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BACKGROUND: The concept of personalized medicine
has received widespread attention in the last decade.
However, personalized medicine depends on correct di-
agnosis and monitoring of patients, for which personal-
ized reference intervals for laboratory tests may be bene-
ficial. In this study, we propose a simple model to
generate personalized reference intervals based on histor-
ical, previously analyzed results, and data on analytical
and within-subject biological variation.

METHODS: A model using estimates of analytical and
within-subject biological variation and previous test
results was developed. We modeled the effect of adding
an increasing number of measurement results on the es-
timation of the personal reference interval. We then
used laboratory test results from 784 adult patients
(>18years) considered to be in a steady-state condition
to calculate personalized reference intervals for 27 com-
monly requested clinical chemistry and hematology
measurands.

RESULTS: Increasing the number of measurements had
lictle impact on the total variation around the true ho-
meostatic set point and using >3 previous measurement
results delivered robust personalized reference intervals.
The personalized reference intervals of the study partici-
pants were different from one another and, as expected,
located within the common reference interval.
However, in general they made up only a small propor-
tion of the population-based reference interval.

CONCLUSIONS:  Our study shows that, if using results
from patients in steady state, only a few previous test
results and reliable estimates of within-subject biological
variation are required to calculate personalized reference

intervals. This may be highly valuable for diagnosing
patients as well as for follow-up and treatment.

Introduction

Physicians make many of their clinical decisions based
on laboratory test results. However, patients’ test results
cannot be applied in a medically useful way if a reliable
and relevant standard to which they can be compared is
lacking. Usually, physicians compare patients’ test
results to reference data or cutoff limits and make deci-
sions accordingly. Such reference data are typically
population-based reference intervals (popRls), the cut-
offs of which are in many cases applied as action limits.
Thus, when a patient’s test result is located within the
popRI for the measurand, the test result is accepted as
normal; if it is above or below, then it is considered po-
tentially pathological. PopRlIs are generally required to
be obtained from well-defined reference individuals us-
ing International Federation of Clinical Chemistry and
Laboratory Medicine (IFCC) criteria (1). However,
popRIs are not universal and different Rls can be
obtained from different populations, measurement
methods, etc. It is therefore recommended that each lab-
oratory should determine their own popRI based on the
measurement methods in their laboratory (2). However,
for laboratories it is time consuming, and deriving
updated popRlIs is expensive and, in many cases, labora-
tories prefer popRIs recommended by manufacturers or
modified popRIs obtained from other sources. Many
commonly requested measurands show marked individ-
uality, i.e., the variation of the concentration of a meas-
urand within the individual is small compared to the
variation of the concentration of the same measurand
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between individuals. This means that a personal refer-
ence interval will occupy only a small range of the
popRlIs (2). Therefore, the data derived from population
studies are less relevant, even when partitioned into sub-
groups, to the assessment or monitoring of test results in
individuals. For clinicians, the main concern is whether
the actual test result from a specific patient is indicative
of disease or not. To answer this question, a personal-
ized reference interval (prRI); i.e., a reference interval
for that specific individual would be useful. The avail-
ability of a simple method for establishing prRIs would
be highly beneficial to both clinicians and patients.

The present study aimed to develop a model to de-
rive prRIs based on estimates of analytical and within-
subject biological variation (CV)) and previous test
results for an individual, to assess the effect of including
different numbers of previous test results on the prRI
and to calculate prRI for commonly requested measur-
ands for participants in steady-state conditions.

Materials and Methods

STUDY POPULATION

We included results of 27 commonly requested clinical
chemistry and hematology measurands to establish
prRIs for 784 (female/male = 328/456) different partici-
pants in steady-state conditions with no known disease
that was related to or could impact the measurands that
were included in our study. The median age of the study
population was 42 years (range 18—69 years) at the time
of the first included test result. All data were derived
from the Acibadem Healthcare Group checkup clinic in
Istanbul. In this clinic, patients are seen for a routine,
general medical examination and not for a specific
health problem. Practically, we searched our laboratory
database for patients who had been seen at the checkup
unit in the previous 15years, this yielded 212493
patients. Thereafter, we applied a filter so that only
patients above 18years were included (2=209531).
We then searched the dataset separately for each meas-
urand for participants who had had at least 10 measure-
ments performed during the time period. For each
measurand, we reviewed the laboratory and clinical data.
Participants with results above the popRI and/or rele-
vant clinical decisions limits and participants with
known diseases related to the measurand in question
(e.g., for glucose, patients with a diagnosis of diabetes,
etc.) were excluded. For all selected participants, we in-
cluded the last 10 consecutive test results included in
the laboratory information system. The resulting data
had been analyzed over a time period of 215 years (me-
dian 10 years). The analytical CV (CV,) estimates used
in our study were derived from routine analyses in the
laboratory of the Acibadem Healthcare Group. Since

the samples were analyzed at different times during the
study period, the pooled CV, estimates for the whole
study period for each measurand were applied in the
ptRI calculations. The CV| estimates of the analytes
were obtained from the European Federation of Clinical
Chemistry and Laboratory Medicine (EFLM) Biological
Variation (BV) Database (3). The research project was
approved by the Institutional Ethical Committee.

