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Abstract
The underlyingmechanisms towards the progression of end-stage renal disease (ESRD) in chronic
kidney disease (CKD) are poorly understood and it still remains amajor clinical stumbling block for
early detection of CKD.Most patients with CKDpass through ESRDwith the necessity of frequent
hemodialysis (HD) treatment. At present, plasma urea and creatinine levels are examined inmost
CKDpatients tomonitor their health status after dialysis. But it is impossible to get immediate
feedback on the patients’health as the conventional tests involve the collection of blood samples,
laboratory processing for a prolonged period of time and,finally, analysis of those samples. However,
the test results are very important in deciding the treatment plan for those ESRDpatients. Here, we
show that the enzymatic activity of carbonic anhydrase in erythrocytes is distinctly altered in ESRD
subjects underHD. This, in turn, leads to the isotopic enrichments of oxygen-18 (18O) and carbon-13
(13C) of CO2 during respiration inHD treatment. High-resolution cavity-enhanced absorption
spectroscopicmeasurements show that 18O and 13C-isotopic fractionations of breathCO2 are
correlatedwithKt/Vvalues, suggesting a novel unifying strategy for ESRDpatients that can be used as
an isotope-specificmethodology for non-invasive assessment of dialysis adequacy and hence
12C18O16O and 13C16O16O could be used as novelmarkers for tracking the physiological parameters of
ESRD individuals. Ourfindings suggest that themonitoring of 18O and 13C isotopes of breath CO2

may facilitate the propermanagement of advancedCKDpatients. The primary advantage of this
isotopic breath test is that itmay reduce the valuable time lag between the completion of dialysis and
obtaining the clinical report on the status of patients’health.

Introduction

Chronic kidney disease (CKD) has become one of the
most serious public health concerns in the 21st century
with progressive loss of renal function and substantial
increase in the risk of death and cardiovascular disease
(CVD) [1, 2]. Epidemiological studies show that CKD
affects 8%–16% of people worldwide with the increas-
ing prevalence and incidence of diabetes and hyper-
tension as the leading causes of CKD [3]. It has been
established that CKD patients pass through five
irreversible stages of renal function with a gradual

decrease in glomerular filtration rate (GFR), leading to
the development of metabolic acidosis [4–7]. It is also
noted that the degree of acidosis correlates with the
severity of renal failure and is usually more acute at
lower estimated GFRs (<15 ml min−1 1.73 m2) [4,
7–9]. Moreover, metabolic acidosis is usually mild to
moderate in degree with plasma bicarbonate [HCO3

−]
concentrations varying between 12 mmol L−1 and
22 mmol L−1, which essentially lowers the blood
pH and effectively changes the CO2 excretion rate in
the lungs [4, 5, 10].
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Nowadays, patients with CKD have a significantly
increased risk of developing end-stage renal disease
(ESRD) because of the asymptomatic nature of the dis-
ease at the early stages and under such situations CKD
patients usually undergo renal replacement therapy
(RRT), namely kidney transplantation or hemodialysis
(HD) for survival [11, 12]. The ESRD patients under
HD are at high risk for numerous complications due
to their primary kidney disease and also the detri-
mental side effects of dialysis [13–16].

However, if we go through the current diagnostic
methods for monitoring dialysis efficacy during
hemodialysis, plasma urea and creatinine levels are the
most recommended clinical parameters. But, it is diffi-
cult to get immediate reports of those tests after the
dialysis as it takes a long time to prepare the sample in
the laboratory and to analysis them using suitable
techniques. Therefore, it is practically impossible to
know the status of the patients’ health immediatley
after dialysis. However, the test results are very impor-
tant to increase the quality of life for ESRD patients.
The necessity for fast test results after dialysis becomes
more urgent for ESRD patients who are in a critical
condition so that physicians can decide about their
next treatment. Moreover, as reported earlier, repe-
ated measurements of serum urea to evaluate the urea
dynamics or renal urea reduction along with analysis
of serum creatinine levels are not feasible to under-
stand an individual’s response to dialysis treatment
[17]. This shortcoming in the traditionalmethods sug-
gests that there is an unmet clinical need to derive a
suitable method, preferably non-invasive or mini-
mally invasive, in order to get immediate feedback of
the patients’ health after dialysis and to know the dia-
lysis efficacy of those patients. Therefore, there is a
pressing need for a non-invasive evaluation of physio-
logical parameters to monitor the health of CKD
patients under HD that may facilitate proper manage-
ment of advancedCKDpatients.

