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Abstract

Objectives: The prevalence of chronic kidney disease is
rising rapidly in low- and middle-income countries. Serum
creatinine and estimation of glomerular filtration rate
(GFR) are critical diagnostic tools, yet access to centralised
laboratory services remains limited in primary care
resource-limited settings. The aim of this study was to

evaluate point-of-care (POC) technologies for serum
creatininemeasurement and to compare their performance
to a gold standard measurement using iohexol measured
GFR (mGFR).
Methods: POC creatinine was measured using iSTAT® and
StatSensor® devices in capillary and venous whole blood,
and laboratory creatinine was measured using the
compensated kinetic Jaffemethod in 670 participants froma
rural area inSouthAfrica. GFRestimating equations Chronic
Kidney Disease Epidemiology Collaboration and Modifica-
tion of Diet in Renal Disease (CKD-EPI and MDRD) for POC
and laboratory creatinine were compared to iohexol mGFR.
Results: Calculated GFR for laboratory and POC creati-
nine measurements overestimated GFR (positive bias of
1.9–34.1 mL/min/1.73 m2). However, all POC devices had
less positive bias than the laboratory Jaffe method
(1.9–14.7 vs. 34.1 for MDRD, and 8.4–19.9 vs. 28.6 for
CKD-EPI). Accuracy within 30% of mGFR ranged from
0.56 to 0.72 for POC devices and from 0.36 to 0.43 for the
laboratory Jaffe method. POC devices showed wider
imprecisionwith coefficients of variation ranging from 4.6
to 10.2% compared to 3.5% for the laboratory Jaffe
method.
Conclusions: POC estimated GFR (eGFR) showed improved
performance over laboratory Jaffe eGFR, however POC de-
vices suffered from imprecision and large bias. The labora-
tory Jaffe method performed poorly, highlighting the need
for laboratories to move to enzymatic methods to measure
creatinine.

Keywords: chronic kidney disease; creatinine; eGFR;
iohexol mGFR; low- andmiddle-income countries (LMICs);
point-of-care.

Introduction

Chronic kidney disease (CKD) has a prevalence of 10.7% in
sub-Saharan Africa, and is associated with significant
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morbidity and mortality [1]. Low- and middle-income
countries (LMIC) suffer a disproportionate mortality asso-
ciated with CKD when compared to high-income countries
[2]. Therefore, screening strategies that aim to identify
patients with early stages of CKD in primary care settings
and ideally, prevent progression of CKD, are of profound
importance.

Glomerular filtration rate (GFR) is considered the best
overall index of kidney function and is an important cri-
terion in the diagnosis and staging of CKD [3]. GFR cannot
be quantitated directly. However, it can be assessed by the
measurement of exogenous (inulin, Cr-EDTA, iohexol,
iothalamate) or endogenous markers [4]. Exogenous
markers are impractical for routine clinical use due to their
limited access, high cost and duration of time required for
testing. Estimated GFR (eGFR) equations based on endog-
enousmarkers and additional factors, such as age and sex,
are recommended for the routine assessment of kidney
function [3]. The creatinine based Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) andModification of
Diet in Renal Disease (MDRD) equations are the most
commonly used [5]. The 2009 CKD-EPI creatinine equation
is recommended for use in adults [3].

In resource-limited settings a lack of access to central
laboratory services hinders the ability to implement effec-
tive CKD screening programs. Even when central labora-
tory services are available, logistical factors in primary
health care clinics can impact the accuracy of creatinine
measurements, such as sub-optimal storage of collected
samples and delays in transport to the central laboratory
[6]. Point-of-care (POC) testing offers an important solution
to this problem by offering access to actionable results in
real-time for clinical decision making [7]. While the 2012
KDIGO guidelines recognise that limited laboratory access
is a problem, they fall short of recommending POC testing
in such settings [8].

