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Chapter 7

Abstract
Stability of the cerebrospinal fluid (CSF) proteins under different pre-analytical storage and 

freeze/thaw conditions is important to define the diagnostic potential of biomarkers, especially 

for historical or multicentre patient cohorts. Our aim was first to assess the pre-analytical 

stability of a large range of CSF proteins using two independent proteomics-like discovery 

platforms, and second to compare the stability of CSF proteins between the two platforms.

Pooled CSF was centrifuged, aliquoted and experimentally exposed to delayed storage: 1, 24, or 

168 hours at 4°C or room temperature (RT); or up to 8 freeze/thaw cycles, before final storage at 

-80°C. For SOMAscan, fresh CSF samples were additionally exposed to delayed processing: 0, 1, 

2, 4, or 24 hours at 4°C or RT, before centrifugation and final storage at -80°C. CSF aliquots were 

measured with two multiplex biomarker discovery platforms: Olink and SOMAscan, consisting 

of 831 and 1129 proteins, respectively. Stability was evaluated by whether zero was included 

in the confidence interval (CI) and by the size of the 95% CI of the concentration difference 

between two extreme conditions, i.e. the longest time delays and most freeze/thaw cycles 

compared to the reference.

For the subset of 357 proteins that were measured in both Olink and SOMAscan panels, 

storage delay of one week at RT had the largest effect on the stability of SOMAscan proteins, 

67% remained stable compared to 89% of the Olink proteins that remained stable. One week of 

delayed storage at 4°C resulted in 88% of stable SOMAscan proteins and 96% of stable Olink 

proteins. Repeated exposure to freeze/thaw cycles had the largest effect on the Olink proteins, 

since 80% remained stable after 8 freeze/thaw cycles compared to 90% of stable SOMAscan 

proteins. In the total set of proteins tested per technology, these stability percentages were 

comparable. A delay of 24 hours at either RT or 4°C before processing resulted in 75% of stable 

proteins in SOMAscan for both temperatures. 

The large majority of CSF proteins remain relatively stable under extreme pre-analytical storage 

and freeze/thaw conditions. Even despite the low sample size in this exploratory study, these 

results support multicentre studies and the use of historical samples in CSF biomarker studies.
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CSF biomarker stability in array-based proteomics

Introduction
Measurements in cerebrospinal fluid (CSF) allow a glimpse of brain processes ongoing during 

life, e.g. signalling, metabolism, and (patho)physiology, which can aid in diagnosing disorders 

of the brain. CSF is obtained through lumbar puncture, which is a safe and well-tolerated 

procedure 1. During collection, processing, and storage of the CSF, known as the pre-analytical 

phase, variation in CSF biomarker proteins can be introduced 2,3. To allow clinical validation of 

potential novel CSF biomarkers, it is essential to establish how biomarker levels are influenced 

by pre-analytical conditions, for example their storage and freeze/thaw stability. Storage 

stability is particularly important since studies aimed at the identification and validation of novel 

biomarkers often make use of historically collected patient cohorts, or cohorts collected at 

multiple centres, and thereby the variation amongst pre-analytical conditions can be substantial. 

As such, knowledge on the pre-analytical stability of CSF biomarker proteins is crucial to provide 

a solid ground for biomarker studies to take off. 

High-throughput techniques, like proteomics, are helpful in providing global insight in if and how 

CSF biomarker levels are affected by different pre-analytical conditions. So far, a few proteomics 

studies focussed on the pre-analytical phase in human CSF, showing changes in protein levels 

after delayed processing (time delay between CSF withdrawal and centrifugation) 4–6, while 

the one study exploring the effect of delayed storage (time delay between centrifugation and 

storage) on the human proteome and metabolome of CSF led to minor effects 7. Only one study 

tested the effects of multiple freeze/thaw cycles on the human CSF proteome using matrix 

assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF-MS), 

showing no significant effects (6). Furthermore, several individual CSF biomarker candidates 

have been tested for pre-analytical stability as part of the validation criteria for immunoassays 9, 

these results have been reviewed by us in 2015 10. Overall, pre-analytical effects on a large range 

of CSF proteins have so far been poorly studied. 

