
1

SLEEP, 2022, 1–8

https://doi.org/10.1093/sleep/zsac103
Advance Access Publication Date: 5 May 2022
Original Article

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License  
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in  
any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Submitted: 15 October, 2021; Revised: 30 March, 2022

© Sleep Research Society 2022. Published by Oxford University Press on behalf of the Sleep Research Society.

Original Article

Hypocretin-1 measurements in cerebrospinal fluid using 

radioimmunoassay: within and between assay reliability and 

limit of quantification
Adrienne Elisabeth van der Hoeven1,2, , Kevin van Waaij1, Denise Bijlenga1,2, , 
Frederik Willem Cornelis Roelandse3, Sebastiaan Overeem4, , Jaap Adriaan Bakker3, ,  
Rolf Fronczek1,2,  and Gert Jan Lammers1,2,*
1Department of Neurology, Leiden University Medical Center, Leiden, the Netherlands, 2Sleep-Wake Center, Stichting Epilepsie Instellingen 

Nederland (SEIN), Heemstede, the Netherlands, 3Department of Clinical Chemistry and Laboratory Medicine, Leiden University Medical 

Center, Leiden, the Netherlands and 4Sleep Medicine Center, Kempenhaeghe, Heeze, the Netherlands

*Corresponding author. Gert Jan Lammers, Department of Neurology, Leiden University Medical Center, Leiden, the Netherlands. Email: g.j.lammers@
lumc.nl.

Abstract
Study Objectives: The most sensitive and specific investigative method for the diagnosis of narcolepsy type 1 (NT1) is the determination of 
hypocretin-1 (orexin-A) deficiency (≤110 pg/mL) in cerebrospinal fluid using a radioimmunoassay (RIA). We aimed to assess the reliability 
of the Phoenix Pharmaceuticals hypocretin-1 RIA, by determining the lower limit of quantification (LLOQ), the variability around the cutoff of 
110 pg/mL, and the inter- and intra-assay variability.
Methods: Raw data of 80 consecutive hypocretin-1 RIAs were used to estimate the intra- and inter-assay coefficient of variation (CV). The 
LLOQ was established and defined as the lowest converted concentration with a CV <25%; the conversion is performed using a harmonization 
sample which is internationally used to minimize variation between RIAs.
Results: The mean intra-assay CV was 4.7%, while the unconverted inter-assay CV was 28.3% (18.5% excluding 2 outliers) and 7.5% when 
converted to international values. The LLOQ was determined as 27.9 pg/mL. The intra-assay CV of RIAs with lower specific radioactive activity 
showed a median of 5.6% (n = 41, range 1.6%–17.0%), which was significantly higher than in RIAs with higher specific activity (n = 36; median 
3.2%, range 0.4%–11.6%, p = .013). The CV around the 110 pg/mL cutoff was <7%.
Conclusions: Hypocretin-1 RIAs should always be harmonized using standard reference material. The specific activity of an RIA has a 
significant impact on its reliability, because of the decay of 125I radioactivity. Values around the hypocretin-1 cut-off can reliably be measured. 
Hypocretin-1 concentrations below 28 pg/mL should be reported as “undetectable” when measured with the Phoenix Pharmaceuticals RIA.
Clinical Trial Information: This study is not registered in a clinical trial register, as it has a retrospective database design
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Statement of significance

The reliability of radioimmunoassay to determine cerebrospinal fluid hypocretin-1 levels has not systematically been evaluated. We 
found high intra-assay reliability and low inter-assay reliability when concentrations were not converted to international standard values. 
Harmonization using a commonly used reference sample from Stanford greatly improved inter-assay reliability. Additionally, there is a 
clear lower limit of quantification. In spite of this, numerous previous studies have reported very low hypocretin-1 values, which were used 
in various analyses. These reported values lie far below the lower limit of quantification and should be presented as such. The outcomes of 
this evaluation of 20 years of experience have implications for both previously published and future research.
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Introduction