The aim of our study was to evaluate the performance
of POC creatinine by comparing eGFR equations to iohexol
measured GFR (mGFR), and to compare this performance
with that of laboratory eGFR.Additionally,we looked at the
performance of theMDRD and CKD-EPI equations for these
different creatinine measurements.

Materials and methods

Our study formed part of the African Research on Kidney (ARK) study,
which aimed to determine the population prevalence of CKD and
associated risk factors in three sub-SaharanAfrican countries,Malawi,
South Africa, and Uganda. Detailed methods for the ARK study have
been published [9]. The South African component was conducted in

the Agincourt Health and Demographic Surveillance Site in Bush-
buckridge, a rural sub-district of the Mpumalanga province in South
Africa.

Participants from the community were invited to participate in
this second phase of the study, to measure GFR using intravenous
iohexol. The initial study comprised a population-based sample of
2021 adults aged 20–80 years to determine CKD prevalence and
investigate associated risk factors. For the iohexol study, we stratified
a subsample of the main study by sex and eGFR to ensure adequate
sampling across all stages of CKD.

Measured GFRwas determined by plasma excretion of iohexol. A
5 mL bolus of intravenous iohexol (Omnipaque™, GE Healthcare,
Illinois) was administered in the antecubital fossa of one arm, fol-
lowed by repeat plasma sampling from the antecubital fossa of the
contralateral arm after 5, 120, 180 and 240 min. Prior to iohexol
administration a baseline venous blood sample was obtained, which
was used for real-time testing with the iSTAT® (Abbott Laboratories,
Illinois) and StatSensor® (Nova Biomedical Corporation, Massachu-
setts) POC devices. At the same time, a capillary blood sample taken
from a fingerprick was also analysed on the StatSensor® POC device.
There were no adverse events related to the intravenous administra-
tion of iohexol.

On the day of iohexol testing, for each participant, samples for
creatinine and iohexol were refrigerated (2–8 °C) until all participants
for the day had been processed (usually by 3 pm), after which all
samples were centrifuged at 2,000 g for 10 min. Samples were stored
and transported at −80 °C to a central laboratory for iohexol and
laboratory creatinine measurements.

Plasma concentrations of iohexol were determined using ultra-
performance liquid chromatography with tandem mass spectrometry
using a published method [10] in an ISO 15189 accredited laboratory
which participates in the EQUALIS external quality assurance pro-
gramme for iohexol (Uppsala, Sweden). The calibration curve and
internal standard were determined with certified reference materials
for iohexol (CRM: USP H0J211) and ioversol (CRM: USP 34510F),
respectively. Internal quality control was prepared using the iohexol
certified reference material and EQUALIS samples were included in
every run as an additional quality check. The slope-intercept method
using the 120, 180 and 240 time points (during the second exponential
phase of iohexol elimination) was used to calculate mGFR by plotting
iohexol concentration against time [11]. mGFR results were then cor-
rected for body surface area [12].

Laboratory creatinine was determined in a central laboratory
using an isotope dilution mass spectrometry (IDMS) traceable
compensated kinetic Jaffe method (Cobas c500®, Roche Diagnostics,
Mannheim). POC creatinine was measured at the time of collection in
venous whole blood on the iSTAT® and in venous whole blood and
capillary blood on the StatSensor®, both POC devices make use of an
enzymatic amperometric method with an enzyme cascade reaction.
Laboratory creatinine was monitored with internal and external
quality control schemes, while POC creatinine was monitored with
internal quality control. Inter-day coefficients of variation (CV)s were
determined by assessing the variation in quality controlmaterials over
the period of the study.