Studies in recent years have demonstrated that car-
bonic anhydrase (CA), a metalloenzyme found in
human erythrocytes (red blood cells) and most of the
tissues, rapidly catalyzes the CO2 hydration and the
HCO3

- dehydration [18, 19] and also plays a vital role
in facilitating the transport of CO2 and ions (such as
Na+, H+, Cl− and HCO3−) in the intracellular space,
across biological membranes, and pH-regulation in
several physiological processes [20–22]. However,
continuous loss of kidney function deteriorates the
acid-base balance and consequently changes the ion
concentrations within the body. Dialysis can help to
counterbalance the adequate changes in ionic con-
centrations created due to kidney failure. Some early
evidence [23] demonstrated that CA activity is strongly
associated with an ionic imbalance within the ery-
throcytes, suggesting that changes in CA activity may
be an initial step in the progression of ESRD in renal
failure patients, but this has not yet been fully eluci-
dated. However, several lines of evidence [24–26]

suggest that CA activity catalyzes a rapid isotopic inter-
change of oxygen-16 (16O) and oxygen-18 (18O)
between 12C16O16O and body water, H2

18O to produce
a stable 12C18O16O isotope during the respiration pro-
cess, indicating the feasibility of exploiting this mech-
anism to track the precise evaluation of ERSD patients
under HD in a non-invasive way. Another aim of the
present study was to investigate the changes in 13C iso-
topes of breath CO2 for non-invasive monitoring of
dialysis efficacy in patients with ESRD and their poten-
tial links with each other that have never been studied.
Moreover, unravelling the exact pathophysiological
mechanisms involved in causing the isotopic fractio-
nations remains a key challenge for ESRD patients
during hemodialysis.

In this study, we monitored how the enzymatic
activity of CA in erythrocytes is altered during HD in
patients with ESRD.We next investigated the potential
role of erythrocytes CA activity and pH of the body,
which are involved in 18O and 13C-isotopic fractiona-
tions of breath CO2 during respiration in hemodialysis
patients. We have also shown that these two stable iso-
topic species identified herein can act as potential can-
didates for a non-invasive assessment of physiological
parameters, early recognition and immediate treat-
ment of pathologic changes occurring during the
course of dialysis in advanced CKD patients. We
finally elucidated the possible potential pathways
underlying such isotopic fractionations in the patho-
genesis of ESRD in patients undergoing HD and the
mechanisms linking 18O-isotopes to ESRD in
response to erythrocytes CA activity. One of the
advantages of this proposed method is that it may
reduce the time gap between the completion of dialysis
and obtaining the clinical reports to know the dialysis
efficacy. The proposed method includes the collection
of breath samples after blowing the breath into breath
sample collection bags and then an injection of the col-
lected breath into the analyzer. The time lag after the
collection of breath samples and its analysis is com-
paratively short with respect to the invasive method. If
we go through the hygienic part, our proposed oxy-
gen-18 isotope of CO2 analysis in exhaled breath is
superior to the traditional techniques.

Materials andmethods

Subjects
This study was approved by the Institutional Ethics
Committee of Vivekananda Institute of Medical
Sciences, Kolkata (Regn. No.ECR/62/Inst/WB/
2013) dated on 26/07/2016. We enrolled 21 subjects
who were undergoing hemodialysis. There were 12
males and nine females aged between 32 and 78 years.
Patients were excluded if they were clinically unstable
and under 20 years of age. The patients with incon-
sistent vascular access, respiratory infections and a
history of asthma were also excluded from the study.



Written informed consents were taken from each
individual. The method was carried out in accordance
with the approved guidelines. Table 1 represents the
clinical parameters of the study subjects.