Narcolepsy type 1 (NT1) is a rare chronic neurological sleep-
wake disorder, characterized by excessive daytime sleepiness, 
sleep fragmentation, sleep paralysis, hypnagogic hallucinations, 
and cataplexy [1]. In addition, a decreased or undetectable con-
centration of hypocretin-1 (also known as orexin-A) in cerebro-
spinal fluid (CSF) can be used to confirm a NT1 diagnosis. This 
hypocretin-1 deficiency is hypothesized to be caused by the 
autoimmune destruction of hypocretin-producing neurons [2]. 
Hypocretin-1 deficiency is found in a few other disorders [3, 4] 
and is considered the gold standard for diagnosing NT1 [5].

The cutoff value for hypocretin deficiency is 110 pg/mL 
(adjusted for Stanford values) [6, 7], and is commonly deter-
mined using the radioimmunoassay (RIA) kit from Phoenix 
Pharmaceuticals Inc. (Burlingame, CA, USA). To determine the 
hypocretin-1 concentration, the RIA uses a known quantity of 
radioactive (125I) labeled hypocretin-1, competing for a known 
quantity of hypocretin-1 antibody binding sites with the un-
labeled hypocretin-1 in the sample. Then, the unbound antigens 
are washed away, and the radioactivity of the precipitate is 
measured [8]. More unlabeled antigens result in less specific ac-
tivity (i.e. the activity per mass of radionuclide [9], expressed as 
counts per minute [CPM]). Thus, the hypocretin concentration is 
determined using a calibration curve based on standards with 
known concentrations.

However, RIAs have limitations. As radioactive materials are 
involved, precautions have to be taken concerning the use and 
disposal of the materials. Furthermore, antibody batches can 
vary greatly in their binding potential [8]. Other factors to con-
sider include differences in experience using RIAs to measure 
hypocretin-1 between laboratories, and possible cross-reactivity 
with matrix constituents [10, 11]. The fast decay of 125I radio-
activity is another limitation, leading to short expiration dates 
[12]. Differences in shelf life thus cause variability in specific 
radioactivity between RIAs, potentially impacting their reli-
ability. The extent of the variability in outcomes caused by these 
factors has not been systematically evaluated.

Test duplicate samples are used to estimate for each pair the 
coefficient of variation (CV, i.e. the ratio of the standard devi-
ation to the mean value of the measured concentrations). The 
CV gives an indication of the variability and can be used to 
determine the intra-assay variability of the RIA [13]. The inter-
assay variation (i.e. inter-assay CV) can be estimated by ana-
lyzing aliquots of the same sample in different assay runs [14]. 
Harmonization samples from Stanford are used to verify the re-
liability of an RIA and to correct the measured values [15]. These 
reference samples have a known concentration of hypocretin-1 
and can be used for many RIAs due to the fact that hypocretin-1 
concentrations in CSF remain very stable over time even after 
freezing and thawing [16]. With the use of these reference sam-
ples, a conversion factor can be estimated for the harmonization 
of the individual RIAs [15].

The reliability of measurements around the cutoff point of 
110 pg/mL is of clinical relevance but has not been determined 
yet. Also, even though most studies report CSF hypocretin-1 con-
centrations in absolute numbers, the lowest hypocretin-1 con-
centration that can be reliably determined (i.e. lower limit of 
quantification [LLOQ]) is yet unknown [17, 18]. It is internation-
ally agreed that the LLOQ should be within 25% of the nominal 
value, while the measurement of quality control (QC) samples 

(or standards used to create a calibration curve) need to have a 
repeatability of 20% or less [19, 20].

To further validate the Phoenix Pharmaceuticals hypocretin-1 
RIA kit, we established the inter-assay variability and the intra-
assay variability in general and around the cutoff of 110 pg/mL, 
and the LLOQ. We also assessed the impact of differences in spe-
cific radioactivity between different antibody batches on the re-
liability of the measured hypocretin-1 levels.