Statistical analysis was performed using Tibco Statistica®

(version 13.5.0.17, United States) and MedCalc® (version 19.2.1,
Belgium). POC creatininewas compared to laboratory creatinine using
Passing–Bablok regression and Bland–Altman agreement. eGFR was
calculated according to the IDMS-traceable MDRD equation and the
2009 CKD-EPI equation. All subsequent eGFR results are presented
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without the African-American coefficient applied, based on prior
studies [13, 14] demonstrating that inclusion of the coefficient over-
estimates GFR in sub-Saharan Africans. eGFR was compared to mGFR
with Passing–Bablok regression, Spearman rank correlation coeffi-
cient (r) and Lin’s concordance correlation coefficient were deter-
mined. Bias was defined as the median of individual differences
between eGFR and mGFR, while imprecision was defined as the
interquartile range (IQR) of the differences between eGFR and mGFR.
Outliers were excluded if their residuals lay outside of 2.5 standard
deviations on initial Passing–Bablok regression [15, 16]. Accuracy
within 30% of mGFR (P30) was calculated. The ability of the eGFR
equations to correctly classify mGFR: <60, 60–89, and ≥90 mL/min/
1.73 m2 (corresponding to KDIGO GFR categories for CKD of G3–5, G2
and G1, respectively) was calculated. Differences between the labo-
ratory and POC devices were tested using the exact McNemar test.
Results were considered statistically significant if p<0.05.

Repeat analysis with laboratory Jaffe creatinine adjusted by a
factor of +9.0 μmol/L was performed (Supplementary Table S1). This
adjustment was based on an inter-site calibration study performed
within the larger ARK study comparing laboratory Jaffe creatinine
methodology performed in South Africa and Malawi with an enzy-
matic laboratory creatinine method in Uganda.

Results

Study population

Figure 1 depicts the flow of participants through the study.
All participants were Black African adults with a broad
spectrum of kidney function. eGFR equations for laboratory
and POC creatinine overestimated GFR when compared to
mGFR, except in the ≥90 mL/min/1.73 m2 group where a
mixed picture was seen (Table 1). Mean POC eGFRs showed
less overestimation compared to mGFR than the mean lab-
oratory eGFRs.

POC vs. laboratory creatinine

All three POC creatinine devices showed positive bias
compared to laboratory creatinine with Bland–Altman
agreements of 17.4 ± 15.3, 9.4 ± 6.3, and 15.1 ± 13.0 μmol/L
for StatSensor® capillary, iSTAT®, and StatSensor® venous
respectively. Passing–Bablok regression analysis yielded
proportional errors (slope) of: 1.45 (95% CI: 1.33–1.57), 1.16
(95% CI: 1.13–1.20), and 1.17 (95% CI: 1.03–1.33); constant
errors (y-intercept) of: −7.68 (95% CI: −14.43 to −1.33), 0.16
(95% CI: −2.20 to 2.13), and 6.50 (95% CI: −2.33 to 14.58);
and Spearman rank correlation coefficients (r) of: 0.57
(95% CI: 0.52–0.62) (p<0.0001), 0.92 (95% CI: 0.91–0.93)
(p<0.0001), and 0.65 (95% CI: 0.57–0.72) (p<0.0001) for
StatSensor® capillary, iSTAT®, and StatSensor® venous
respectively (Figure 2).

eGFR (using POC creatinine and laboratory
creatinine) vs. mGFR

Passing–Bablok regression demonstrated that all eGFR
equations using POC and laboratory creatinine measure-
ments suffered from proportional and constant error when
compared to mGFR. The largest constant error was seen in
laboratory creatinine eGFR using the CKD-EPI equation
whilst the smallest constant error was seen in StatSensor®

capillary creatinine eGFR using the MDRD equation
(y-intercept: 62.76 vs. 3.91). StatSensor® capillary creati-
nine eGFR using the MDRD equation showed the least
proportional error, while laboratory creatinine eGFR using
the CKD-EPI equation showed the most proportional error
(slope: 1.01 vs. 0.59). MDRDeGFR showed less proportional

Figure 1: Participant flow through study.
aOutliers excluded on initial Passing–
Bablok comparison betweenmGFR and POC
eGFR, excluded based on residuals >2.5 SD.
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and constant error than the CKD-EPI eGFR for all POC and
laboratory creatinine measurements. All POC creatinine
eGFR measurements, except for iSTAT® MDRD, showed
less proportional and constant error than the respective
laboratory creatinine eGFR equations. Additionally, Lin’s
concordance correlation coefficient showed improved ac-
curacy for the POC eGFRmeasurements over the respective
laboratory eGFR equations (Table 2, Figures 3 and 4).