Study protocol
Baseline breath and blood samples were collected from
each subject before dialysis. Then the patients went
through a hemodialysis treatment for a period of four
hours. Post-dialysis breath and blood samples were
simultaneously collected. The breath samples were
collected in specially designed breath collection bags
(QUINTRON, USA, QT00892) where oral breath
sample was first allowed to pass into a dead space and
then the endogenously produced end-tidal breath was
stored into a reservoir bag through a one-way valve.
The blood samples were used to measure serum
creatinine level, urea level and erythrocytes carbonic
anhydrase activity. The Kt/V values for each patient
were calculated asmentioned by Tattersall et al [27].

Biochemical assay
Serum urea and creatinine levels were estimated pre-
dialysis and post-dialysis using the VITROS 4600
chemistry system. An ABG system (cobas b 121 POC
system) was used to measure blood pH and different
electrolytes (Cl−, K+ and Na+) concentrations at two
different dialysis stages. Table 2 represents the para-
meters measured in the blood samples for patients
with ESRD.

Measurements of CO2 isotopes in breath samples by
integrated cavity output spectrometer (ICOS)
A high-resolution carbon dioxide isotope analyzer
(CCIA 36-EP, Los Gatos research, USA) exploiting the
integrated cavity output spectroscopy (ICOS) techni-
que was employed for the measurement of isotopic
compositions of CO2 in exhaled breath samples. The
detailed technical features of the ICOS technique has
been described elsewhere [28, 29]. In brief, a cw-DFB
laser operating at ∼2.05 μm was utilized to record the
absorption features of 12C18O16O, 12C16O16O and
13C16O16O isotopes at the wavenumbers
4874.178 cm−1, 4874.448 cm−1 and 4874.086 cm−1,
respectively by scanning across the P(36), R(28) and

P(16) ro-vibrational lines in the (2, 00, 1)←(0, 00, 0)
vibrational combination band of theCO2molecule.

The isotopic enrichments of 12C18O16O and
13C16O16O in exhaled breath are represented in the
followingway:
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where, Rstandard
18 and Rstandard

13 are the international
standard Pee Dee Belemnite (PDB) values (0.002 0672
and 0.011 2372, respectively).

Blood sample preparation for carbonic anhydrase
(CA) activitymeasurement
1 ml of venous blood sampleswere collected from each
subject in an EDTA vial. The blood samples were
centrifuged for 5 min at 4000 rpm to isolate plasma
and buffy coat. After washing the Red Blood Cell
(RBC) with 0.9% NaCl solution, the mixture was
allowed to spin at 4000 rpm for 20 min. This washing
process was repeated. The RBC was lysed with ice cold
distilled water after removing the NaCl solution. The
hemolysate was then centrifuged at 10 000 rpm for
20 min and ghost cells were removed. The supernatant
liquidwas then used for CA activitymeasurement.

Total erythrocyte carbonic anhydrase activity
measurement
The CA activity was measured spectro-photometri-
cally as mentioned by Armstrong et al [30] with the
modification described by Parui et al [23]. The total
esterase activity of CA was determined from the
hydrolysis rate of p-nitrophenyl acetate to
p-nitrophenol. A specific inhibitor of CA, acetazola-
mide (AZM) was used to inhibit CA, as many proteins
present in hemolysate have the ability to hydrolyze
p-nitrophenyl acetate. The CA activity was calculated
from the difference of optical densities in the absence

Table 1.Clinical parameters of the study subjects.
The abbreviationsMand F stand formale and
female, respectively. Data are represented as
mean±SD.

Parameters AverageValue

Sex (M/F) 12/9

Age (Years) 53.62±12
Weight (Kg) 55±8.1
BMI (Kg m−2) 21.13±4
RBCCount (million/cumm) 2.88±0.4
Kt/V 1.28±0.2

Table 2.Blood parameters in the pre- and post-dialysis states. Data
are represented asmean±SD. p<0.05 represents statistically
significant differences among pre-dialysis and post-dialysis states.