The cross-platform translation of biomarker candidates, from discovery by for example 

mass spectrometry technologies in proteomic studies to other techniques more suitable for 

diagnostic purposes, such as immunoassays, has so far had limited success 11. To overcome 

this issue, array-based proteomic techniques have been developed. Array-based proteomics 

are basically multiplexed immunoassays and could have an increased chance to result in 

successful development of a diagnostic assay after initial biomarker discovery. These array-

based proteomics also have the advantage of using native sample matrix, so CSF proteins 

maintain their natural conformation and better resemble the (patho)physiological situation. 

Two promising technologies are the Olink (Olink, Uppsala, Sweden) and SOMAscan (SomaLogic 

Inc., Boulder, US) biomarker discovery platforms, both focusing on multiple disease areas, 

including neurology, and suitable for multiple matrices, amongst which CSF 12,13. Olink uses 
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an antibody-based proximity extension assay and SOMAscan uses an aptamer-based protein 

binding with microarray-like readout. Both techniques are able to detect around or more than 

thousand different proteins in one sample. Using these techniques to measure the effects of 

pre-analytical storage conditions in CSF would largely increase the knowledge on pre-analytical 

stability of CSF. 

We aimed to assess the pre-analytical storage and freeze/thaw stability of a large range of CSF 

proteins to facilitate clinical validation of biomarker studies. We used two multiplex biomarker 

discovery platforms, Olink and SOMAscan. Second, we directly compared these two biomarker 

discovery platforms by evaluating the stability results of the 357 proteins that were targeted by 

both platforms. 

Methods
Samples

CSF was collected as left-overs from diagnostics at the Alzheimer Center of the VU University 

Medical Center (VUmc, Amsterdam, the Netherlands) 14. The CSF had been centrifuged at 2000 

g for 10 minutes before storage at -20°C. Aliquots of pooled CSF were typically 500 µl and 

were stored in 1.5 ml polypropylene tubes with screw cap (Sarstedt, Nümbrecht, Germany). All 

samples were blinded and sent to either Olink (Uppsala, Sweden) or SomaLogic Inc. (Boulder, 

CO) on dry ice. This study was in line with the institutional research code and donors gave 

informed consent. 

Exposure to delayed storage and f/t stability

Six pools were prepared from anonymised CSF (processed as described above) for analysis of 

the effects of delayed storage and f/t stability, prepared according to the standard operating 

procedure for stability testing 9. Aliquots of the pools were stored 1 week at 4°C, or 1 hour, 1 day, 

or 1 week at RT, for delayed storage stability (n=3), or, underwent 1, 4, or 8 freeze/thaw cycles for 

freeze/thaw stability (n=3). Thawing was for 2 hours at RT and freezing was at -80°C minimally 

overnight. Samples were stored at -80°C until further analysis. Reference samples were stored 

at -80°C directly at time point zero.

Exposure to delayed processing

Samples for analysis of the effect of delayed processing (n=3) on proteins present in the 

SOMAscan were prepared from fresh CSF and were kept at either 4°C or RT for 1, 2, or 24 hours, 

before centrifugation at 2000 g for 10 minutes and final storage at -80°C. Reference samples 

were stored at -80°C directly at time point zero after centrifugation at 2000 g for 10 minutes. 

This condition was tested for SOMAscan proteins only. 
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Olink assay

The immunoassay panels from Olink (Uppsala, Sweden) allow high throughput targeted 

protein biomarker discovery. Each Olink panel is focussed on a specific area of disease or 

key biology process, targeting 92 established and/or exploratory biomarkers. In the current 

study we screened eleven panels: the cardiometabolic (v.3601), cardiovascular II (v.5002), 

cardiovascular III (v.6101), cell regulation (v.3701), development (v.3501), immune response 

(v.3201), inflammation (v.3004), metabolism (v.3401), neurology (v.8001), oncology II (v.7001), 

and organ damage (v.3301) panel. A full list of the targeted proteins can be found at Olink’s 

website (www.olink.com/products). Olink’s technology is based on the use of antibodies that 

have a single DNA oligo sequence attached, which can only hybridize and amplify with the DNA 

oligo sequence of its complementary antibody when bound to the same protein, resulting in a 

highly sensitive quantification as PCR-like read-out. All samples were run in one plate. Quality 

control testing included comparing the internal control of each sample to assure sample quality. 

After quality control checks performed by Olink, results from 949 proteins were reported in 

relative units. Protein levels measured with Olink were expressed as relative units on a log2 

scale. The limit of detection (LOD) was defined by Olink as three times the standard deviation 

over background. Olink’s quality control testing included the comparison of an internal control in 

each sample to assure sample quality.