Bias and precision

All calculated eGFR equations by POC creatinine or labo-
ratory creatinine measurements showed positive bias
compared to mGFR when looking at the all mGFR values
category. Less bias was observed for the MDRD equation
compared to the CKD-EPI equation for all POC creatinine
measurements, except in the mGFR >90 mL/min/1.73 m2

groupwhere amixedpicturewas seen. The observedbiases
for POC MDRD eGFR ranged from 1.9 ± 33.5 to
14.7 ± 32.0 mL/min/1.73 m2, and for POC CKD-EPI eGFR
from 8.4 ± 31.0 to 19.9 ± 28.5 mL/min/1.73 m2 when looking
at the all mGFR values category. For each calculated eGFR
equation, the largest bias was observed with laboratory
creatinine with all POC devices yielding less bias than the
laboratory (Table 3).

Inter-day CVs varied for the different creatinine
measuring devices, the iSTAT® had a CV of 5.9%at a level of
88 μmol/L, the two StatSensor devices had CVs of 7.4 and

10.2% at 84 μmol/L and CVs of 4.6 and 5.5% at 530 μmol/L,
while the laboratory Jaffe assay had a CV of 3.5% at both
levels of 89.3 and 342 μmol/L. When looking at IQRs, the
MDRDequation showed less imprecision at amGFR<60mL/
min/1.73 m2 for all POC measurements, at mGFR ≥60 mL/
min/1.73 m2 the CKD-EPI equation showed the least impre-
cision. However, for laboratory eGFR the CKD-EPI equation
showed less imprecision across all mGFR categories. When
comparing POC eGFR imprecision to that of laboratory eGFR
a mixed picture was seen, all methods suffered from
imprecision; when the CKD-EPI equation was utilized the
laboratory showed the least imprecision, however when the
MDRD equation was utilized POC (generally the iSTAT de-
vice) showed the least imprecision. Capillary sampling with
the StatSensor device showed the highest levels of impre-
cision except in the mGFR <60 mL/min/1.73 m2 category
(Table 3).

Accuracy

Overall, the P30 for the POC and laboratory creatinine eGFR
equations ranged from 36 to 72%. All P30s showed
improved accuracy with increasing mGFR. Below 90 mL/
min/1.73 m2 the MDRD eGFR showed greater accuracy
(higher P30s) than the CKD-EPI eGFR in all POC and lab-
oratory creatinine measurements, above 90 mL/min/
1.73 m2 the CKD-EPI eGFR showed greater accuracy. In the
different mGFR groups, POC P30s continued to show

Table : Characteristics according to mGFR.

Characteristic mGFR (categorised by GFR CKD stage)a

All < (G–) – (G) ≥ (G)

n, %   ()  ()  ()
Age, years  ()  ()  ()  ()
BMI, kg/m

. (.) . (.) . (.) . (.)
Body surface area, m

. (.) . (.) . (.) . (.)
Male, n, %  ()  ()  ()  ()
mGFRa

 ()  ()  ()  ()
Laboratory eGFR (MDRD)a  ()  ()  ()  ()
Laboratory eGFR (CKD-EPI)a  ()  ()  ()  ()
StatSensor capillary eGFR (MDRD)a  ()  ()  ()  ()
StatSensor capillary eGFR (CKD-EPI)a  ()  ()  ()  ()
iSTAT eGFR (MDRD)a  ()  ()  ()  ()
iSTAT eGFR (CKD-EPI)a  ()  ()  ()  ()
StatSensor venous eGFR (MDRD)a  ()b  ()c,f  ()d  ()e