MODEL OF PRRI
The prRI of a measurand can be described as the inter-
val around its homeostatic set point. The magnitude of
the prRI can be estimated, using estimates of CV}, CVy,
and, within a given probability, the uncertainty of the
homeostatic set point which is based on the number of
measurement results (7).

We used a two-step algorithm to develop prRI.
The steps are as follows:

Step 1: We determined the deviation of the true
homeostatic set point of the measurand using the fol-
lowing equation (2, 4).

CVi + CV}
D=gx [ (1)

where D is the allowed percentage deviation from the
true homeostatic set point, 7 is the number of samples
used to estimate the homeostatic set point, CVy is the
analytical variation and CV7 is the within-subject BV.

Increasing the number of measurements will decrease
the uncertainty around the true homeostatic set point,
and D will decrease proportionally with the square root of
n (2, 4).

Step 2: Using Eq. (1), we estimated the deviation
around the set point. We hypothesized that the total
variation around the true homeostatic set point is the
Gaussian combination of the variation around the set
point and the variation around a single measurement re-
sult. Therefore, the Gaussian combination of D, CVj,
and CVA, will yield the total variation around the true
homeostatic set point, which can be estimated based on
real patient laboratory results. For 95% probability, the
total variation around a true homeostatic set point can
be estimated using the following equation:

TVZ, =2 x (V2 +(CV} + CV3)) 2)

where TV, is the total variation around the true ho-
meostatic set point, V is the variation of the set point
(D), and z is a constant and can be set as 1.96 for 95%
probability (two-sided change).

Egs. (1) and (2) can be combined to obtain the
equation of prRI as shown below:
TV, =22 x ( WJF (cvi+ CV2A>> (3)

set
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TVer = 2 x \/ (n:— 1)x(CV% + CVﬁ) (4)

It should be noted that Eq. (4) refers to the predic-
tion interval for “unknown mean, known variance”,
which is connected with the factor (1 + 1/7) (5).

The total variation around the set point as calcu-
lated in Eq. (4) is independent of the concentration of
analytes, as it is a function of the estimates of CVj,
CVy, and 7.

TV, is expressed in terms of CV, i.e., the percent-
age and not as absolute values. Therefore, it should be
expressed as absolute values when used in prRI as shown
below:

prRI = X+ (TVy, x X)/100 (s)

where X is the mean of the patients’ samples.
A flow chart showing how to practically derive the
prRI for an individual is given in Fig. 1.

POPRI AND REFERENCE RANGE INDEX

In our laboratory, popRIs for most measurands are
based on those provided by instrument manufacturers,
after being verified using a smaller sample of healthy
participants or indirect sampling techniques as described
in the Clinical and Laboratory Standards Institute
(CLSI)-EP28-A3c (6). When analyzers or measurement
systems have changed, the popRIs have been verified in
the same way. To illustrate the relationship between the
prRI derived in our study and the popRI, we defined
the Reference Range Index (RRi) as the ratio of the
range of prRI to the range of popRIL

prRI (UL — LL)

RRi = PRI (UL —LL)

(6)
where UL is the upper limit and LL is the lower limit.

RRis were calculated separately for males and
females, based on prRIs derived from 3 (RRi-3) and 10
measurement (RRi-10) results, respectively, and com-
pared with index of individuality (Eq. (2)).

IT was calculated using the following equation (2):

e
~ v

II (7)

where CV; is the between-subject BV.

Results

Theoretically, it is possible to calculate prRI for an indi-
vidual using only 1 previous measurement result.
However, such a prRI may be associated with large lev-
els of uncertainty (41%) and may not be reliable enough
for clinical practice. To assess the reliability of prRI