SOMAscan

The SOMAscan panel (SomaLogic, Inc. Boulder, Colorado) is a high throughput targeted protein 

discovery platform that contains aptamers, in the used version detecting 1129 proteins 15. For a 

list of all targeted proteins, SomaLogic can be contacted. Aptamers are synthetic DNA strands 

that were selected to bind proteins in an antibody-like manner, however, the aptamers have a 

better stability and can be better reproduced than antibodies. The targets of the SOMAscan 

aptamers include major gene families including receptors, kinases, growth factors and 

hormones, and span a diverse collection of secreted, intracellular and extracellular proteins 

or domains 16. Samples were measured in three different dilutions to enable the appropriate 

measurement range for all aptamers within one sample. The protein-bound aptamers are 

hybridized to custom DNA microarrays before fluorescent read-out. Proteins are measured in 

the femtomolar range and are expressed as relative fluorescence units (RFU). SOMAscan results 

were normalised in 3 sequential steps: 1) hybridization control normalisation to reduce variation 

between microarray plates; 2) median signal normalisation to reduce systematic bias within 

a single plate run, using three different dilutions of the same sample; 3) calibration for each 

aptamer to a common pooled calibrator sample. LOD values were not available, but proteins 

were marked as “preferred”, “marginal”, or “low/no”. In general, analytes marked as “preferred” in 
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the column were denoted as “CSF Signaling” and met the following criteria: RFU >150, mean % 

CV < 15 over 9 replicates for 3 separate pooled, CSF samples and displayed slopes close to unity 

when diluted into assay buffer. Analytes that failed on one or more of these criteria are marked 

as “marginal” in this column. Analytes with low to no signal and/or poor dilutional linearity are 

listed as “Low/No”. Note, it is possible that CSF from non-pooled, disease patients may result in 

a spike in signal of the "Low/No" signaling analytes. 

Statistical analyses

Olink proteins were excluded from statistical analysis if 1) 75% of all samples or more gave 

concentrations < LOD for this protein; 2) only a few samples (but more than 25%) gave 

concentrations > LOD, which were close to the LOD concentrations but far from the quality 

control sample concentration. We continued statistical analyses with 831 Olink targets. One 

sample of the 8x f/t condition in the cardiovascular III (v.6101) panel was excluded from the 

statistical analyses, as it gave extremely low concentrations for all proteins and would have 

biased the results of the other two samples with detectable levels for this condition.

SOMAscan protein levels measured with SOMAscan as expressed in RFU were log-transformed 

for statistical analyses. All 1129 targeted SOMAscan proteins were analysed in this study, as the 

“preferred”, “marginal”, or “low/no” marks recommended by SomaLogic were not in agreement 

with the concentration differences observed in the tested samples.

For each of the tested condition, i.e. delayed processing, delayed storage, or freeze/thaw 

stability, we compared the results of the most extreme time point or cycle to the reference 

sample in a linear model correcting for pool. The contrast between the tested condition and the 

reference sample was expressed as 95% confidence interval (CI). The 95% CIs were judged on 

“95% CI criterion 1”: whether the 95% CIs included 0 (0 included in 95% CI means no significant 

change); and “95% CI size criterion 2”: whether the 95% CIs were within the thresholds (indicating 

a small 95% CI and thus a reliable estimation of the effect) (Figure 1). The 95% CI thresholds 

were calculated for Olink and SOMAscan separately, based on the variation of the 95% CI ranges 

in the subset of proteins that were overlapping in both panels for the most extreme conditions, 

i.e. delayed storage of 168 hours at RT and 4°C and 8 f/t cycles (excluding 8 f/t for Olink since 

n=2 instead of 3 for proteins of the cardiovascular III panel) (Table 1). We calculated the average 

outlier range, i.e. the range between Q1 – 1.5 *interquartile range (IQR) and Q3 + 1.5 * IQR over 

the conditions and divided this range by 2 to get the value for the positive and negative threshold. 

For Olink, the threshold was calculated between -1.45 and 1.45, for SOMAscan the threshold 

was between -0.56 and 0.56. If both criteria were met, the protein was regarded as stable. The 

proportions of proteins satisfying these two criteria per extreme condition, i.e. 168 hours of 

delayed storage at RT compared to the reference sample, were calculated for both methods. 
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The mid-point of the 95% CI (indicated in the figures with a red dot) could be interpreted as the 

effect size.