StatSensor venous eGFR (CKD-EPI)a  ()b  ()c,f  ()d  ()e

All data mean (SD) unless otherwise indicated. aIn mL/min/. m; bn=; cn=; dn=; en=; fmedian (interquartile range). All eGFR
equations exclude the African-American coefficient.
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Figure 2: POC vs. laboratory creatinine.
Bland–Altman agreement charts of: (A) the
StatSensor® capillary creatinine (µmol/L),
(C) iSTAT® creatinine (µmol/L), and (E)
StatSensor® venous creatinine (µmol/L)
compared to laboratory creatinine (µmol/L).
Passing–Bablok regression comparing: (B)
StatSensor® capillary creatinine, (D) iSTAT®

creatinine, and (F) StatSensor® venous
creatinine to laboratory creatinine.

Table : Analytical comparison of POC and laboratory eGFR equations compared to mGFR.

Passing–Bablok regression Lin’s concordance
correlation coefficientd

Slope/proportional errora y-intercept/constant errorb rc p-value

Laboratory eGFR
(MDRD)

. (.–.) . (.–.) . (.–.) <. . (.–.)

Laboratory eGFR
(CKD-EPI)

. (.–.) . (.–.) . (.–.) <. . (.–.)

StatSensor capillary
eGFR (MDRD)

. (.–.) . (−. to .) . (.–.) <. . (.–.)

StatSensor capillary
eGFR (CKD-EPI)

. (.–.) . (.–.) . (.–.) <. . (.–.)

iSTAT eGFR
(MDRD)

. (.–.) . (.–.) . (.–.) <. . (.–.)

iSTAT eGFR
(CKD-EPI)

. (.–.) . (.–.) . (.–.) <. . (.–.)

StatSensor venous
eGFR (MDRD)

. (.–.) . (−. to .) . (.–.) <. . (.–.)

StatSensor venous
eGFR (CKD-EPI)

. (.–.) . (.–.) . (.–.) <. . (.–.)

aSlope (% confidence interval); by-intercept (% confidence interval); cSpearman rank correlation coefficient (% confidence interval);
dLin’s concordance correlation coefficient (% confidence interval). All eGFR equations exclude the African-American coefficient.
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Figure 3: MDRD eGFR (without the African-American coefficient) vs. iohexol mGFR. Bland–Altman agreement charts of: (A) Laboratory MDRD
eGFR, (C) StatSensor® capillary MDRD eGFR, (E) iSTAT® MDRD eGFR, and (G) StatSensor® venous MDRD eGFR compared to iohexol mGFR.
Passing–Bablok regression comparing: (B) Laboratory MDRD eGFR, (D) StatSensor® capillary MDRD eGFR, (F) iSTAT® MDRD eGFR, and (H)
StatSensor® venous MDRD eGFR compared to iohexol mGFR.
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Figure 4: CKD-EPI eGFR (without the African-American coefficient) vs. iohexol mGFR. Bland–Altman agreement charts of: (A) Laboratory
CKD-EPI eGFR, (C) StatSensor® capillary CKD-EPI eGFR, (E) iSTAT® CKD-EPI eGFR, and (G) StatSensor® venous CKD-EPI eGFR compared to
iohexol mGFR. Passing–Bablok regression comparing: (B) Laboratory CKD-EPI eGFR, (D) StatSensor® capillary CKD-EPI eGFR, (F) iSTAT®

CKD-EPI eGFR, and (H) StatSensor® venous CKD-EPI eGFR compared to iohexol mGFR.
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improved accuracy compared to laboratory P30s (Table 3).
When serum creatinine was adjusted by a factor of
+9.0 μmol/L improved P30s ranging from 62 to 71% were
seen. Additional analysis using the revised Lund–Malmö
equation yielded P30s ranging from 58 to 80% with
improvement noted for POC devices and laboratory results
(Supplementary Table S1).