Methods

Data collection

The Leiden University Medical Center (LUMC) Department 
of Neurology has an international reference center and pro-
vides a service for hypocretin-1 measurement. The LUMC 
Department of Clinical Chemistry has more than 20 years of ex-
perience in measuring hypocretin-1 in CSF, using the Phoenix 
Pharmaceuticals RIA kit for the quantification of hypocretin-1. 
Between October 2001 and December 2021, 80 RIAs were per-
formed to determine the CSF hypocretin-1 concentrations of 
people with suspected NT1. We analyzed raw data from the 80 
consecutive RIAs.

During validation or verification of new analytical methods 
determination, the intra- and inter-assay CV is required. The 
Guideline on bioanalytical method validation of the European 
Medicines Agency (EMA), like others [20], recommends 
measuring multiple QC samples at five concentration levels 
covering the calibration curve range: around the anticipated 
LLOQ, a low, medium, and high concentration and around the 
anticipated ULOQ (upper limit of quantification). To determine 
the inter-assay CV, these QC samples need to be measured on 
different assay runs. We could not apply this preferred pro-
cedure due to the retrospective nature of our study. We therefore 
mimicked this using available data. To enhance feasibility and 
to reduce selection bias we choose to limit the collection of raw 
data (duplicate CPM measurements) to:

•  The RIA calibration curve standards, which have the fol-
lowing standard hypocretin-1 concentrations: 10, 20, 40, 80, 
160, 320, 640, and 1280 pg/mL.

•  QC samples, which include:
 – Stanford reference sample measurements per RIA (har-

monization samples, mostly measured in quadruplicate or, 
in a few cases, in duplicate). These reference samples have 
a known concentration of 280 pg/mL (16 RIAs) or 329 pg/
mL (64 RIAs) and are used to correct for variation between 
RIAs. Two samples with different concentrations were 
used because after performing RIA 16, the 280 pg/mL ref-
erence sample was used up, and a new sample with a dif-
ferent concentration (329 pg/mL) was taken into use.

 – In line with updated quality requirements, internal control 
sample measurements per RIA (measured in duplicate) 
were introduced to monitor long-time stability of the 
assay. These QC samples were created by the Department 
of Clinical Chemistry of the LUMC by pooling individual 
samples, resulting in an internal control sample with an 
intermediate hypocretin-1 concentration, which is used to 
internally verify the reliability of RIAs over a longer period. 
Internal control sample measurements of 49 RIAs were 
available.



van der Hoeven et al. | 3

 – Kit control sample measurements per RIA (measured in du-
plicate); an extra QC sample was provided by the supplier 
of the kit. It should be noted that unlike the Stanford har-
monization and internal control samples, the kit control 
samples differed for each RIA. As such, they cannot be 
used to determine the inter-assay CV. Kit control dupli-
cate measurements of 57 RIAs were available.

•  Individuals samples with a hypocretin-1 concentration 
below 200 pg/mL. These were added to determine the LLOQ 
and the CV in the lower range.

Outliers due to analytical errors were excluded. If the CV of a 
CPM duplicate was ≥20%, the sample was not collected, since 
this is likely due to an error during the RIA’s execution.

Sample collection, storage, and preparation

The CSF was obtained by lumbar puncture during regular clin-
ical practice of local centers. Centers centrifuged the samples 
at 4000 rpm for 5 min, as part of the general practice to remove 
cell debris, before transport and sent the supernatant liquid. 
Internal control CSF was stored at −70°C, while regular patient 
samples were stored at −20°C. CSF hypocretin-1 levels were de-
termined using RIA every 3 months. The total process of prep-
aration and measurement takes 3 days. On the third day, the 
RIA buffer is added to the samples (in borosilicate glass tubes) 
and the samples are centrifuged at 3600 rpm for 25 min. Then, 
the specific radioactive activity is measured. The RIAs were 
performed under the conditions recommended by the supplier 
of the kit.