Parameters Pre-Dialysis Post-Dialysis p values

Serumurea

(mg dL−1)
167±20.71 47.19±10.4 <0.001

Serumcreatinine

(mg dL−1)
11.04±2.35 3.58±0.95 <0.001

H+ (nmol L−1) 56.7±8.8 32.0±1.5 <0.001

pH 7.25±0.06 7.49±0.02 <0.001

K+ (mmol L−1) 5.73±0.44 4.3±0.3 <0.001

Cl− (mmol L−1) 105.0±1.04 101.8±0.91 <0.001

Na+ (mmol L−1) 140.47±1.79 141.23±1.05 0.35



and presence of AZM. The protocol consisted of
100 μl hemolysate placed in a 1 cm cuvette in the
presence of a TRIS buffer (pH=7.4) and
p-nitrophenyl acetate. The change of absorbance was
measured at 348 nm over the period of 3 min before
and after adding the hemolysate. The absorbance was
measured by aUV–vis spectrophotometer.

We have used the following formula to calculate
total erythrocyte CA activity:
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where, A3 is absorbance after 3 min, A0 is the
absorbance at 0 min and molar absorptivity of
p-nitrophenol is 5×103 M−1 cm−1. The activity was
normalized to 4.5×109 cells ml−1.

Statisticalmethod
We used Origin Pro 8.0 (Origin Lab Corporation,
USA) software for statistical analyses. Oneway analysis
of variance (ANOVA) was used was to compare
normally distributed data, whereas the Kruskal–Wallis
and Mann–Whitney tests were performed to analyze
non-normally distributed data. All results were con-
sidered statistically significant if pwas<0.05.

Results and discussions

To address whether the CA activity is altered in
hemodialysis patients, we first measured the total CA
activity in erythrocytes in ESRD patients. The total CA
activity involving three primary isoenzymes of CA
(CAI, CAII & CAIII)was measured spectro-photome-
trically in patients with ESRD before and after the
dialysis. The levels of CA activity in ESRD patients
were found to be significantly increased in the post-
dialysis state (figure 1(a)). Multiple lines of evidence
[19, 23] suggest that an ionic imbalance is created
within the erythrocytes due to alternation in ion levels
and also possibly the exchange of several ions between
plasma and erythrocytes, leading to the altered activity

of CA. However, during hemodialysis in order to
minimize or prevent metabolic acidosis, dialysate with
high bicarbonate concentrations are used, creating a
gradient for bicarbonate to diffuse into the patients at
a sufficiently high rate. The extra-accumulated acid is
then titrated with diffused bicarbonate and effectively
decreases the acidosis. However, apart from the
changes in H+ ions, the levels of K+, Cl− and Na+ are
also changed during hemodialysis, as shown in table 2,
suggesting that the change in ionic concentrations
may play an important role in altering the post-dialysis
CA activity in ESRD patients and may be associated
with the pathogenesis of CKD.

Next, in order to explore whether the alterations of
erythrocytes CA activities in ESRD patients during
hemodialysis are associated with the changes in stable
18O/16O and 13C/12C isotope ratios of the major
metabolite, CO2 in exhaled breath, we monitored the
isotopic fractionations of 18O and 13C of exhaled
breath CO2 in the pre-and post-dialysis conditions by
using a laser-based high-resolution integrated cavity
output spectroscopy (ICOS) technique. The 18O/16O
and 13C/12C isotope ratios of exhaled breath CO2were
expressed as the delta-over-baseline (DOB) values
relative to the standard Vienna Pee Dee Belemnite, i.e.

O‰DOB
18d =

O‰ O‰18
t post dialysis

18
t pre dialysisd d-= - = -[( ) ( ) ] and

C‰DOB
13d =

C‰ C‰ .13
t post dialysis

13
t pre dialysisd d-= - = -[( ) ( ) ] We

observed significantly higher isotopic enrichments of
18O in CO2 in the post-dialysis state when compared
with the values of the pre-dialysis state (figure 1(b)).
This observation is likely to be the effect of the
enhancement of catalytic activity of CA in the post-
dialysis state as demonstrated in figure 1(a), thus
unveiling a missing link between erythrocytes CA
activity and 18O-isotopes of breath CO2 in individuals
with ESRD undergoing HD. Our findings also suggest
that the monitoring of breath 18O-isotopic fractiona-
tions in response to the enzymatic activity of CA may
non-invasively track the dialysis efficacy. We next
investigated the change in 13C-isotopic fractionations

