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Abstract

Purpose: To estimate the measurement uncertainty (MU) of the qualitative Anti-HBc radioimmunoassay based on the Guide to the
Expression of Uncertainty in Measurement (GUM) and to redefine the gray zone near the cut-off using zeta-scores to improve the
reliability of clinical decisions. Materials and Methods: The MU of the RIAKEY Anti-HBc RIA Tube assay using a Gamma 10 counter
was evaluated using a bottom-up approach. Five uncertainty components were analyzed: repeatability, reproducibility, inter-
detector efficiency, pipette accuracy, and inner-detector variability. Combined standard uncertainty was calculated using the root
sum square method, and expanded uncertainty was estimated with a coverage factor (k=2.10) based on an approximately 95%
confidence level. A zeta-score model and the cumulative distribution function (CDF) of the t-distribution were applied to establish a
quantitative gray zone and calculate the probability of false classification. Results: Reproducibility was the largest contributor to MU
(57.67%), followed by inter-detector efficiency (37.75%) and inner-detector variability (3.85%). The expanded uncertainty of the cut-
off was calculated as 18,066 % 412 cpm. The MU-based gray zone established using the zeta-score model reduced the indeterminate
interval by approximately 67.76% compared to the conventional arbitrary criterion of cut-off £10%. Application of the zeta-score
and t-CDF allowed for the quantitative reporting of clinical results, clearly distinguishing between definitive classifications and
indeterminate cases requiring retesting based on a £2.10 zeta-score threshold. Conclusion: The MU-based gray zone optimized the
decision interval and enhanced the precision of the qualitative Anti-HBc assay. The probabilistic approach utilizing zeta-scores and
t-CDF provides an objective criterion for interpreting results, which is expected to strengthen the consistency and reliability of clinical
decision-making in nuclear medicine in vitro diagnostics.
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Specification of the measurement model

4

Cause & Effect Diagram

A 4

Evaluation of standard uncertainty(u)

( Uy -type? "ﬂ-f}-‘pﬁ)

A 4

Evaluation of combined standard uncertainty(u,)
(Use of relative standard uncertainty for RSS calculation)

A 4

Evaluation of effective degrees of freedom(v, ”)

A 4

Determination of the coverage factor(k)
(Application of the t-distribution table)

A 4

Estimation of expanded uncertainty(0)

Fig. 1. Schematic flow chart of the procedure for estimating measurement uncertainty in qualitative RIA.
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Repeatability Reproducibility Inter-detector efficiency

Measurement
uncertainty

Pipette accuracy Inner-detector variability
Fig. 2. Fishbone diagram illustrating the uncertainty components of the Anti-HBc assay.
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Table 1. Measurement data for evaluation of reproducibility

Batch Measurement(cpm)
21,875
21,386
21,758
22,498
21,704
22,329
22,946
21,752
21,304
21,128
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Table 2. Measurement data for evaluation of detector efficiency

No DI’ D2 D3 D4 D5 D6 D7 D8 D9 D10
1 82.0 79.8 78.9 80.7 79.3 83.8 78.8 78.6 78.3 79.8
2 81.7 79.7 79 80.6 79.3 832 78.9 78.5 78.6 79.1
3 814 79.5 78.9 80.7 78.9 84.1 784 78.5 78.5 79.2
4 814 79.6 78.7 80.6 79.2 84.1 78.3 78.7 78.7 79.9
5 81.8 79.6 78.8 80.6 78.9 83.8 78.6 78.5 78.5 79.6
6 822 79.8 79.2 81.0 79.6 83.9 79.1 78.8 78.8 794
7 81.8 80.1 78.8 80.8 79.3 84.1 78.8 78.9 78.7 79.9
8 81.6 79.5 79.0 80.5 79.1 83.1 78.7 784 78.9 78.5
9 81.8 79.7 78.9 80.5 79.2 83.7 78.6 78.6 78.3 794
10 81.8 80 78.9 80.7 78.9 83.9 79.0 78.8 78.2 79.6
mean 81.8 79.7 78.9 80.7 79.2 83.8 78.7 78.6 78.6 794

DI1" : detectorl

3.4. 53l &4 (Pipette accuracy)
I3 (Pipette)2] ST (Accuracy)S F7F5H7] Y3l 100 uLA 403] BHE &2