related to the number of included previous results, we
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examined the effect of including different numbers of
previous test results on the total variation around the
homeostatic set point. To illustrate only the effect of an
increasing 7, we used a fixed CV, estimate in the calcu-
lations, set as 0.5CV; for the measurand in question.
Increasing the number of included previous measure-
ment results from 3 to 100 had little effect on the total
variation around the true homeostatic set point as illus-
trated in Table 1 for all 27 measurands. Thus, the width
of the prRI is little influenced by including more than 3
previous test results, as illustrated in Table 2 for creati-
nine and leukocyte counts for 2 randomly chosen study
participants. This is further illustrated in Fig. 2, A-D
for cholesterol and potassium, where the distribution
of prRI with regard to the number of included meas-
urements is displayed for 8 participants, 4 males and 4
females. In our database, we identified in total 784
adult patients who had at least 10 measurements
performed in a steady state setting for the different
measurands. The highest number of participants was
available for creatinine (z=567) and the lowest for
potassium (7 =22) (Table 3). We calculated prRI for
all of these participants, based on 3 and 10 previous
test results. Although the prRIs of most individuals
were located within the popRI, the upper and lower
limits of prRI for different participants were different
from each other for these analytes. We furthermore
calculated the mean of the range (i.e., the upper prRI
limit — lower prRI limit) for all the individual prRIs
separately for males and females, based on 3 (prRI-3)
and 10 (prRI-10) measurement results as shown in
Table 3 for the 27 measurands. The RRis, representing
the ratio of the range of prRI to the range of popRI
based on 3 (RRi-3) and 10 (RRi-10) measurements,
were either comparable to or lower than the corre-
sponding IIs for most measurands (Table 3). The high-
est differences between RRi-3 and RRi-10 were noted
for lactate dehydrogenase (LDH), aspartate amino-
transferase (AST), and alanine aminotransferase (ALT)
in females, with values of 0.27, 0.11, and 0.10, respec-
tively (Table 3). Similarly, the highest differences
between RRi-3 and RRi-10 were noted for LDH,
ALT, and albumin in males, with values of 0.20, 0.16,
and 0.12, respectively (Table 3). Chloride was the
measurand with the highest RRi-10, at 0.97 and 0.96
for females and males, respectively, whereas basophil
count was the measurand with the lowest RRi-10, at
0.09 for both females and males. prRIs and RRi calcu-
lated for 10 randomly chosen participants for the 27
measurands, making up in total 114 different partici-
pants, along with detailed information on age of par-
ticipants, time of samplings, analytical platform, and
CV, estimates are provided in Table 1 in the online
Data Supplement.
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100

1.00
2.21
1.77
1.77

50

1.01
2.22
1.78
1.78

20

1.02
2.25
1.80
1.80

10

1.05
2.31
1.85
1.85

1.05
2.32
1.86
1.86

1.06
2.33
1.87
1.87

1.07
2.35
1.88
1.88

1.08
2.38
1.90
1.90

1.10
2.41
1.93
1.93

Table 1. (continued)
1.12
2.46
1.97
1.97

1.15
2.54
2.03
2.03

1.22
2.69
2.16
2.16

((n+1)/n)"2

1.41

TVset (%)
3.1
2.49
2.49

CVa

0.50
0.40
0.40

1.0
0.8
0.8

v

Measurands
MCHC (g/dL)

MCV (fL)
MCH (pg)

1.19 1.18 1.17 1.16 1.15 1.13 1.1 1.1

1.20

1.23

1.56 1.35 1.27

0.25

0.5

Na (mmol/L)
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Discussion

The concept of personalized medicine has gained an
ever-increasing foothold in the last decade. Individuals
have unique characteristics at the molecular, physiologi-
cal, and behavioral levels, which also vary due to envi-
ronmental exposure (7). However, the success of
personalized interventions depends on the correct diag-
nosis and monitoring of patients, and for these purposes
the interpretation of patients’ test results must also be
“personalized.” This can be achieved by comparing their
test results with their own prRIs, and not with common
popRlIs.

We have developed an easy novel conceptual algo-
rithm to derive person-specific Rls. This algorithm is
based on estimates of CVyand CV and consecutive test
results collected over time from individuals in steady
state for the measurand in question. This approach
should be easy to implement in medical laboratories, as
well as in laboratory information systems. We have
shown that only a few previous test results are sufficient
to obtain reliable prRIs (Table 1). The test results from
the participants included in our study were collected
over a time period of 2-15 years, but prRIs remained
stable and were not affected much by the length of the
sample collection (Supplemental Table 1).

BV data are powerful tools used in various fields of
laboratory medicine, such as determination of analytical
performance specifications of measurands, utility of
popRlIs, monitoring of patients’ test results by reference
change values (RCV), etc. BV has 2 main components:
CV; and CVg. CV| enumerates the variability around
the individual homeostatic set point of the analytes,
whereas CV describes the variation between the ho-
meostatic set points of different participants (2).
Theoretically, the CVy and CV, of an analyte can be
considered to express the variation in the prRI of the an-
alyte. Therefore, if we know the set point of an analyte,
it is possible to calculate its prRI using the following
equation, if the BV estimates are expressed as CVs:

prRI = set point+zxy/CV? + CV4

The challenge here is that we do not know the ex-
act value of the set point. To overcome this problem, we
applied the equation of the “prediction interval” with
unknown mean and known variances (the sum of ana-
lytical and within-subject biological variances), which is
connected with a factor of (1+ 1/n) (Eq. (5)) (5). The
set point can be estimated within a given probability us-
ing Eq. (I) (2). As described in this equation, we need at
least 2 data points to make a statistical calculation and
to deliver a relatively reliable estimate. The decisive fac-
tor is the CV] of the measurand rather than the number
of measurements results (7). This is because in Egs. (3)