Analysis

Intra-assay CV. The intra-assay CV was determined for each RIA 
and the average intra-assay CV for all RIAs. The measurements 
of all three QC samples (Stanford harmonization, internal con-
trol, and kit control) were used for this calculation when avail-
able (the internal and kit control samples were not measured for 
every RIA and two RIAs lacked QC sample measurements). The 
following method was used to estimate the intra-assay CV (see 
Figure 1 for an overview of this method). The calibration curve 
for each RIA was plotted and used to convert the CPM measure-
ments of the QC samples to concentrations. Using these con-
centrations, 3 sub-intra-assay CVs could be estimated per RIA 
with the following formula: (SD quadruplicates or duplicates)/
(mean quadruplicates or duplicates) × 100%. The sub-intra-
assay CVs were then used to estimate the total intra-assay CV 
for each RIA with another formula: √[ΣCVi

2/N] [21]. If only one 
sub-CV was available, that one was used as the total intra-assay 
CV. Subsequently, the average of all the total intra-assays was 
determined. Seventy-seven of 80 RIAs could be used in this cal-
culation: the Stanford harmonization, internal control, and kit 
sample measurements of two RIAs were missing, while the re-
sults for the calibration curve were missing for a third RIA.

Inter-assay  CV. The Stanford harmonization and internal con-
trol samples were used to determine the inter-assay CV. As with 
the intra-assay CV, the converted hypocretin-1 concentrations 
were used rather than the direct quadruplicate or duplicate CPM 
measurements. The variability between RIAs was estimated 
twice, using Stanford converted concentrations, and using un-
converted concentrations. This way, we assessed the necessity 
and impact of the current process of harmonizing RIA outcomes 
using reference samples from Stanford.

Stanford harmonization measurements (those with the 
same known concentration of 329 pg/mL) were only used in the 
calculation of the unconverted inter-assay CV. The internal con-
trol measurements were used for the unconverted and Stanford 
converted inter-assay CV, giving a total of three inter-assay CVs:

 1. The inter-assay CV using the new Stanford harmoniza-
tion measurements not converted to Stanford values was 
determined as follows: (SD mean Stanford harmonization 
sample concentrations)/(average mean Stanford harmoni-
zation sample concentration) × 100%. 58 RIAs were avail-
able for this calculation. The RIAs that could not be used 
consisted of four RIAs with Stanford harmonization out-
liers, one RIA with missing Stanford harmonization meas-
urements, and one RIA lacking the data for the calibration 
curve.

 2. The inter-assay CV estimated using the internal control 
samples, converted and unconverted for Stanford, was 
obtained using the following formula: (SD mean Stanford 
(un)converted internal control sample concentration/
average mean Stanford (un)converted internal control 
sample concentration) × 100%. 40 out of 74 RIAs were avail-
able for this calculation. Excluded were: two RIAs with in-
ternal control sample outliers, two RIAs for which it was 
not possible to use internal control sample concentrations 
due to faulty measurements, one RIA missing a calibra-
tion curve, and 29 RIAs lacking internal control sample 
measurements.

 3. To correct the internal control duplicate, the conversion 
factor was estimated for each RIA by dividing 329 pg/mL 
by the mean of the measured Stanford harmonization con-
centrations derived from the calibration curves. Afterwards, 
the conversion factor was applied to the measured internal 
control concentrations, resulting in Stanford converted in-
ternal control concentrations.

Determining the lower limit of quantification. The LLOQ was set as 
the concentration with a CV of ≤25%, following international 
guidelines [19, 20].

To determine the LLOQ, we used the raw data of all samples 
with an average concentration below 200 pg/mL (unconverted 
as well as converted to Stanford values). Duplicate measure-
ments were excluded when the CV of CPM measurements was 
more than 20%, as this suggests an analytical error as opposed 
to normal variation. Using these data, the intra-assay CVs of 
the concentration measurements were estimated. By plotting 

Figure 1. Overview of the method used to determine the intra-assay CV for each RIA and the average intra-assay CV for all RIAs (n = 77).
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samples with the CV per sample on the y-axis and average con-
centration per sample on the x-axis, logarithmic modeling was 
applied and the LLOQ was interpolated.