The percentage of total samples correctly classified
into the eGFR groups of <60, 60–89 and >90 mL/min/
1.73 m2 ranged from 41.7% (95% CI: 38.0–45.6) to 52.8%
(95% CI: 45.9–59.7). The POC creatinine eGFR equations
correctly classified more samples into the correct eGFR
groups than the respective laboratory creatinine equations,
although the laboratory equations showed improved per-
formance in the mGFR >90 mL/min/1.73 m2 group. Below
90 mL/min/1.73 m2 the MDRD equation correctly classified
more samples than the CKD-EPI equation, above 90 mL/
min/1.73 m2 the CKD-EPI equation correctly classifiedmore
samples (Table 4).

Discussion

In this study we used iohexol mGFR to evaluate the clinical
utility of the iSTAT® and StatSensor® POC devices that mea-
sure creatinine and subsequently estimate kidney function
using eGFR. Additionally, we evaluated the performance of
the MDRD and CKD-EPI equations and compared the per-
formance of the POC devices to that of laboratory Jaffe
creatinine. Despite falling well short of the 90% of eGFRs
within 30% of mGFR goal [17], POC eGFR showed improved
accuracy compared to laboratory Jaffe eGFR when screening

for CKD in a resource-limited setting. All current eGFR esti-
mating equations performed poorly in our study sample.

A number of studies [18–21] have shown the utility of
the iSTAT® and StatSensor® POC devices for the diagnosis
of acute kidney injury. Our study showed more bias
compared to laboratory creatinine than these studies
possibly due to differences in laboratory creatinine
methods. Studies with less bias [18–21] used the enzymatic
method while studies which used the IDMS-traceable Jaffe
method, including our own, showed more bias [22]. We
found the iSTAT® device showed less imprecision than the
StatSensor® device, consistent with previous studies
[18, 19].

Comparison of POC eGFR to iohexol mGFR showed
greater bias and inaccuracy than a previous study [23] from
Belgium, which found a bias of 0.1 ± 17.6 mL/min/1.73 m2

with a P30 of 81% for StatSensor® capillary eGFR
(CKD-EPI). Our P30 values for POC devices were low, and
varied across the range of GFR, with the worst performance
at low GFR. Bukabau et al. [13] reported a similarly low P30
of 31.3% in an African population with mGFR <60mL/min/
1.73 m2 for the MDRD and CKD-EPI equations, with a lab-
oratory enzymatic creatinine method.

It has been shown that serum creatinine suffers from
significant positive bias when there is a delay in sample
separation of 24 h, this is true for Jaffe but not enzymatic
methods [6, 24]. In our study POC creatininemeasurements
were performed in real-time, while laboratory creatinine
measurements were performed on samples with a
maximum delayed separation of between 8 and 9 h utilis-
ing an IDMS-traceable Jaffe method. This delay is not ex-
pected to have significantly influenced results, although if

Table : Percentage of samples correctly classified into mGFR groups <, – and ≥.

mGFR <c (G–) mGFR –c (G) mGFR ≥c (G) Total correctly classifiedd

Laboratory eGFR (MDRD) . (.–.) . (.–.) . (.–.) . (.–.)
Laboratory eGFR (CKD-EPI) . (.–.) . (.–.) . (.–.) . (.–.)
StatSensor capillary eGFR (MDRD) . (.–.) . (.–.) . (.–.) . (.–.)
pa <. <. <. .
StatSensor capillary eGFR (CKD-EPI) . (.–.) . (.–.) . (.–.) . (.–.)
pb

. <. <. .
iSTAT eGFR (MDRD) . (.–.) . (.–.) . (.–.) . (.–.)
pa

. <. <. .
iSTAT eGFR (CKD-EPI) . (.–.) . (.–.) . (.–.) . (.–.)
pb

. <. . <.
StatSensor venous eGFR (MDRD) . (.–.) . (.–.) . (.–.) . (.–.)
pa

. <. <. .
StatSensor venous eGFR (CKD-EPI) . (.–.) . (.–.) . (.–.) . (.–.)
pb

. <. <. .