€202 YOJB|\ 90 U0 1s9nB AQ ¥/ 186G/ €/2//9/0101HE/WSYIUIID/WOD dNO"0lWapeoe)/:SARY WOI) POPEOJUMOQ


https://academic.oup.com/clinchemarticle-lookup/doi/10.1093/clinchem/hvaa233#supplementary-data

Personalized Reference Interval

Downloaded from https://academic.oup.com/clinchem/article/67/2/374/5981754 by guest on 06 March 2023

926
LE6
6€°6
6€°6
99°6
vL6
65°6
086
LL6
1L8°6
oL’L
LL'L
oL’L
oL’L
80°L
oL’L
80°L
L0°L
80°L
SL°L

IN-Ryd

96°S
86°S
L0'9
66°S
vL9
919
009
€09
78S
6€°S
68°0
68°0
88°0
68°0
L8°0
88°0
98°0
S8°0
78°0
L8°0

TT1gd

89°L¢
08'L¢
S6'Le
clee
6c'¢ce
96°¢e
L0€C
c8'ee
81'S¢
v0'6¢
050l
€501
¢90l
L9701l
§8°0L
G680l
0cLlL
Sl
L9°clL
454"
(38s)AL

59
689
ceL
8L
'8
Lg'6
6¢0l
L6°L1L
1204}
¥7G'0¢
LLE
EE
7S'€
LLE
oLy
Ev'y
L0'S
LL'S
8¢'L
66’6
a

L6
Lv'6
14°K
14K
[4: 4]
L6°6
9L°6
86°6
96°6
€00l
oL’L
oL’L
60°L
oL’L
80°L
60°L
80°L
LO°L
80°L
SL°L

N-Ryd

.27 :(08M) YAD ‘zi'Z :(auiurieann) YA) “(spoys|y pue sjeualely 8as) pouad ay) Joj YA) pajood ayi st YA) Aiojeroqe| ay) iwif saddn 11 wi| 1emo
71 ‘|ensajur eduaiagel pazijeuosiad <jad ‘uiod 1as d1jels0aLuoy aniy punoie uoneleA [eJo} :(1as)AL ‘Julod 39s dljelsoauIoy ani} ayy Lol uoneinap abiejusdiad pamojje sy} :g ‘[eniaul duaiagel paseq-uonejndod :ydod !spuawainseaw Jo Jaquinu :u

18°'S
€8°S
98°'S
€8°'S
L6°S
86°S
€8°S
S8°'S
S9°S
LL'S
06°0
060
680
68°0
L8°0
88°0
L8°0
S8°0
80
L8°0

T11pd

L9°€C
6L°€C
76'€C
€Lve
8EV¢C
€LVC
'S¢
90'9¢
v9°'L¢C
¢6'LE
€01
6€0L
9v0l
750l
5901
08°0L
€o'LlL
6€°LL
80°¢Cl
S6°€L
(¥9s)AL

vi'L
(4w
86°L
€498
LC'6
6001
6C’LL
€0€cl
96'Sl
LSCC
cLe
6C€
6v7'€
€LE
€0y
vy
€67
69°G
L69
986
a

VYAD Aiojesoqge| uo paseq uonejnaje)

IADS'0 = YAD uo paseq uonejnojed

19,
§9°L
0L,
69°L
06°L
S6°L
6L°L
L6,
18,
09°L
00°L
00°L
660
660
860
660
L60
960
960
L0°L
s)nsai 159}
ujo ues|p

8¢°L
ec’L
08°L
(44’
9L
LS°8
ev'L
€18
1L0°8
09°L
660
80°L
L6°0
80°L
€6°0
So'L
00°’L
L6°0
L6°0
LO’L
Ansay

AR
L1°GL
0z-6
Szl
zz Ll
9Tl
6°L1L
6C-L1
L2l

9:€C
Z€l
GlL-Ll
Lzl
LiLL
0z ‘vl
szzl
0Z-LL
Z'Se

(skep ‘syauow) sjdwes
snoiaaad aduis awi |

oL

o~

N O < 1 0 N ©

N O < 1D 0O N O o8 O «—

=

(17,01 X 9°01-90¥ :jydod
se14003ne

(Ip/Bw 0g"1L-0£°0 :]ydod
aulunesi)

Spueinses\

‘sajewnsa YA) wial-buoj panuap-fiojeroqe| () pue

IND G0 Se pauyap A) [eankjeue ajqelisap (e) uo paseq suoneINd[eI Yum ‘(u) synsai 3sa} jo siaquinu buiseanul ue Buizijn spalqns Jualayip z 104 safro)na| pue sulunean
J0 juiod 135 J13eIS0AWIOY BNJ} Ay} punoie [(}3S)AL] UOLRLIEA [)0} 3Y) pue woj () uoneirap abeyuadiad pamojje ay} 10§ SHNSAI YHM S|EAId}Ul 9IUAIRJDI PazI|euosIad *g d|qel

