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Abstract

Background: The 2018 BNMS Glomerular Filtration Rate (GFR) guidelines recommend
a single-sample technique with the sampling time dictated by the expected renal
function, but this is not known with any accuracy before the test. We aimed to assess
whether the sampling regime suggested in the guidelines is optimal and determine
the error in GFR result if the sample time is chosen incorrectly. We can then infer the
degree of flexibility in the sampling regime.

Methods: Data from 6328 patients referred for GFR assessment at 6 different hospitals
for a variety of indications were reviewed. The difference between the single-sample
(Fleming) GFR result at each sample time and the slope—intercept GFR result at each
hospital was calculated. A second dataset of 777 studies from one hospital with nine
samples collected from 5 min to 8 h post-injection was analysed to provide a reference
GFR to which the single-sample results were compared.

Results: Recommended single-sample times have been revised: for an expected
GFR above 90 ml/min/1.73m? a 2-h sample is recommended; between 50 and 90 ml/
min/1.73m? a 3-h sample is recommended; and between 30 and 50 ml/min/1.73m?

a 4-h sample is recommended. Root mean square error in single-sample GFR result
compared with slope—intercept can be kept less than or equal to 3.30 ml/min/1.73m?
by following these recommendations.

Conclusion: The results of this multisite study demonstrate a reassuringly wide range
of sample times for an acceptably accurate single-sample GFR result. Modified recom-
mended single-sample times have been proposed in line with the results, and a lookup
table has been produced of rms errors across the full range of GFR results for the three
sample times which can be used for error reporting of a mistimed sample.

Keywords: Glomerular filtration rate, GFR, Single sample, Multisite audit, Renal
function

Introduction
The 2018 BNMS GEFR guidelines [1] recommend a single-sample technique for routine
measurement of GFR. This is a significant change compared with the previous BNMS

GEFR guidelines [2], which recommended a slope—intercept technique requiring between
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2 and 4 samples. The multiple sample slope—intercept technique prevails in UK nuclear
medicine departments; a national audit conducted in 2013 reported that 58 out of 59
responding centres employ a multiple sample technique with either two, three, or four
samples [3]. Changing practice from multiple to single-sample GFR confers many ben-
efits, both in terms of patient comfort and saved departmental resources but requires
logistical changes which could limit compliance with the 2018 guidelines. One of these
is the timing of the single blood sample. We aim to address this concern with this paper.

It is well established from theory that the accuracy of a single-sample GFR result
depends on the time at which the sample was taken: the lower the GER the later the sam-
ple should be taken for an accurate result [4]. This necessarily means that the expected
renal function must be known before the test, a seemingly paradoxical situation. The
2018 BNMS guidelines recommend that the sampling time is set according to the esti-
mated BSA-normalised GFR, giving five ranges with appropriate sampling times (Table 1
in the guidelines). They describe the use of serum creatinine measurements (eGFR), pre-
vious GFR measurements, and the patient’s history and clinical condition to inform the
estimated GFR, and therefore the sampling time. However, we cannot depend on the
accuracy of these estimates. In this work, we will investigate the range of single-sample
times for an acceptably accurate GFR result and quantify the error contributed by a mis-

timed sample.

Methods

Data from 6328 patients referred for GFR assessment at six UK hospitals for a variety of
indications were reviewed. The difference between the single-sample (Fleming) [5] GFR
result at each sample time and the slope—intercept GER result at each hospital was cal-
culated. The slope—intercept calculation method recommended in the previous BNMS
guidelines was applied to all GFR measurements, and the results were body surface area
and Brochner—Mortensen corrected [2].

To ensure that only good-quality data were used in the analysis, data points were
excluded if any of the following conditions were met: if any sample was taken outside
a twenty-minute window around the intended time; if fewer than three blood samples
were taken (minimum of three samples between 2 and 6 h post-injection); if the r* cor-
relation coefficient for the fit including all samples was less than 0.985; if the calculated
volume of distribution was not in the range of 6-11.2 multiplied by the BSA. The 6328
initial studies were reduced to 2399 after these checks, please see Table 1 for details.

The volume of distribution check was based on the 2004 BNMS guidelines recommen-
dation of 8 times the BSA with a 25% uncertainty margin; however, it was found that too
many studies were excluded if this was applied, so a 40% upper margin was used. We are
not worried that this has influenced the results by including studies with unreliable data:
the large inherent variability in the relationship of BSA with volume of distribution is

Table 1 Number of GFR results which were excluded from the analysis for QC or methodological
reasons

Check Sample timing or fewer than three R?>  Volume of distribution
samples

Number of GFR studies removed 3038 263 628
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well documented; for example, Fleming and colleagues have recommended a 40% mar-
gin around the expected volume of distribution for GFR quality control checks [6].