Figure 1.Box-and-Whisker plot to represent theΔCAactivity (figure 1(a)) and C and ODOB
13

DOB
18d d (figure 1(b)) during dialysis in

ESRDpatients.



of breath CO2 in response to dialysis treatment. We
therefore measured the breath 13CO2-isotope levels in
pre- and post-dialysis states. The patients in the post-
dialysis state exhibited significantly higher
13C-isotopic enrichments in breath CO2 compared to
the pre-dialysis state (figure 1(b)). In view of these
results, we therefore posit that monitoring of breath
13CO2 levels may also be an effective and new strategy
for determining efficacy and endpoint of hemodialysis
in patients with ESRD.

In order to investigate further the effect of pH and
the potential role of ion concentrations in our results,
we measured the pre- and post-dialysis blood pH and
also calculatedH+ concentrations. Themean pH-level
in the study was found to significantly increase after
the dialysis as shown in table 2. In contrast, the mean
H+ concentration was found to decrease by
24.7 nmol L−1 during the HD. Moreover, several
other important ions, such as K+ and Cl−, were
observed to decrease by1.43 mmol L−1 and
3.2 mmol L−1, respectively, whereas no significant

change in Na+ levels was observed in patients with
ESRD during HD. Taken together, our findings sug-
gest that change in ionic concentrations in ery-
throcytes along with pH levels in ESRD patients under
HD may play an important role in alternation of iso-
topic levels in exhaled breath.

We next investigated the dialysis efficacy and in
order to do that pre- and post-dialysis serum urea and
creatinine concentrations were measured. We found
that there were significant decreases in serum urea and
creatinine levels in the post-dialysis conditions
(figure 2), demonstrating the efficacy of dialysis.
Moreover, there is an important parameter, termed as
Kt/V, which the nephrologists generally prefer to use
to evaluate the effectiveness of hemodialysis [31, 32].
We therefore estimated the Kt/V values for each
patient by using serum urea levels in pre-dialysis and
post-dialysis conditions. We then performed the lin-
ear regression plots to assess the possible correlations
between O‰DOB

18d & C‰DOB
13d of exhaled breath

CO2 with Kt/V. We found that there were statistically

Figure 2. Serumurea (figure 2(a)) and creatinine levels (figure 2(b)) at pre- and post-dialysis states of ESRDpatients. *signifies
p<0.001.

Figure 3.Correlations betweenKt/Vand ODOB
18d (figure 3(a)) andKt/Vand CDOB

13d (figure 3(b)).



significant correlations in both 13C and 18O-isotopic
species of breath CO2 ( O‰: p 0.001;DOB

18d <
r=0.70 & C‰:DOB

13d p<0.001; r=0.80) as
depicted in figure 3, thus suggesting a novel unifying
strategy for ESRD patients that can be used as a non-
invasive isotope-specific method to measure the effi-
cacy of hemodialysis. Early studies [33] showed that
the Kt/V value for a three times per week hemodialysis
patient should be 1.2 at aminimum,with a target value
of 1.4; however, in our case the overall Kt/V value was
found to be 1.28±0.2, indicating the effectiveness of
the methodology for the assessment of dialysis
adequacy.

Finally, in order to understand the mechanisms
responsible for the alteration of exhaled breath 18O
and 13C-isotopic fractionations in ESRD patients

under HD, we attempted to elucidate the possible
potential pathways linking isotope-specificity to dia-
lyzed ESRD patients as depicted in figure 4. Our body
maintains acid-base balance by reabsorbing large
amounts of bicarbonate, which is filtered by the kid-
ney, and generating an amount of bicarbonate equiva-
lent to that produced by the metabolism. In severe
chronic kidney disease, the generation of new bicarbo-
nate is impaired in the absence or presence of abnor-
mal tubular bicarbonate reabsorption, leading to the
formation of metabolic acidosis that correlates with a
decrease in GFR [4–8]. Cellular metabolism produces
CO2, which subsequently reacts with body water to
produce carbonic acids (H2CO3) in erythrocytes.
There is a rapid exchange of 18O and 16O isotopes
between 12C16O16O and body H2