379

Clinical Chemistry 67:2 (2021)



Downloaded from https://academic.oup.com/clinchem/article/67/2/374/5981754 by guest on 06 March 2023

panunuo)
(88°0-6£°0) (76°0-G8°0) (66°0-2£°0) (¥6°0-6£°0) (6°£-12) (7'8-LL) (0°6-19) (§'8-1°2) (S1/6)
S¥'0 €80 680 980 /80 SL 1’8 L'L 8L S0 124 (1/|oww) eN
(6€°0-£€°0)  (25°0-87'0)  (8€0-9¢'0) (05°0-9v'0) (29:0-650) (££0-LL0) (090-£5°0) (5£°0-89°0) (62/52) (1p/B)
0S80 8€0 0G0 LE0 8¥°0 190 v.0 650 2L 0 9¢C ¥S ulwnqy
(¢S'0-15°0) (£50-¥S0) (250-050) (850-€50) (¥6'0-160) (80'L-€0°L)  (¥6°0-060)  (60°L-LO°L) (0€/592) (Ip/6)
9590 1G0 SS90 1S0 S50 €60 SO°L 260 SO'L 9'¢C QS uiezold |ero|
(1p/Bw)
(9%'0-¢'0)  (05°0-G¥'0)  (9¥'0-¢¥0)  (0S°0-G¥'0)  (0/e-¥€E)  (POv-6'SE)  (L9¢-¥€E)  (FOv-9°S€) (verel) |ola}
L€0 0 8%'0 0 8¥°0 G'Ge '8¢ 0'GE 08¢ €8 9¢ -s810Y2 1d1
L o o o (Ip/Bw)
(9v1-0€l) (L'SL-6€L) (0'81-9'S1) (€61-991) (9¢/11) [E
€20 VN VN VN VN 8'El 8vl 89l 0’8l L'S LE -S$8|0Y> TadH
(v€'0-ce0)  (L£0-v€0) (8€0-S€0) (L¥0-££0) (L6e¥LE) (SeEV-66E) (GLy-1'8E)  (L¥v-96€) (verel) (Ip/Bw)
0€0 €€0 S€0 LE0 6£0 §'8¢ L'y 8'6¢ A4 4 €9 9¢ [0481s910YD
(£z0-SZ0) (8V0-¥¥'0) (920-220) (950-9v'0) (£8€-29€) (Z€r-00¥) (L'OV-¢vE) (Fiv-99¢) (5€/9)
4740} 920 9v'0 20 1G0 VA 9Ly [AVAS N0)7 A 7 (01 Hal
(SL'0-¥L'0)  (Lz0-8L'0) (ZL'0-LL'0) (8L°0-GL'0) (8°0L-£'6) (6°0L-9°6) (2'9-€9) (V'S-S'v)
120 SL0 610 110 910 €0l €0l 8'S 0'S 8’8 (851/901) ¥9¢ (/NN 199
(€e0-Le0)  (L¥'0-6€0) (0€0-820) (L¥0-6€0) (8'8-7'8) (C0l-£6) (0'8-9'2) (1'6-9'8)
LV0 ¢€0 (0140} 620 (0]740) 98 00l 8L 6’8 S'6 (081/091) Ot€ (/N1 Lsv
(S2°0-¥2°0) (L¥'0-6€°0) (¢2'0-02°0) (2€0-0€°0) (£'z1-02l) (GZL-LLL) (1'01-G'6) (1°6-€'8)
9€0 720 ov'0 12’0 L€0 el L¢lL 8'6 L'8 7’0l (08L/€91) €vE nn v
(re'0-€€0) (wr0-€v0) (¢e0-L€0) (0¥0-6€0) (020-0c0) (2z0-Lc0) (GL°0-SL'0) (9L°0-91°0) (6€€-822) (Ip/Bw)
L0 €€0 €0 z¢0 (0)740) 00 2c0 SL0 910 Sy L9S auluneal)
(e¥'0-L¥0)  (9v°0-v¥'0)  (6€0-9€0) (er'0-8€0)  (€LL-v9L) (§8L-¥LL)  (£SL-S¥L)  (9°9L-1'GlL) (1p/Bw)
890 fAA0) Sv'0 8€°0 (01740) 891 08l [y 091 6'€l (¥91/69) €€C eain
(£9°0-£9°0) (¥£0-€L°0) (99°0-59°0) (¢L0-1L°0) (2'02-0'02) (€cz-6'12) (8°61-9°61) (£1z-€12) (p/Bw)
290 L9°0 7.0 990 ¢L0 1'0¢ L'¢¢ L6l S'le 0'S (osL/eLl) €ze 9s0oN|9H
] (1D %S6) (1D %S6) (1D %S6) (1D %S6) (1D %S6) (1D %S6) (1D %S6) (1D %S6) 'AD (N/4) (uun)
() (1ydod (W) (1ydod () (4) (IN) O L-1y4d () €-134d (4) oL-1yd (4) €-1yad suaned spueinses|\
/01-1344d) /€-144d) (1ydod (1ydod abues ueay abues uea|y abues ueay abues ueay Jo JaquinN
oL-1¥y €1y /0L-144d) /€-144d)
0L-14y €19y