To estimate the CV at a 110 pg/mL concentration, we 
used the equations based on logarithmic modeling using the 
above-mentioned duplicate individual sample measurements.

Determining the impact of 125I radioactivity decay on RIA reliability. 
To assess the impact of shelf life and amount of specific ac-
tivity on RIA reliability, we performed an additional analysis in 
which we divided the RIAs into two separate groups: a group 
with <3000 CPM and a group with ≥3000 CPM. Due to radioactive 
decay, we assumed that the RIAs with <3000 CPM were nearer 
the expiration date. Due to non-normal distribution, we used 
the Mann-Whitney U test to examine whether the intra-assay 
CVs differed significantly between groups. We also assessed 
whether radioactive decay affects the LLOQ, we measured the 
LLOQ in the group with lower and in the group with higher spe-
cific activity.

Data were analyzed using Microsoft Excel 2016 and SPSS ver-
sion 25.0. For all statistical analyses, a statistical significance 
level of α = .05 (two-tailed) was used. Figures were created using 
the GraphPad Prism 8 software.

Results

Calibration curves

Seventy-nine sigmoidal calibration curves were obtained from 
which concentrations were estimated (see Figure 2 for two ex-
amples). Calibration curve standards were missing for one RIA, 
excluding this RIA from the analyses. The CPM range of the cali-
bration curves is plotted in Figure 3.

Variability within RIAs: the intra-assay CV

The mean intra-assay CV was 4.73% (SD ± 2.82%) when using all 
available RIAs. The mean intra-assay CV was 5.04% (SD ± 2.85%) 

Figure 2. Two examples of RIA calibration curves. RIA R38 left (A), R68 right (B) on the x-axis is the concentration transformed to a log scale and on the y-axis the CPM.

Figure 3. RIA calibration curve range comparison, the bars represent the means and SDs of each standard concentration. Shown here are all standards from 79 RIAs 

plotted against their CPMs, visualizing the spread of the CPM range across the RIAs. As the concentration increases, the CPM spread decreases.
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when excluding the 29 RIAs that missed one or two (of three) 
sub-intra-assay CVs (those estimated with either the Stanford 
harmonization sample alone or with the kit or internal control 
sample).

Variability between RIAs: the inter-assay CV

The inter-assay CV was computed three times: twice using the 
internal controls (unconverted and as converted for Stanford) 
and once using the new Stanford harmonization samples (those 
with the known concentration of 329 pg/mL).

Using the internal controls, the inter-assay CV was 28.28% 
(n = 48) when not converted using the Stanford harmonization 
sample (18.49% without the two outliers, n = 46) and 7.46% when 
converted (7.49% without the two outliers). The average of the 
applied conversion factors was 1.23, causing the interpolated 
semilog line to shift to the right (as can be seen in Figure 4).

The inter-assay CV estimated using the new Stanford har-
monization samples (n = 62) was 33.17% when outliers were in-
cluded, and 23.14% when four outliers were excluded (n = 58).

Lower limit of quantification

The LLOQ graphs were based on 809 unconverted samples and 
635 Stanford converted samples. The resulting graphs gave the 
following LLOQs (with a CV of <25%): 22.9 pg/mL for the uncon-
verted <200 pg/mL samples and 27.9 pg/mL for the Stanford con-
verted <200 pg/mL samples, see Figure 4.

The concentration with a CV of 20% was 34.5 pg/mL when 
unconverted and 40.7 pg/mL when converted.

Reliability around 110 pg/mL

The CV with a unconverted concentration of 110 pg/mL was 
5.89% and 6.79% with a converted concentration.