All data percentage (%confidence interval). avs. laboratory eGFR (MDRD) using exact NcNemar test; bvs. laboratory eGFR (CKD-EPI) using exact
NcNemar test; cinmL/min/.m; dtotal samples correctly classified into CKDstages: G–, G andG. All eGFR equations exclude theAfrican-
American coefficient.
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present a positive bias on laboratory creatinine with low-
ered eGFR would be expected (the opposite pattern from
whatwas observed in our laboratory samples). Importantly
in LMIC, these methodological and pre-analytical factors
are common in clinical practice. For example, in South
Africa, samples from rural areas are transported to central
laboratories and only processed 12–72 h post collection [6]
and the Jaffe method is used in all but a few large urban
centres due to cost considerations [25] – despite an initia-
tive for all laboratories to use the enzymatic method [26].
The IDMS-traceable Jaffe method has been shown not to
reach the desirable specifications of the Laboratory
Working Group of the National Kidney Disease Education
Program [27] – nevertheless, it is commonly used with 93%
of studies from sub-Saharan Africa which reported creati-
nine methodology making use of the Jaffe method [28].

In LMIC the potential public health benefits associated
with POC screening for early detection and monitoring of
CKD is an exciting possibility. Despite the bias and
imprecision seen in POC eGFRs, these devices showed
improved performance compared to laboratory Jaffe eGFR.
The performance of POCdevices to detect eGFR in the range
60–89 mL/min/1.73 m2 is of particular interest. With
limited access to renal replacement therapy for severe
kidney disease, it is advantageous to detect individuals
with early disease who may benefit from renal protective
measures. There was improved accuracy in this area
compared to laboratory Jaffe measurements, as well as
compared to measurements below 60 mL/min/1.73 m2.
Nevertheless, the large bias, imprecision and mis-
classifications mean that results remain inaccurate with
current eGFR estimating equations.

Enzymatic methods are more specific for creatinine
than Jaffe methods which are vulnerable to interference
from numerous substances including proteins, glucose
and ketone bodies [29]. Various assay techniques such as
kinetic reactions and compensated assays are used to
improve specificity. The laboratory assay used in our study
was an IDMS-traceable compensated kinetic Jaffe assay.
Compensated assays assume a fixed concentration of non-
specific interferences which are subtracted from the total
creatinine value, bias will be introduced if this assumption
is incorrect [30, 31]. The positive bias for creatinine which
the enzymatic POC devices demonstrated compared to the
laboratory Jaffe assay may reflect overcompensation of the
Jaffe assay in our population. When laboratory creatinine
results were adjusted by a factor of +9.0 μmol/L resulting
eGFR equations showed similar P30s to that obtained for
POC (Supplementary Table S1). Ideally all laboratories
shouldmove to enzymaticmethods for themeasurement of
creatinine, while compensated Jaffe equations should be

used with caution especially if this compensation has not
been validated in a particular population. The poor per-
formance of the laboratory Jaffe assay in our study may
reflect overcompensation of the Jaffe method in our
population.

Our study focussed primarily on accuracy; however,
imprecision makes an equally important contribution to
analytical variation. Jaffe methods are known with higher
imprecision than enzymatic methods [27 ,32, 33]. The inter-
day CVs of the POC creatinine devices were greater than
that seen with the laboratory Jaffe assay. This high
imprecision with POC assays, despite the use of enzymatic
methodology, is an important distinguishing factor be-
tween laboratory and POC testing [34]. High levels of
imprecision may result in total error that hinders the
interpretation of creatinine and subsequent eGFR [32].