18O, catalyzed by the

Figure 4.Proposed physiological pathways for oxygen-18 and carbon-13 isotopic fractionations in ESRDpatients under hemodialysis.
Acidosis is created due to the impaired bicarbonate reabsorption in kidney (Step-I). Dialysis helps tomaintain acid-base balance by
providing bicarbonate (HCO3−) ions into blood (Step-II). Bicarbonate ions help to titrate the accumulated acid and decreaseH+

concentrations. This change in ion concentrationmay be attributed to the increased carbonic anhydrase (CA) activity after dialysis.
The decrease inH+ ionsmay alter the forward isotopic fractionation reaction to enrich the oxygen-18 (Step-IIIA) and carbon-13
(Step-IIIB) isotopes of exhaled breathCO2 in the post-dialysis condition (Step-IV).



CA activity that results in the formation of
H2C

18O16O2. All these species rapidly degas to pro-
duce stable 12C18O16O which subsequently attach to
hemoglobin molecules and produce carbaminohe-
moglobin compounds (Hb.CO2). The Hb.CO2 com-
pounds are then transported to the lungs and excreted
through exhaled breath as 12C18O16O.However, dialy-
sate supplies the bicarbonate ions (HC16O16O16O−)
and absorbs H+ ions from blood. These bicarbonate
ions diffuse into the bloodstream and titrate the accu-
mulated acid (H+), which in turn makes a gradual
decrease in H+ ions. Moreover, the alteration in ionic
balancewithin the erythrocytes due to changes in ionic
concentrations during dialysis promotes the enhance-
ment of CA activity that alters the breath 12C18O16O
isotopic levels in the post-dialysis state of ESRD
patients and this, in turn, leads to the enrichment of
δ18O‰ values in exhaled breath. Furthermore, it is
well-known that the acid-base balance is altered in
CKD patients. In the post-dialysis state, there is a pos-
sibility to increase in H13C16O3

− levels, which even-
tually lead to the generation of more 13CO2 levels and
thus an increase in δ13C‰ values was observed in our
results.

The barriers to effective diabetes screening by cur-
rent standardmethods include blood-draw apprehen-
sion, handling blood, disposing of sharps and the time
interval for laboratory processing of blood samples,
whereas our proposed technique exploiting high-pre-
cision measurements of 12C18O16O isotope ratios in
exhaled breath mainly include collections of breath
samples after blowing the breath into the breath sam-
ple collection bags and then injecting the collected
breath into the analyzer. The time lag after the collec-
tion of breath samples and its analysis is comparatively
short (∼5–10 min) with respect to the invasive
method. If we go through the hygienic part, our pro-
posed oxygen-18 isotope of CO2 analysis in exhaled
breath is superior to the current standards consisting
of blood sample analysis for diagnosis of T2D
and IGT.

Conclusions

In conclusion, we have established a potential link
between 18O and 13C isotopes of breathCO2 andESRD
patients undergoing HD and have consequently taken
steps towards unravelling the fundamental under-
standing of the pathophysiological mechanisms
involved in causing the isotope-specific changes in
breath CO2 influenced by the enzymatic activity of
carbonic anhydrase (CA) in erythrocytes. Our findings
suggest that monitoring breath 12C18O16O and
13C16O16O-isotopes may be a new strategy for non-
invasive assessment of dialysis efficacy. Our work also
provides evidence that CA activity is markedly altered
in ESRD patients in response to dialysis treatment and
that it may contribute to the development of ESRD.

Finally, new insights into the isotope-specific molecu-
lar observation of ESRDmay offer novel opportunities
to treat these epidemics that threaten current society.
However, future studies that include the patients with
CKD, ESRD, diabetes and chronic obstructive pul-
monary disease need to be carried out to enhance the
clinical applicability of this test for proper manage-
ment of patients with CKD and prevent them from
progressing to ESRD.
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