Impact of 125I radioactivity decay on RIA reliability

The intra-assay CV of RIAs with lower specific activity (CPM 
range <3000, n  =  41) was significantly higher than the intra-
assay CV of RIAs with higher specific activity (CPM range ≥3000, 

n = 36), with a median of 5.58% (min 1.6%, max 17.0%) for the 
lower activity and 3.24% (min 0.4%, max 11.6%, p = .013) for the 
higher activity.

When assessing whether radioactive decay impacts the 
LLOQ determined using converted hypocretin-1 concentration 
measurements, a lower LLOQ was found in the group with lower 
specific activity (22.6 pg/mL, y = −12.08 × ln(x) + 62.683) than in 
the group with higher specific activity (35.1 pg/mL, y = −14.22 × 
ln(x) + 75.603). When assessing the impact on unconverted con-
centration measurements, however, the LLOQ was almost the 
same (20.2 pg/mL, y  =  −11.39  × ln(x) + 59.218 and 24.5 pg/mL, 
y = −12.55 × ln(x) + 65.149.

Discussion
We evaluated technical aspects of CSF hypocretin-1 measure-
ments using the RIA kit from Phoenix Pharmaceuticals Inc. 
which is currently used worldwide. We found (1) a high intra-
assay reliability, including around the cutoff point of 110 pg/mL; 
(2) a low inter-assay reliability without conversion to Stanford 
values, which improved substantially after conversion; (3) an 
LLOQ (with a CV ≤25%) obtained from the converted samples of 
27.9 pg/mL; and (4) that the CPM range differences between RIAs 
varies widely. These results have important implications for the 
clinical use of RIAs for hypocretin-1 measurements in CSF for 
the diagnosis of NT1.

Intra- and inter-assay CV

Specifications of inter-individual biologic variation and what 
is considered an acceptable level of imprecision for laboratory 
testing are listed for many analytes [22, 23], but this is not the 
case for hypocretin-1. While guidelines generally recommend 
an acceptance criterion of a ≤15% deviation within and between 
assays, when it comes to ligand-binding assays such as the RIA, 
a higher deviation of ≤20% is accepted [19, 20, 24, 25].

The intra-assay CV we estimated using our data is acceptable, 
with even the intra-assay variability around the cutoff point of 
110 pg/mL being far below the accepted deviation of 20%, and 
similar to intra-assay variations found in earlier studies [3, 26–
28]. Specific methods on how these variations were estimated in 

Figure 4. Lower limit of quantification (LLOQ). Shown here are the graphs from which the LLOQs were determined (at a concentration CV of 25%). For the 809 un-

converted <200 pg/mL samples (A), the LLOQ is 34.5 pg/mL (formula: y = −12.17 × ln(x) + 63.091). For the 635 converted samples (B), the LLOQ is 40.7 pg/mL (formula: 

y = −13.29 × ln(x) + 69.255).



6 | SLEEP, 2022, Vol. 45, No. 7

these other studies were not provided. To illustrate the import-
ance of the method used, Keating et al. [12] found an average intra-
assay hypocretin-1 variation of 9.4% (higher than the present 
study and other studies). In order to obtain an intra-assay vari-
ation, the authors divided the absolute value of the difference in 
a duplicate measurement by the higher of the two values, which 
tends to give a higher intra-assay variation than with the CV cal-
culation used in this study. More than one method is available for 
the calculation of the intra- and inter-assay CV. This makes it all 
the more important that the methods used are clearly reported, 
to facilitate the comparison between outcomes of past and pre-
sent studies. It is known that the hypocretin-1 protein, among 
other proteins, is very hydrophobic [29]. Not using the proper col-
lection or storage tubes can result in loss of hypocretin-1 due 
to absorption to the tube wall. No studies have been performed 
to determine the type of tube best suited to transport and store 
CSF samples for hypocretin-1 measurements. However, based on 
studies [30–33] regarding hydrophobic proteins in CSF, polypro-
pylene tubes are recommended for storage and collection. For 
the analysis borosilicate glass tubes are used [34].