Table 1. 95% CI threshold calculation for stability of proteins between the condition in the left column and the 
reference sample. CI = confidence interval; RT = room temperature; f/t = freeze/thaw. The outlier range was defined 
as the range between Q1 – 1.5 IQR and Q3 + 1.5 IQR. 

357 overlapping 
proteins

95% CI range Olink 95% CI range SOMAscan

Median IQR Outlier 
range

Outlier 
range/2 Median IQR Outlier 

range
Outlier 

range/2

Delayed storage 
168 h 4°C

0.761 0.650 2.600 1.300 0.226 0.224 0.897 0.448

Delayed storage 
168 h RT

0.758 0.799 3.195 1.598 0.277 0.365 1.459 0.729

8 f/t cycles 0.857 * 1.170 * 4.680 * 2.340 * 0.290 0.250 1.000 0.501

Average 2.898 1.45 1.119 0.56

*Excluded because results for the Olink cardiovascular III panel (89 proteins) were based on n=2 instead of n=3.

Figure 1. Example of the statistical criteria for stability. The example protein pointed out by the blue arrow does not 
satisfy criterion 1, since 0 is not included in the 95% CI, but does satisfy criterion 2, since the 95% CI is smaller than 
the red dotted threshold lines (in this example set at -1 and 1). This protein would thus not be regarded as stable. 
The red dot indicates the mid-point of the 95% CI and could be interpreted as the effect size.

To evaluate potential unstable proteins in more detail, we selected the proteins 1) that did not 

have 0 included in their 95% CI; and 2) of which the mid-point of the 95% CI, reflecting an effect 

size, was exceeding the threshold range below -0.5 or above 0.5. These proteins were plotted 

for all tested conditions. 
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0.761 0.650 2.600 1.300 0.226 0.224 0.897 0.448

Delayed storage 
168 h RT

0.758 0.799 3.195 1.598 0.277 0.365 1.459 0.729

8 f/t cycles 0.857 * 1.170 * 4.680 * 2.340 * 0.290 0.250 1.000 0.501

Average 2.898 1.45 1.119 0.56

*Excluded because results for the Olink cardiovascular III panel (89 proteins) were based on n=2 instead of n=3.

Figure 1. Example of the statistical criteria for stability. The example protein pointed out by the blue arrow does not 
satisfy criterion 1, since 0 is not included in the 95% CI, but does satisfy criterion 2, since the 95% CI is smaller than 
the red dotted threshold lines (in this example set at -1 and 1). This protein would thus not be regarded as stable. 
The red dot indicates the mid-point of the 95% CI and could be interpreted as the effect size.

To evaluate potential unstable proteins in more detail, we selected the proteins 1) that did not 

have 0 included in their 95% CI; and 2) of which the mid-point of the 95% CI, reflecting an effect 

size, was exceeding the threshold range below -0.5 or above 0.5. These proteins were plotted 

for all tested conditions. 

7

        



114

Chapter 7

Next, we compared the stability of overlapping proteins between Olink and SOMAscan by 

similarly looking at the proportions of stable proteins and by comparing the potentially unstable 

proteins. 

Results
Overlapping proteins in Olink and Somascan

357 proteins were part of both Olink and SOMAscan panels and this subset was analysed for 

direct comparison of the stability results on both platforms (Figure 2). The proportion of stable 

proteins, based on two criteria related to the 95% CI (inclusion of 0 and the size), was most 

affected after exposure to multiple f/t cycles for Olink proteins, while the SOMAscan proteins 

were most affected after 168 hours of delayed storage at RT (Table 2). After 168 hours of 

delayed storage condition at RT, 67.4% of the SOMAscan proteins were stable compared to 

88.5% of the Olink proteins. This percentage was higher after 168 hours of delayed storage 

at 4°C, and again, the proportion of stable proteins was higher for Olink: 87.6% for SOMAscan 

and 95.5% for Olink. After 24 hours of delayed storage at RT, the proportion of stable proteins 

was similar between both panels, 88.7% for SOMAscan compared to 86.8% for Olink. After 4 f/t 

cycles, 89.1% of proteins analysed with Olink remained stable compared to 94.2% analysed with 

SOMAscan. After 8 f/t cycles, the proportion of stable proteins further decreased to 80.4% for 

proteins analysed with Olink compared to 90.1% for proteins analysed with SOMAscan. For one 

of the Olink panels (cardiovascular III panel, 89 proteins), the analyses for the 8x f/t condition 

for Olink were performed with n=2 instead of n=3, which could have led to larger 95% CIs and 

failure to comply with criterion 2, although after 4 f/t Olink already showed less stable proteins 

than SOMAscan. 