°C)ell T2 W E(0.99707 glem’) S B

5 Aol 2353

Table 3. Variation in dispensed volume measured by the gravimetric method

[

ool AL oA BXH B

3|5 (resolution)o]] 7|91+ =

Fod5lo] EHAFsIZITK Tuble 3, Eq. D[19]. E3H, A4 &0] £

e =9 2525

Hege

o

No Measurement(g) Volume(u0)
1 0.0996 99.8927
2 0.0993 99.5918
3 0.0994 99.6921
4 0.0996 99.8927
5 0.0992 99.4915
6 0.0994 99.6921
7 0.0995 99.7924
8 0.0994 99.6921
9 0.0994 99.6921
10 0.0994 99.6921
11 0.1000 100.2939
12 0.0999 100.1936
13 0.0997 99.9930
14 0.0999 100.1936
15 0.0997 99.9930
16 0.0999 100.1936
17 0.0997 99.9930
18 0.0999 100.1936
19 0.0999 100.1936
20 0.0999 100.1936
21 0.0984 98.6892
22 0.0992 99.4915
23 0.0991 99.3912
24 0.0988 99.0903
25 0.0991 99.3912
26 0.0989 99.1906
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Table 3. Variation in dispensed volume measured by the gravimetric method(continued)

No measurement(g) Volume(u0)
27 0.0992 99.4915
28 0.0994 99.6921
29 0.0992 99.4915
30 0.0985 98.7895
31 0.0996 99.8927
32 0.0993 99.5918
33 0.0993 99.5918
34 0.0997 99.9930
35 0.0989 99.1906
36 0.0996 99.8927
37 0.1002 100.4944
38 0.0992 99.4915
39 0.0987 98.9900
40 0.0992 99.4915
* mT
vyt = oF Eq. 1

Vi RETIM B m": SHH 22 AT, pr - 2= Toll M9 22 2B

AZ7) Y W= A2 A] 24 A AEo] 7}A 4 9)i z|oto]

N
%
r

& wgstRt 107he] AR WA 2gotel wEE 297 3

-0 O u
ol W 52 Y 4R sl o= 9 {Pﬁﬂ PP = P7l o B2 274 gajolth. Gume| Aol 273t
of 3 e Ha A 29| W (Half-width) 0.2 7 2 5hal BEE2 S AAIsEo] 240 WFG3IATH Table 4)[11].

Table 4. Comparison of measurement variability within ten individual detectors
No DI* D2 D3 D4 D5 D6 D7 D8 D9 D10

1 34,142 34,263 34,628 34,392 34,817 34,082 34,287 34,345 34,522 34,493
2 34,735 34,282 34,795 34,597 34,664 33,950 34,215 34,518 34,331 34,704
3 34,372 34,049 34,442 34,494 34,753 34,183 34,126 34,398 34,314 34,737
4 34,542 34,356 34,304 34,075 34,535 34,488 34,168 34,346 34,389 34,264
5 34,550 34,015 34,448 34,516 34,629 33,943 34,000 34,282 34,571 34,428
6 34,248 34,175 34,625 34,505 34,754 34,583 34,083 34,449 34,621 34,572
7 34,621 34,130 34,728 34,443 34,504 34,426 33,961 34,241 34,413 34,297
8 34,312 34,452 34,672 34,496 34,545 34,251 34,097 34,432 34,735 34,292
9 34,510 34,220 34,489 34,473 34,579 34,493 33,949 34,516 34,734 34,470
10 34,412 34,169 34,587 34,410 34,468 34,353 34,061 34,286 34,480 34,408
mean 34,444 34,211 34,572 34,440 34,625 34,275 34,095 34,381 34,511 34,467
SD* 181 134 150 141 119 231 109 97 154 166

CV(%)* 0.53 0.39 0.43 041 0.34 0.67 0.32 0.28 0.45 0.48

D1 : detectorl, SD' : standard deviation, CV (%) : coefficient of variation(%o)
4, 8T 25 3 57| 2

A HlolE o] fold AT X 8= AEE 918 vt 22 S WS ARSIIAL, e S 2412 Microsoft Excel 365

(Microsoft Corp, Redmond, WA, USA)2} Jamovi (version 2.6.44, The jamovi Project, Sydney, Australia) 74| AT E Qo] S 2851t
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4.1. 8= &4y

S7HA] Qo] cfgt BEREEE FUT 27004 ¥ 243 5o ST AZYS BANOR BHH=AY B PAL A

850 4FZ51THTable 5, Eq. 2)[11].