We performed two assessments of inter-assay variability 
without conversion for Stanford, based on the Stanford har-
monization and internal control measurements, and found high 
inter-assay CVs. Our results show a low inter-assay reliability 
when measurements are not corrected using a harmonization 
sample. Previous studies have also shown large inter-assay vari-
ations although, as with the intra-assay variations, methods 
of calculation are not mentioned [27, 35]. In contrast, certain 
other applications of the RIA tend to yield lower inter-assay 
variations [13, 36–39]. One reason for this is the difference in 
the unit of measurement used in different applications of the 
RIA. If the sample contains a large quantity of the substance 
measured, the concentrations of interfering compounds are 
relatively lower, reducing the impact of cross-reactivity. Another 
possible explanation may be that the antibodies in these other 
RIAs cross-react less with matrix proteins. For example, Sakai 
et  al. [28] found that inter-assay CVs between 2.5% and 6.4% 
in their hypocretin-1 RIAs, using self-created polyclonal anti-
hypocretin-1 antibodies, which were about 20 times more sensi-
tive than the antibodies provided by Phoenix Pharmaceuticals.

After converting the mean internal control concentrations 
using the Stanford conversion factor, the internal control inter-
assay CV was reduced to a more acceptable level. The exact con-
centration of the internal control sample was unknown in this 
study, but the average internal control mean after conversion 
(314 pg/mL) was quite close to the known concentration of the 
new Stanford harmonization samples (329 pg/mL), which were 
used in calculating the conversion factors that corrected the 
internal control sample values. It may be more interesting to 
see what would happen to the inter-assay CV when converting 
sample concentrations that are substantially different from the 
Stanford harmonization sample concentrations used. No re-
peated sample data were available to conduct such an assess-
ment during this retrospective study.

The effect of outliers was also illustrated by our results, in 
that two or four outliers can increase the inter-assay CV enor-
mously. The consistent deviation of these RIAs suggests that a 
systematic human error may have taken place in these cases.

Lower limit of quantification

The LLOQ before Stanford conversion of the hypocretin-1 con-
centrations was lower than the LLOQ after conversion, which is 

as expected since most of the samples used were corrected with 
a conversion factor above 1.0 (average of 1.23). This increases 
the concentration of most samples, causing the interpolated 
semilog line to shift to the right.

Previous studies mostly used the limit of detection (LOD) in-
stead of the LLOQ [3, 26, 27, 40]. Our study used the LLOQ, which 
as mentioned previously, shows the point from which a concen-
tration can be reliably determined. This is clinically more rele-
vant than a detection limit, as the LOD only indicates the lowest 
concentration distinguishable from background noise. Thus, the 
presence of an analyte can reliably be detected, but the reported 
concentration is not necessarily reliable [17]. Past studies have 
reported hypocretin-1 concentrations below 27.9 pg/mL without 
the caveat that these concentrations may not be accurate. We 
suggest that hypocretin-1 concentrations measured using RIA 
should be reported as undetectable when below 27.9 pg/mL.

Variation in RIA calibration curve range and the impact on 
RIA reliability

The calibration curves used in our study varied widely (see 
Figure 3), a variation that can be explained by the fact that, 
as the RIA kit gets older, the radioactivity of the I131 labeled 
hypocretin-1 decreases. This causes narrowing and lowering of 
the CPM range, thus flattening its calibration curve.