‘spuesnseaw pajsanbai Ajuow
-wod /g 104 (1) Aujenpiaipui jo sadipul pue (QL-1yY pue £-1¥Y) 1y uonejndod ayy o3 [y4d ay3 jo ones ay) bunuasaidai sadipui abues aduaiajal buipuodsariod yum (§) sajeway pue
(W) sajew 10§ syuswainseaw (0-jy4d) oL pue (g-1yad) € wouy panuap (Mwif [yid 1amoj - ywi [yad 1addn “a1) sjensayur aduaiajal pazijeuosiad jo abues ayi jo uespy ¢ ajqel

380 Clinical Chemistry 67:2 (2021)



Personalized Reference Interval

Downloaded from https://academic.oup.com/clinchem/article/67/2/374/5981754 by guest on 06 March 2023

620

S¥'0

610

LL0

€v0

S¥°0

090

LL0

8L0

[4a

9¥°0

ov'o

¥8°0

L60

(§Z°0-2°0)
7C'0
(01°0-60°0)
600
(¢2°0-02°0)
120
(85°0-G5°0)
LS0
(¢t°0-0%°0)
L¥'0
(0€0-82°0)
6C°0
(P¥7°0-2¥°0)
Ev0
(15°0-05°0)
0S50
(0€°0-62°0)
0€0
(¢€0-1€0)
[AN0)
(€5°0-2S0)
Z¢s0
(1¥'0-0%°0)
L0
(66'0-€6°0)
960
(8%7°0-9¥°0)
Y0
(1D %S6)
(N (1ydod

/0L-1¥d)
0Ly

(¢€'0-0€0)
LE0
(01°0-60°0)
600
(82°0-20)
920
(19°0-£5°0)
650
(15°0-8%°0)
0S50
(v€0-2€0)
€€0
(15°0-6%°0)
0S°0
(6%7°0-8%°0)
8%7'0
(S2°0-72°0)
7C'0
(S€°0-¥€0)
€0
(9%°0-S7°0)
9%°0
(1€'0-1€0)
LE0
(66'0-88°0)
760
(¥S0-15°0)
¢s0
(1D %S6)
() (rydod
/€-144d)
£y

(82°0-92°0)
L20
(01°0-60°0)
600
(0z'0-£1°0)
8L°0
(85°0-2¢5°0)
€S0
(S°0-¢¥0)
199740)
(1L€°0-62°0)
0€0
(S¥°0-€7°0)
70
(06°0-61°0)
610
(0€°0-62°0)
6¢0
(9€°0-5€°0)
GE0
(rS°0-€5°0)
750
(6€°0-8€°0)
8¢0
(10°1-26°0)
L60
(87°0-9%°0)
(V0
(1D %S6)

(4)
(1ydod

/0L-134d)
oL-1¥y

(GE0-€€°0)
€0
(01°0-60°0)
600
(5¢°0-12°0)
€20
(85°0-¥S0)
950
(25°0-6%°0)
LSO
(S€°0-€€°0)
vE0
(25°0-05°0)
150
(67°0-L¥°0)
8¥°0
(§2°0-¥Z0)
¥Z0
(SE€°0-¥€°0)
SE0
(S7°0-51°0)
Sv'0
(re0-€€0)
€e0
(90°1-£8°0)
L60
(¥S0-150)
s o
(1D %S6)

(4)
(1ydod

/€-144d)
£y

(8'1£-£'89)
€0L
(20'0-10°0)
200
(ZL'0-0L°0)
110
(8€°0-9€°0)
LEO
(¥0'1-66°0)
201
(€S°1-G¥'L)
67l
(98'2-6L2)
18¢
(¥S'2-05°2)
z58¢
(L671-£8°L)
68°L
(GE¥-82'1)
A2
(8'1-28°L)
€8l
(19°0-09°0)
190
(6'8-7'8)
98
(8£°0-€£°0)
G0
(1D %S6)

(W) 0L-13d
abues ueay

(L6L-179L)
6'LL
(20'0-10°0)
200
(€1°0-L1°0)
zZLo
(ev0-0t°0)
L0
(ZL1-LLt)
A
(89°1-651)
€91
(9L€-€0°€)
60°€
(26'2-58°2)
68'C
(¢zz-s12)
8L'C
(22'5-60'G)
SL'S
(L0'Z-¥02)
90C
(69°0-89°0)
890
(6'8-6L)
'8
(98°0-28°0)
¥8°0
(1D %S6)