The same analysis was performed on a dataset from one hospital which included a
reference GFR calculated using a nine-sample area-under-the-curve (AUC) calculation,
with samples from 5 min to 8 h post-injection (n=418 studies after QC checks). The
dataset and calculation method have been previously described [7]. The single-sample
results were compared to the reference GFR rather than a slope—intercept GFR.

Results

For the comparison between single-sample GFR and slope—intercept GFR, all GFR
ranges contain more than 100 patient studies, apart from 110 to 120 and 120 +mL/
min/1.73m? which contain 97 and 88 patient studies, respectively. Table 2 provides the
root mean square (rms) error in units of ml/min/1.73m? between single-sample GFR
and the slope—intercept GFR measurements. These data are represented graphically in
Fig. 1a and as a 3D surface plot [8, 9] in Fig. 2. As predicted from theory, the time for the
most accurate single-sample result increases as the GFR decreases. The rms error for
a single-sample GFR result can be kept lower than or equal to 3.30 mL/min/1.73m? by
choosing an appropriate sample time. The 6 h single-sample time conferred benefit for
none of the GFR ranges.

Table 3 provides the rms error for the comparison of single-sample GFR and with the
reference GFR and the number of patient studies. These data are represented graphically
in Fig. 1b. For Fig. 1b, the y-axis scale has been extended compared with Fig. 1a to best
display the data. Root mean square errors are larger across the board for the comparison
of the single sample with the reference GFR. The most accurate sampling time is shifted
lower compared with the slope—intercept GFR comparison.

Discussion
The data support the approach of the guidelines and demonstrate a reassuringly wide
range of sample times for an acceptably accurate single-sample GER result.

Table 2 Root mean square (rms) error in units of ml/min/1.73m? between single-sample GFR and
slope-intercept GFR measurements

Slope-intercept GFR mL/ Sampling time (h)
min/1.73m?
2 3 4 6

30-40 7.57 482 3.30 5.17
40-50 6.73 391 2.76 5.89
50-60 537 2.76 2.86 770
60-70 4.21 2.28 3.20 8.74
70-80 3.04 1.78 343 9.10
80-90 263 2.05 359 8.64
90-100 2.22 2.52 4.35 9.78
100-110 1.99 3.19 4.54 9.78
110-120 2.64 3.57 4.07 6.65
120+ 3.16 3.96 5.00 7.89

Lowest values are highlighted in bold text
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(a) Root mean square error in single sample GFR compared with slope-intercept GFR measurement

—o—Single sample at 2h —e—Single sample at 3h —e—Single sample at 4h —e—Single sample at 6h
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Root mean square error (ml/min/1.73m?)
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Slope-intercept GFR range (ml/min/1.73m?)

(b) Root mean square error in single sample GFR compared with reference GFR measurement

—e—Single sample at 2h —e—Single sample at 3h —e—Single sample at 4h —e—Single sample at 6h

Root mean square error (ml/min/1.73m?)
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Fig. 1 a Root mean square error in units of ml/min/1.73m? in single-sample GFR calculated at four time
points compared with slope-intercept GFR for each slope-intercept GFR range. b Root mean square error in
units of ml/min/1.73m? in single-sample GFR calculated at four time points compared with reference GFR for
each reference GFR range. The y-axis scale has been extended compared with a to best display the data

The results of this study suggest slightly different recommended single-sample times
compared with the 2018 guidelines. Taking the lowest rms error sample time for each
GER range from Table 2, the comparison of single-sample and slope—intercept GFR
produces the new recommendations in Table 4. Table 4 also includes the results from
previous work [10] which recommends a 24 h sample time for GFR less than 25 mL/
min/1.73m?2 We have extended this to 30 mL/min/1.73m? based on clinical experience
to cover the full range.

For the GFR range where 6 h sampling was recommended (30-50 mL/
min/1.73m?), 4 h sampling has lower rms error compared with 6 h sampling, so the

Page 4 of 8



McMeekin et al. EINMMI Physics (2022) 9:73

i W suid
cL (/ I\ )JOJJB
w .

w

(v

o\

90.
0 s G099 A
s 085 W& 2
m, 60. &
e , N 20 &
7
Me - S0.6p &

&
Fig. 2 A 3D surface plot showing the rms error in units of ml/min/1.73m? between single-sample GFR and

slope—-intercept GFR plotted against GFR range and single-sample time. The colours represent increasing rms
error from purple to yellow on the colour scale

Table 3 Root mean square (rms) error in units of ml/min/1.73m? between single-sample GFR and
reference GFR measurements

Reference GFR mL/ Number of patient Sampling time (h)
min/1.73m? studies
2 3 4 6
30-40 2 9.62 8.14 7.02 7.18
40-50 3 427 3.62 553 9.49
50-60 15 8.67 9.84 9.88 11.89
60-70 37 8.45 949 10.66 13.51
70-80 49 5.81 6.49 7.65 11.91
80-90 61 7.00 7.71 8.86 1341
90-100 67 5.17 578 711 11.58
100-110 69 5.07 5.85 739 11.82
110-120 56 5.61 642 6.79 8.60
120+ 59 733 6.86 743 8.99
Lowest values are highlighted in bold text

Table 4 Proposed recommended single-sample times to use with the Fleming formula based on
expected BSA-normalised GFR

Expected BSA-normalised measured GFR (mL/min/1.73m?)