The effects of this flattening were noticeable in the com-
parison between the intra-assay CVs from RIAs with an average 
CPM range above 3000 and RIAs with an average CPM range 
below 3000, with the latter assumed to be RIAs nearing the 
supplier-defined expiration date of the RIA. The intra-assay CV 
was substantially and significantly higher for the older RIAs 
(CPM range <3000) than for the newer RIAs (CPM range ≥3000). 
As mentioned above, this is likely due to differences in cali-
bration curve spread. When the calibration curve spread de-
creases small differences in CPM measurements will have more 
impact when converting the measured CPM to a hypocretin-1 
concentration, causing more variation and less intra-reliability. 
This effect is also seen when we look at the difference in the 
LLOQ measured using raw data from RIAs with high and RIAs 
with low specific activity. While the difference is minimal 
when using unconverted concentrations, it becomes more evi-
dent when using converted concentrations, with the RIAs with 
higher specific activity having a higher LLOQ, indicating more 
variability.

Keating et al. [12] also found that RIAs with a longer shelf 
time have higher intra-assay variations when determining 
hypocretin-1 concentrations. While presently, per operating 
instructions, RIAs need to be used within a period of 6 weeks, 
these results further suggest that expeditious use of RIAs is 
desirable. Even more so as we found that the radioactivity of 
Phoenix Pharmaceuticals RIA kits has, on average, been lower 
in recent years (see Supplementary Figure S1).

Limitations

Some limitations should be mentioned. First of all, for multiple 
calculations, we could only use the samples that were measured 
with consecutive RIAs as part of the standard protocol (Stanford 
harmonization, internal control, and kit samples). Thus while 
assessment of the accuracy of RIAs at low, intermediate, and 
high concentration levels is recommended by the EMA (and 
other) guidelines for the validation of analytical methods [6], 
this was not possible in this retrospective study. The Stanford 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac103#supplementary-data
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harmonization, internal control and kit samples we used to de-
termine variability all had intermediate concentration levels 
and, given the sigmoidal shape of calibration curves, it is also 
of interest to assess the inter-assay variability of low and high 
concentration samples. Furthermore, these measurements were 
performed in a single laboratory, which potentially decreases 
the generalizability of the results. Prospective inter-laboratory 
research adhering to the recommendations of the FDA and EMA 
(or other relevant) guidelines would be preferred. We are aware 
that recently more sophisticated mass spectrometry-based 
methods for the determination of hypocretin-1 were published, 
which is a very promising evolution [10, 11, 41]. At the mo-
ment, the field of quantitative clinical chemistry proteomics is 
developing fast [42], and the measurement of CSF hypocretin-1 
by this technique can overcome some of the limitations of the 
RIAs. Still, the RIA remains the only test that is sufficiently val-
idated to assess hypocretin deficiency to diagnose narcolepsy. 
The enzyme-linked immunosorbent assay (ELISA) cannot be 
used as a reliable alternative method to measure hypocretin-1 
in CSF [41, 43].

Conclusion
In conclusion, the intra-assay variation when measuring 
hypocretin-1 using the commonly used RIA kit from Phoenix 
Pharmaceuticals is of an acceptable level. The low intra-assay 
variability around the current cutoff point of 110 pg/mL is par-
ticularly of interest in clinical practice. In contrast, the inter-
assay variation, and thus the inter-assay reliability, is too high 
without conversion using a harmonization sample. After con-
version, the inter-assay variation becomes acceptable, though 
this correction should be tested on samples with different con-
centrations in the future, preferably including concentrations 
on more extreme ends of the calibration curve. In addition, the 
shelf life of the RIA kits should be kept in mind, as the amount 
of specific activity has a significant impact on intra-assay reli-
ability. A hypocretin-1 concentration below 28 pg/mL should be 
reported as undetectable. In addition, we find that concentra-
tions around the currently used cutoff value to diagnose NT1 can 
be determined reliably. Lastly, we recommend standardization 
of RIAs following our findings. This is achieved by using poly-
propylene plastic tubes for collection and storage of the CSF, 
using RIA kits immediately after receiving them from Phoenix 
Pharmaceuticals preventing a lower specific activity of the RIA, 
and by applying a harmonization sample. This way, the results 
of RIAs for hypocretin-1 measurements will be more reliable and 
comparable across studies.

Supplementary material
Supplementary material is available at SLEEP online.
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