patients, particularly at the start of treatment or in
combination with another antihypertensive medication. [PACKAGING] 30 tablets (Revised on 1st May 2020)

※ Please refer to the most current prescribing information for the detailed information.
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COUNT ON
FABRAZYME

Treat your Fabry disease patients
with Fabrazyme

1 mg kg

once every 2 weeks1

Reference 1. 파브라자임®주35밀리그램(아갈시다제베타) 국내 제품설명서(2021.01.12).
파브라자임®주 35밀리그램(아갈시다제베타) [효능·효과] 파브리병(α-galactosidase A 결핍)으로 확진된 환자의 장기간 효소대체요법 [용법·용량] 이 약의 권장량은 체중 Kg당 1mg을 정맥 주입으로 2주에 1회씩 투여. 환자는 약의 주입 전에 해열제를 투여받아야 함.
초기 주입속도는 0.25mg/min(15mg/hour) 이상을 넘어서는 안됨. 주입 반응이 나타날 경우 주입속도를 늦출 수 있음. 환자의 내약성이 생긴 후 주입속도는 점차로 증대될 수 있음. 각각의 차후 주입 시 0.05~0.08mg/min(3~5mg/hr) 만큼씩 주입 속도를 증가시킬 수 있음.
‘용액 제조 방법’은 상세 제품정보를 참조한다. [사용상의 주의사항] 경고 1) 아나필락시스 반응 및 알러지 반응 : 이 약 주입 중 생명을 위협하는 중대한 알러지 반응과 아나필락시스 반응이 관찰되었음. 2) 주입반응 : 이 약에 대한 임상시험에서 이 약으로 치료받은 환자 중
약 50-55%에서 주입반응이 나타났으며 일부 반응은 중증이었음. 3) 심장기능 손상 : 파브리병이 진행된 환자는 심장기능이 손상될 수 있으며, 이는 주입반응으로 인하여 환자를 위험성이 더 큰 중대한 합병증에 취약하게 만들 수 있음. 4) 면역원성과 재투여 : 이 약에 대한
임상시험에서 소수의 환자가 이 약에 특이적으로 반응이 나타나는 피부반응 또는 IgE 항체를 발현하였음. 금기 주성분이나 부형제에 생명을 위협할만한 아나필락시스 반응(Anaphylactic reaction)을 나타내는 환자 이상사례 1) 임상시험 중 이상사례 : 임상시험 중 이 약의
치료와 관련하여 보고된 가장 중대한 이상사례는 아나필락시스 반응과 알러지반응이었음. 이 약의 가장 흔한 이상사례는 주입반응이었으며 이 중 일부는 중증반응이었음. 중대한 및/또는 빈번히 발생하는 (5% 이상의 발생률) 이상사례는 다음에 나열된 증상들이 한 가지 또는 그
이상 결합되어 나타남. : 오한, 발열, 냉열감, 호흡곤란, 구역, 홍조, 두통, 구토, 감각이상, 피로, 가려움증, 사지동통, 고혈압, 흉통, 인후경직, 복통, 어지러움, 빈맥, 비충혈, 설사, 말초부종, 근육통, 요통, 창백, 서맥, 두드러기, 저혈압, 얼굴부종, 발진, 졸음증. 졸음증은 이 시험이
항히스타민제로 전처치한 임상시험이기 때문에 나타날 수 있음. 중재가 필요한 대부분의 주입관련반응은 주입속도를 늦추거나 일시적으로 주입을 중지하거나/하고 해열제, 항히스타민제 또는 스테로이드제제를 투여함으로써 개선됨. 보고된 또 다른 중대한 이상사례에는
뇌졸중, 통증, 운동실조증, 서맥, 심장부정맥, 심장정지, 심박출감소, 현기증, 청각저하증과 신증후군이 있음. 2) 면역원성: 임상 시험 중 이 약으로 치료받은 121명의 성인 환자 중 95명(79%), 16명의 소아 환자 중 11명(69%)에게서 젠자임파브라자임 IgG 항체가 발현되었음.
IgG 항체가 발현된 대부분의 환자들은 노출 후 초기 3개월 이내에 나타난 것임. 이 약에 대한 억제항체 및/또는 결합항체의 임상적 유의성은 알려진 바 없음. 다른 모든 치료단백질과 마찬가지로 면역원성에 대한 잠재성이 있음. 3) 시판 후 조사: 임상시험 중 이상사례 항에 보고된
이상사례 이외에, 다음의 이상사례는 아갈시다제 베타의 시판 후 사용기간 동안 보고되었음. : 관절통, 무력증, 홍반, 다한증, 주입부위반응, 눈물흘림 증가, 백혈구 파괴성 맥관염, 림프절병, 감각저하, 구강 감각저하, 심계 항진, 콧물, 산소포화도 감소, 저산소증, 막사구체신염
※보다 자세한 내용은 홈페이지(www.sanofi.co.kr)나 제품설명서를 참고하시기 바랍니다. 최종문안개정연월일: 2021.01.12
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1 mg/kg once every 2 weeks
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