Recommended
single-sample time
(h)
>90 2
50-90 3
30-50 4
<30

24
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recommendation for 6 h sampling has been removed entirely. We recommend that
the 6 h sample time is replaced with 4 h sampling in a revised version of the guide-
lines in the interests of accuracy and simplified departmental logistics. We hope that
this simplified sampling regime will increase the routine use of single-sample GFR in
hospitals. The sampling regime could be further simplified by omitting one or more
of the recommended sampling times in accordance with the error level considered
acceptable locally. Table 2 provides the necessary information on which this decision
could be based.

One immediately obvious feature from Fig. 1b is how far away the single-sample,
and by inference the slope—intercept GFR result, is from the reference GFR; rms
errors are larger across the board for the comparison of single-sample with the refer-
ence GFR. We believe this to be due to the overestimation of GFR by the abbreviated
techniques; the clearance of tracer from the plasma has not yet reached a terminal
exponential at the start of sampling, so the gradient of a slope—intercept measurement
flattens as 8 h is reached. This is compensated for at high GFR by the inherent under-
estimation due to the Brochner—Mortensen correction reaching a maximum value.
It is not the purpose of this work to propose an improved single-sample formula to
correct for this, and such a systematic difference in GFR results would have a far-
reaching clinical impact which it is not practical to implement. Our primary focus is
to provide an equivalent accuracy single-sample GFR to the slope—intercept method
in current clinical use. The very low patient numbers in the 30-40 mL/min/1.73m?
and 40-50 mL/min/1.73m? GER ranges (2 and 3, respectively, see Table 3) make the
analysis unreliable here, contributing to the odd appearance of the graph.

To predict GFR, we recommend using a recent eGFR (estimated GFR) result cal-
culated from a serum creatinine blood test, if one exists. A 2019 study [11] found
that an eGER threshold of 40 mL/min/1.73m? was appropriate for selecting patients
where the GER was subsequently measured as less than 25 mL/min/1.73m? There is
the possibility for confusion here, since we have recommended from this study a sam-
ple time of 4 h for an expected measured GFR 30-40 mL/min/1.73m?, counteracting
the recommendation from the 2019 study. The large variability in eGFR is the cul-
prit here. In an audit (unpublished) of our clinical practice, we found that a measured
GEFR (same day slope—intercept GFR with 2 h, 3 h, 4 h samples) of less than 35 mL/
min/1.73m? merited the patient returning for a 24 h sample on the next morning. In
those cases, the 4-sample slope—intercept GFR (2 h, 3 h, 4 h, 24 h sample times) could
give a result more than 20% lower than the same day result. Our recommendation in
this tricky area would be for a 4 h single-sample measurement, with the possibility to
bring the patient back for 24 h sampling depending on the same day result. To this
end, we avoid scheduling these patient studies for Fridays.

Pertinent to this discussion is the inherent variability in GFR measurement: esti-
mates of the repeatability of GFR measurement on the same patient over time suggest
a variation of approximately 10% [12] and a study by Wilkinson et al. found a coeffi-
cient of variation of 12% in duplicate measurements of the same patient when permit-
ted free exercise, and 8% when at rest [13]. The differences we have measured between
GEFR calculated with slope—intercept and single-sample techniques are within these
patient dependent variations.



McMeekin et al. EINMMI Physics (2022) 9:73 Page 7 of 8

If no previous eGFR measurement is available, the clinical indication for the GFR test
can guide the choice. A 2013 UK audit [3] of GFR measurement reported the following
referral reasons: oncology patients for assessment pre-chemotherapy (70%); potential
live renal donor (16%); monitoring of chronic kidney disease (10%); others (4%). Hope-
fully it is clear from the referral reason whether reduced renal function is suspected. If
the referral is for monitoring of chronic kidney disease, then there is reason to expect
reduced renal function, whereas if the clinical indication is first assessment pre-chemo-
therapy or live renal donor, then the choice of single-sample time can be guided by the
normal range of GER for the patient age.

In the event of a mistimed sample, that is when the GFR measured by the Fleming sin-
gle-sample method is unexpectedly different from the pre-test predicted GFR, the rms
errors given in Table 2 can be used as a lookup to report the error in comparison with
multiple sample slope—intercept GFR.

Conclusion

The results of this multisite study demonstrate a reassuringly wide range of sample
times for an acceptably accurate single-sample GFR result. Modified recommended sin-
gle-sample times have been proposed in line with the results which should aid clinical
implementation. A lookup table has been produced which can be used for error report-
ing of a mistimed sample.
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