(W) g-1yd
abues uea|y

(8°6£-81L)
€Ll
(20'0-10°0)
200
(01°0-60°0)
oL0
(9€°0-7€°0)
GE0
(0L'L-%0'L)
L0°L
(LS L-L¥'L)
ZS°1
(¢6'2-61°2)
98'C
(08°2-S¥'2)
VA
(68°L-78°L)
/8L
(Crv-Lev)
LEY
(€9°1-09°L)
19l
(¥S'0-€5°0)
750
(1'6-€8)
L8
(LL°0-€£°0)
SL°0
(1D %S6)

(2 o1-1yd
abues ueay

(1'£8-€718)
8
(20'0-10°0)
200
(21°0-0L°0)
L0
(0¥°0-8€°0)
6€°0
(0Z'L-¥L°L)
AN
(9£°1-€9°1)
0L
(vz'e-£0°€)
9L°€
(¢6'2-28°2)
[8C
(lz'z-€L2)
YA
(2€5-51°9)
vZ'S
(¢81-8£°1)
08'L
(09°0-65°0)
090
(5°6-8°L)
L8
(98°0-18°0)
€80
(1D %S6)

(4) €-1yd
abues ueay

99

€0l

6

€0l

0L

80

80

L'¢C

9¢

L'y
'AD

(00z/vLL)vLE
(r6l/5€1) 62€
(r61/S€EL) 62€
(v61/5€1) 62€
(v61/S€L) 62€
(r61/5€1) 62€
(v6l/S€L) 62€
(00z/vLL) vLe
(00z/vLL)vLE
(0oz/vLL)vLe
(0oz/vLL)vLE
(00z/7LL)LE
(S1/6)
24

(E1/6)
44

(N/4)
suaned
Jo JaquinN

(17,01) 11d

(1/,0L%)
s|iydoseg

(17,01%)
s|iydouisog

(1/,0LX)
s

SSJAD0UON

(17,01 )
91400ydwiA]

(1/,01%)
m__;mobzmz

(1/,01%)
2dM

(1p/B)
DHOW
(6d) HOW
() AD
(1P/B) 9BH

(1/7,0L%)
LN
(1/1oww) |5
(1/10ww) 3

(mun)
m—ucm\_ﬂwmw_)_

(panunuod) °¢ ajqey

381

Clinical Chemistry 67:2 (2021)



and (4), “n” is present in both the numerator and the
denominator and therefore has limited effects on the to-
tal variation around the set point. Based on our results,
we can recommend use of the model for an individual
who has >3 previous measurements results obtained in
a steady-state situation as illustrated by Table 1.

The equation of variation around the set point (Eq.
(4)) is similar to that used to calculate classical RCV,
ie., RCV =1.96 x 2'"* x (CVZ +CV3%)"2.
Specifically, if #=1, then RCV =TV, The RCV eval-
uates the change from one measurement to the other to
see if a difference between 2 consecutive measurements
can be explained by biological and analytical variation.
The prRI concept is similar, using a representative,
long-term CV, estimate for the period in which sam-
plings have been performed and the mean of previous
results to illustrate the steady-state situation for the pa-
tient, but our results show that the prRI should be based
on >3 previous test results.

In prRlIs, the applied CV estimates will in general
not add much to the total variability since they are for
most measurands <0.5 CV}. It is, however, important
that the CV| estimates used to deliver prRIs are obtained
from reliable and well-characterized studies with homo-
geneous data to ensure that the estimates, and the asso-
ciated prRI, are generalizable to the population—and
participant—to which they will be applied. Ideally, a
CVy estimate should be calculated for each individual
person. However, this is practically not easily imple-
mented as it would require a high number of samples
from each participant. The pragmatic solution is there-
fore to use CVj estimates delivered from high-quality
studies of adequately characterized and homogenous
population subgroups. The EFLM Working Group on
BV and Task Group on the BV Database have devel-
oped the Biological Variation Data Critical Appraisal
Checklist (BIVAC), which is used to evaluate the qual-
ity of published BV data (8). They have also developed
a metaanalysis approach to deliver global BV estimates
based on BIVAC compliant studies (9-11), the results
of which are made available in the recently launched
EFLM Biological Variation Database (3). The EFLM
BV Database, freely available to users worldwide, pro-
vides high-quality BV data for many measurands (3).
For other measurands included in the EFLM BV
Database, the CV; estimates are based on few or only
low-quality studies and adequate subgroup analysis is
lacking. When using these latter estimates as basis for
prRI and other BV applications, the results must be
interpreted with this in mind.