Table 5. Summary of standard uncertainty for each factor based on Type A evaluation

Standard uncertainty ~ Repeatability Reproducibility Inter-detector efficiency Pipette accuracy Inner-detector variability
mean 18,066 21,368 79.9 99.697 34,275

SD* 53 570 1.7 0414 231

Nf 20 10 10 40 10

dft 19 9 9 39 9

Ut pe’ 11.774 264 180.185 891 0.532 887 0.065 428 72.936 776

SD" : standard deviation, Nt : number, dff. : degree of freedom, w4’ : A-type standard uncertainty

S
uA_type = \/_N Eq 2

)%, £2E 2B Q9lo] B S U] AHH 0.2 Ylojahe BEAE W15 9, 7 el EERHEE Wk
O 2 Asfsto] A EFES = (Relative standard uncertainty, u,)S I THEq. 3)[11]. ©|F AFEH ZF QIZIO] A EFES =
= AlFgre] AlEH(Root Sum Square, RSS) BH4]-S 2-8-5}0] SHdAFth EF-ES % (Combined relative standard uncertainty, ey S AH2&
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B EE ZAFE A8oke Al ol -8R Eoll Falohe (-2 0] 3h REgsto] eF 95% A= edollM e 7he =&
SFACHEG. 6)[11, 16].

—

rr

_ Ua—type
Y = ean Fa3
Ucrel = \/ur,Rep2 + ur,Proz + ur,eff2 + ur,Pipz + ur,det2 Eq.4

Ver 7 = u(y)

o= ——
4

En u, (y) Eq 5

i=1 VU;
U=k X u, Eq.6

£ 1} ¥ =] (Law of propagation of uncertainty)©l| 2|75}
A 2735 EFETE (Uamie) 2t T 7152 2] EEEEE (tor)©l AT AlFT B2 S 2-8510] =& thEq. 7).
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2 2
— Eq.7
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Table 6. Standard uncertainty and relative contribution of each uncertainty component

Factors Standard uncertainty ~Relative standard uncertainty Degree of freedom Contribution (%)
repeatability 11.774 0.000 652 19 0.36
reproducibility 180.186 0.008 240 9 57.67
inter-detector efficiency 0.533 0.006 667 9 37.75
pipette accuracy 0.065 0.000 656 39 0.37
inner-detector variability 72.937 0.002 128 9 3.85
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Table 7. Comparison of gray zone intervals between conventional and MU-based methods

Category Basis of calculation Interval (cpm) Ratio (%)
Conventional gray zone Cut-off £10% 16,259~19,873 100.00
Uncertainty-based gray zone Cut-off £(ton,v) cpm 17,493~18,658 32.24
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(Table ). 1 ALl AHE-E) A 7]8k WA O] S04 & S A WhAbs Zhepm)TH A 527} Pl ISHE2 cpm gto] 242
W) 527} ol 3402 S|4 Hrks 48 TR 2 s1irHo)

Table 8. Quantitative decision results for clinical samples using the uncertainty-based model

Case Value (cpm) U zeta-score Criterion t-CDF(%)" Decision
A 18,330 418 0.945 -2.10~2.10 82.15 Indeterminate
B 19,250 439 4134 >2.10 99.97 Negative

t-CDF(%)" : P(Negative) =Tcor ({,verr)

3.1. BACA] A (3]47] o) T3)

TR A= Z797k 18,330 cpmOl| THEH 18,330 + 418 cpm (k=2.10, A1 2|55 F 95%)2] BY-ESt e & UER] o, o] (- H4e=
09452 AFZE| ek A 47F o 7189 £2.10 'H Y] Wioll sigetE 2, o]= St A 7|E4] o] E2= W7t 3ol u&
Y Hs 7hs/d o] =otA| = 2] MA|diol| sgatH, A4 T R (Indeterminate) A B 2 | A5H= 10| BFFS}T), gt (32 9]
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Fig. 3. Classification of cases based on zeta-score and t-CDF curves.
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