The ability of the CKD-EPI equation to quantify GFR
above 60 mL/min/1.73 m2 offers significant advantages
over the MDRD equation and avoids classifying patients
based on a GFR cut-off which dichotomises all mea-
surements [5, 35]. In keeping, we found the MDRD
equation to suffer from greater imprecision above a
mGFR of 60 mL/min/1.73 m2. Despite these apparent
short-comings, we were surprised by the improved ac-
curacy of the MDRD equation with higher P30s and
sensitivities up to a mGFR of 90 mL/min/1.73 m2

compared to the CKD-EPI equation.
In keeping with other studies from sub-Saharan Africa

[13, 14] we found a positive bias when using the African-
American coefficient for theMDRDandCKD-EPI equations,
and both led to substantial overestimation of GFR (Sup-
plementary Figures S1 and S2). The revised Lund–Malmö
equation outperformed the MDRD and CKD-EPI equations
(Supplementary Table S1), suggesting that a new equation
developed from an African population group may further
improve performance. Despite the improved performance
seen with the revised Lund–Malmö equation it remains
rarely used in sub-Saharan Africa.

POC devices have the potential to provide immediately
actionable results andmitigate pre-analytical errors, such as
delay in separation commonly seen in LMIC. The iSTAT®

utilises venous whole blood while the StatSensor® can be
used with capillary and venous whole blood. Capillary
sampling offers added benefit by eliminating the need for
phlebotomy skills, and is preferred bypatients [36]. Capillary
sampling showed improved performance over correspond-
ing laboratory creatinine, however it showed the highest
levels of imprecision. Thus, venous sampling should remain
the preferred option, with capillary sampling considered as
an alternative only if venous sampling is unavailable and if
the device has been validated for this purpose.
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POC testing has limitations such as: refrigerated sup-
ply storage (both devices), susceptibility to lot-to-lot vari-
ations and a lack ofmonitoring by laboratory professionals
(especially external quality control). Cost considerations
need to be taken into account especially in resource-
limited settings. POC testing has a significantly higher cost
compared to laboratory measurements, especially when
additional components such as the purchase of quality
control materials and the need for refrigeration are
considered. However, cost savings may be achieved if POC
testing leads to improved detection, and reduced numbers
of patients progressing to advanced CKD. Both devices,
and others, have previously been reviewed regarding
suitability in low-income countries, including estimated
cost per test [37].

Our study had a number of strengths: (i) the large
sample size drawn from a well characterised population-
based study of rural South Africans; (ii) the study proced-
ures were standardised and conducted in a well-controlled
research environment; (iii) two different POC devices using
venous whole blood and capillary blood were evaluated;
(iv) participants had a wide range of iohexol mGFRs
including 134 participants with a mGFR less than 60 mL/
min/1.73 m2. Our study also had limitations: (i) the poor
performance of laboratory creatinine likely reflects the
Jaffe methodology used despite enzymatic methods being
the preferred choice [27, 33, 38–40], however without a
parallel analysis using a laboratory enzymatic method this
assumption remains untested; (ii) although plasma clear-
ance of iohexol is a well described method for measuring
GFR, the MDRD and CKD-EPI equations were developed
using urinary clearance of iothalamate and as such,
methodologic bias may be introduced by using iohexol
mGFR [4]; (iii) laboratory creatinine was processed after
delayed sample separation (although less than the 24 h
level at which changes become significant [6, 24]); (iv) POC
testing was carried out by trained staff under controlled
conditions, which may not be reproducible in a busy clinic
environment; (v) roughly one-third of participants had
venous measurements assessed with the StatSensor® due
to cost considerations.

In conclusion, our study demonstrates poor perfor-
mance of the compensated kinetic Jaffe method tomeasure
creatinine in an under-resourced primary care setting and
highlights the recommendation for laboratories to move to
enzymatic methods. In these situations POC devices,
despite their poor performance compared to iohexolmGFR,
show improved accuracy in predicting GFR compared to
Jaffe methodology. The inaccuracy and wide imprecision
with current eGFR estimating equations mean that POC
devices should be used with caution.
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