As shown in Table 3, the ratios of the range of prRI
to the range of popRI, the RRis, of the measurands were
either comparable to or lower than the corresponding
IIs, except for sodium. Individuality is commonly ob-
served in laboratory medicine (2). As shown in the

382 Clinical Chemistry 67:2 (2021)

EFLM BV Database (3), the I, for the majority of the
included measurands, is lower than 0.6, indicating
marked individuality. This implies that popRIs are not
efficient for assessing changes in patients’ test results
over time and that prRI are preferable. The II is higher
than 1.0 for only a few measurands such as parathyroid
hormone, estradiol, and androstenedione (3). PopRlIs
are suitable for the assessment of measurands with a
high II, particularly when it is >1.4 (2). PrRI, on the
other hand, will be useful for measurands with a low II
(Table 3). In our study, all the included measurands had
alow IT (<1.0) (Table 3).

From a practical point of view, a healthy individual
could have their own prRI calculated in a steady-state
situation by having samples analyzed for this purpose.
To illustrate our model by using real-life data, we se-
lected study participants who were considered to be in
steady state after reviewing clinical and laboratory infor-
mation and excluded any participant with results out-
side the popRI or clinical decision limits. As illustrated
in Table 1 and Fig. 2, A-D, only a few measurements
were sufficient to calculate the prRIs for all the 27 com-
monly requested clinical chemistry and hematology ana-
lytes included in our study.

We propose to use the prRI in combination with
the popRI, particularly if we have only one or 2 data
points for a measurand on which to base the prRI
Further studies are warranted to evaluate the best appli-
cation of prRI. However, if an analyte is being used in
clinical practice for the first time, we advise to first de-
termine the popRI of the analyte and then calculate the
prRI when more results accumulate for each person.

Limitations

Our model depends on data from a steady-state situa-
tion being available and that these data can be identi-
fied; e.g., in the laboratory information system. Criteria,
such as those set out by the IFCC for reference individ-
uals recruited to generate popRls are principally also
valid for prRIs. Therefore, the individuals must be
healthy and in steady-state conditions and must not be
taking any drugs that may impact the levels of the analy-
tes. Additionally, the measurement result of the test
should not be above decision limits described in na-
tional/international guidelines. If the participant is not
in steady state, then the mean value of the analytes will
be different and the model cannot be used. It is further-
more of importance that the measurement results in-
cluded in the prRI should derive from the same
analytical method, or if not, from analytical methods
providing harmonized results. If results have been
obtained using methods that may have systematic devia-
tion from each other, this may create a shift in the ho-
meostatic set point and thus cannot be used as basis for
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Personalized Reference Interval

Procedures Equations
Calculate the mean (X) based 5
on n 23 previous measurement ) X = i=1 Ri
results (R)) | ' n
Calculate the total variation around the n+D
homeostatic set point (TV,,,) TVser = 2x |———x(CV" + CV,()

Calculate the personalized reference - prRI = X + (TV,pp x X)/100
interval (prRl)

Fig. 1. A flowchart illustrating how to practically derive the personalized reference interval (prRI) using relevant estimates of
CVj, CV,, and a patient’s previous measurement results.
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Fig. 2. Personalized reference intervals (prRI) of 8 different individuals for a) cholesterol-male, b) cholesterol-female, c) potas-
sium-male, and d) potassium-female, calculated from up to 10 measurements obtained from routine assessment at steady state.
Continuous lines: upper limit (UL) and lower limit (LL) of population-based reference interval. Sets of lines: upper limit (ul) and
lower limit (1) of pRI.

prRI. This could also limit the transferability of prRI  close to the limit of quantitation, CVs may not be the
from one laboratory to another. Furthermore, for meas-  best representation of BV and this may limit the use of
urands where the test results of healthy individuals are  the model.
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Conclusions

We consider prRI to be a step forward in advancing per-
sonalized medicine in the field of laboratory medicine
(12). PrRI can be easily calculated in any healthcare ser-
vice because it does not require sophisticated technolo-
gies or expensive experiments and can easily be
implemented in laboratory information systems (Fig. 1).
The delivery of a prRI requires reliable CV; estimates,
which are easily accessible for most measurands (3), and
a few measurement results of the patient in a steady state
situation, which will likely be available for most
patients.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.

Nonstandard Abbreviations: popRI, population-based reference in-
terval; IFCC, International Federation of Clinical Chemistry and
Laboratory Medicine; prRI, personalized reference interval; ALT, ala-
nine aminotransferase; CVj, within-subject biological variation; CVa,

analytical variation; ~ EFLM, European Federation of Clinical
Chemistry and Laboratory Medicine; UL, upper limi; LL, lower
limit; BV, biological variation; D, allowed percentage deviation from
the true homeostatic set point; CLSI, Clinical Laboratory Standards
Institute; RRi, reference range index; II, index of individuality;
CVg, between-subject biological variation; RCV, Reference change
value; BIVAC, Biological Variation Data Critical Appraisal Checklist.
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