Delayed processing was not compared since only SOMAscan results were available for this 

condition.

Although this study was designed to assess stability, we further explored our results to identify 

potentially unstable proteins. Potentially unstable proteins were selected based on 1) 0 is not 

included in 95% CI of contrast of two conditions, and 2) the mid-CI (effect size) value is below 

-0.5 or above 0.5. An overview of the potentially unstable proteins in this subset of 357 proteins 

is provided in Supplemental material 1. We found two proteins with changed values after 168 

hours of delayed storage at 4°C in Olink, lactadherin and dipeptidyl peptidase 2, but these proteins 

were not altered in SOMAscan. After 168 hours of delayed storage at RT we found two proteins 

with changed concentrations in Olink, follistatin and interleukin-17D, and two other proteins with 

changed concentrations in SOMAscan, carboxypeptidase E and alpha-L-iduronidase. After 8 f/t 

cycles we found one protein with changed concentrations in Olink, C-type lectin domain family 

11 member A, but we saw no changed proteins in SOMAscan. 
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Table 2. Comparison of protein stability under pre-analytical storage conditions between Olink and SOMAscan 
analyses based on a subset of 357 overlapping proteins.

Temp. Time 

Proportion of pro-
teins satisfying 95% 
CI criterion 1

Proportion of  
proteins satisfying 
size CI criterion 2

Proportion of  
proteins satisfying 
both criteria

Olink SOMA- 
scan Olink SOMA- 

scan Olink SOMA- 
scan

Delayed 
storage

4°C 168 h 97.2% 90.1% 98.3% 97.2% 95.5% 87.6%

RT 24 h 98.6% 95.0% 88.2% 93.4% 86.8% 88.7%

RT 168 h 93.6% 81.5% 94.7% 83.7% 88.5% 67.4%

F/t cycles
4x 93.6% 97.2% 91.3% 97.0% 89.1% 94.2%

8x 93.0% * 95.9% 87.4% * 93.9% 80.4% * 90.1%

* Results for the Olink cardiovascular III panel (89 proteins) based on n=2 instead of n=3.

Olink Somascan

Delayed storage 
168 hours 4°C

Delayed storage 
24 hours RT

Figure 2. Stability of overlapping proteins measured with Olink and SOMAscan under extreme pre-analytical 
storage and f/t conditions. The difference between the condition and the reference sample is expressed as 95% 
CI and plotted as a vertical line per protein. Red dots indicate the mid-CI value. Mid-CI values are ordered from far 
from 0 (left) to close to 0 (right). Dotted horizontal lines indicate the threshold 95% CI value for criterion 2. * Results 
for the Olink cardiovascular III panel (89 proteins) were based on n=2 instead of n=3.
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Olink Somascan

Delayed storage 
168 hours RT

F/t 4x

F/t 8x *

Figure 2 (continued). Stability of overlapping proteins measured with Olink and SOMAscan under extreme pre-
analytical storage and f/t conditions. The difference between the condition and the reference sample is expressed 
as 95% CI and plotted as a vertical line per protein. Red dots indicate the mid-CI value. Mid-CI values are ordered 
from far from 0 (left) to close to 0 (right). Dotted horizontal lines indicate the threshold 95% CI value for criterion 2. 
* Results for the Olink cardiovascular III panel (89 proteins) were based on n=2 instead of n=3.

Stability of proteins in Olink 

Of the 831 proteins measured with Olink, a high proportion of proteins (on average 89% for 

delayed storage conditions and 80% for f/t conditions) did not show a significant difference 

under extreme storage and f/t conditions by examination of the 95% CI stability criteria between 

an extreme and the reference condition (Table 3 and Figure 3). The mid-CIs (red dots in Figure 

3) reflect the effect sizes of the contrasts and were mostly close to 0, indicating a small or no 

effect.

Exposure to 8 f/t cycles resulted in the lowest percentage of Olink proteins satisfying the criteria 

for stability: 77.5%, which could be partly driven by 2 instead of 3 samples that were analysed 
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168 hours RT

F/t 4x

F/t 8x *

Figure 2 (continued). Stability of overlapping proteins measured with Olink and SOMAscan under extreme pre-
analytical storage and f/t conditions. The difference between the condition and the reference sample is expressed 
as 95% CI and plotted as a vertical line per protein. Red dots indicate the mid-CI value. Mid-CI values are ordered 
from far from 0 (left) to close to 0 (right). Dotted horizontal lines indicate the threshold 95% CI value for criterion 2. 
* Results for the Olink cardiovascular III panel (89 proteins) were based on n=2 instead of n=3.
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in the cardiovascular III panel (containing 89 proteins) for this condition. After exposure to 4 f/t 

cycles, 81.6% of the Olink proteins remained stable. After delayed storage conditions of 168 

hours at RT 85.8% of the proteins analysed for Olink were stable. This percentage was higher 

after 24 hours of delayed storage at RT, 89.7%, and, after 168 hours of delayed storage at 4°C, 

92.9%.

Stability of proteins in SOMAscan 

Of the 1129 proteins analysed with SOMAscan, we again observed a high proportion of proteins 

(on average 80% for delayed storage conditions, 89% for f/t conditions, and 75% for delayed 

processing conditions) that were regarded as stable based on the 95% CI stability criteria 

between an extreme and the reference condition (Table 3 and Figure 3). The mid-CIs, reflecting 

the effect size of the contrast, were mostly close to 0, indicating a small to no effect.

Exposure to 168 hours of delayed storage at RT had the largest effect on SOMAscan proteins 

of all tested conditions, the proportion of stable proteins was 68.3%. For the milder conditions, 

we found that 88.1% of the proteins were stable when storage was delayed by 168 hours at 4°C, 

and 84.3% of the proteins were stable when storage was delayed by 24 hours at RT. Exposure 

to multiple f/t cycles had minor influence of the proportion of stable proteins analysed with 

SOMAscan: 91.9% of the proteins were stable after exposure to 4 f/t cycles, and 86.3% was stable 

after exposure to 8 f/t cycles. A delay of 24 hours between CSF withdrawal and processing, i.e., 

centrifugation, lead to substantial decrease in the proportion of stable proteins, 75.6% of the 

proteins were stable at 4°C and 73.5% of the proteins were stable at RT. 

Table 3. Proportions of stable proteins measured with Olink and SOMAscan under pre-analytical storage 
conditions. Temp. = temperature; F/t = freeze/thaw.

Temp. Time 

Proportion of  
proteins satisfying 
95% CI criterion 1

Proportion of  
proteins satisfying 
size CI criterion 2

Proportion of  
proteins satisfying 
both criteria

Olink SOMA- 
scan Olink SOMA- 

scan Olink SOMA- 
scan

Delayed 
storage

4°C 168 h 97.4% 91.6% 95.5% 96.5% 92.9% 88.1%

RT 24 h 97.8% 94.2% 91.8% 90.0% 89.7% 84.3%

RT 168 h 93.4% 85.0% 91.8% 80.5% 85.8% 68.3%

F/t cycles
4x 88.3% 96.4% 83.2% 95.5% 81.6% 91.9%

8x 93.6%* 94.7% 83.9%* 91.2% 77.5%* 86.3%

* Results for the Olink cardiovascular III panel (89 proteins) based on n=2 instead of n=3.
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Table 3 (continued). Proportions of stable proteins measured with Olink and SOMAscan under pre-analytical 
storage conditions. Temp. = temperature; F/t = freeze/thaw.

Temp. Time 

Proportion of  
proteins satisfying 
95% CI criterion 1

Proportion of  
proteins satisfying 
size CI criterion 2

Proportion of  
proteins satisfying 
both criteria

Olink SOMA- 
scan Olink SOMA- 

scan Olink SOMA- 
scan

Delayed 
processing

4°C 24 h X 96.5% X 79.1% X 75.6%

RT 24 h X 96.1% X 76.7% X 73.5%

* Results for the Olink cardiovascular III panel (89 proteins) based on n=2 instead of n=3.

Olink Somascan

Delayed storage 
168 hours 4°C

Delayed storage 
24 hours RT

Delayed storage 
168 hours RT

Figure 3. Stability of all proteins measured with Olink and SOMAscan under extreme pre-analytical storage and 
f/t conditions. The difference between the condition and the reference sample is expressed as 95% CI and plotted 
in a vertical line per protein. Red dots indicate the mid-CI value. Mid-CI values are ordered from far from 0 (left) to 
close to 0 (right). Dotted horizontal lines indicate the threshold 95% CI value for criterion 2.* Results for the Olink 
cardiovascular III panel (89 proteins) were based on n=2 instead of n=3.

118

Chapter 7

Table 3 (continued). Proportions of stable proteins measured with Olink and SOMAscan under pre-analytical 
storage conditions. Temp. = temperature; F/t = freeze/thaw.
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Figure 3. Stability of all proteins measured with Olink and SOMAscan under extreme pre-analytical storage and 
f/t conditions. The difference between the condition and the reference sample is expressed as 95% CI and plotted 
in a vertical line per protein. Red dots indicate the mid-CI value. Mid-CI values are ordered from far from 0 (left) to 
close to 0 (right). Dotted horizontal lines indicate the threshold 95% CI value for criterion 2.* Results for the Olink 
cardiovascular III panel (89 proteins) were based on n=2 instead of n=3.
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Olink Somascan

F/t 4x

F/t 8x *

Delayed process-
ing 24 hours 4°C X

Delayed process-
ing 24 hours RT X

Figure 3 (continued). Stability of all proteins measured with Olink and SOMAscan under extreme pre-analytical 
storage and f/t conditions. The difference between the condition and the reference sample is expressed as 95% CI 
and plotted in a vertical line per protein. Red dots indicate the mid-CI value. Mid-CI values are ordered from far from 
0 (left) to close to 0 (right). Dotted horizontal lines indicate the threshold 95% CI value for criterion 2.* Results for 
the Olink cardiovascular III panel (89 proteins) were based on n=2 instead of n=3.
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Olink Somascan
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F/t 8x *

Delayed process-
ing 24 hours 4°C X

Delayed process-
ing 24 hours RT X

Figure 3 (continued). Stability of all proteins measured with Olink and SOMAscan under extreme pre-analytical 
storage and f/t conditions. The difference between the condition and the reference sample is expressed as 95% CI 
and plotted in a vertical line per protein. Red dots indicate the mid-CI value. Mid-CI values are ordered from far from 
0 (left) to close to 0 (right). Dotted horizontal lines indicate the threshold 95% CI value for criterion 2.* Results for 
the Olink cardiovascular III panel (89 proteins) were based on n=2 instead of n=3.
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Potentially unstable proteins

Although this study was designed to assess stability, we further explored our results to identify 

potentially unstable proteins. These were selected based on 1) 0 is not included in 95% CI of 

contrast of two conditions, and 2) the mid-CI (effect size) value is below -0.5 or above 0.5. 

For the 831 proteins analysed by Olink, this screen resulted in 13 potentially unstable proteins, 

and these were potentially unstable for one condition only (Supplemental material 2). Ten 

proteins were potentially unstable after 168 hours of delayed storage at RT, two proteins were 

potentially unstable after 168 hours of delayed storage at 4°C, and one protein was potentially 

unstable after 8 f/t cycles. 

For SOMAscan, 18 proteins were evaluated as potentially unstable, in one or more of the 

extreme pre-analytical conditions applied (Supplemental material 3). A delay in processing at 

RT of 1, 2, or 24 hours led to changed levels in 6 proteins. After 168 hours of delayed storage at 

RT, 11 proteins had altered levels. One protein showed changed levels after 24 hours of delayed 

storage at RT. After repeated f/t cycles, 3 proteins were changed: 1 after 4 f/t cycles and 2 after 

8 f/t cycles. 

For some of the identified potentially unstable proteins, fulfilment of the criteria for instability 

seems rather the result of an, accidently, either high or low variation in the three samples for that 

particular condition, than a true change in protein levels. 

Discussion
To support clinical validation studies for biomarker candidates, knowledge on pre-analytical 

stability of CSF is needed to exclude that observed biomarker changes are due to differences 

in storage conditions. In this study, we assessed the pre-analytical storage and freeze/thaw 

stability of a large range of CSF proteins using two array-based proteomics techniques that 

analysed 831 proteins (Olink), and 1129 proteins (SOMAscan). In this exploratory study, we 

found that the majority of CSF proteins remain stable under extreme pre-analytical conditions 

(namely one week of delayed storage at RT and 8 repeated freeze/thaw cycles) when compared 

to direct storage at -80°C. Delayed storage of CSF for one week at RT led to a proportion of 

stable proteins of 85.8% analysed by Olink and 68.3% stable proteins analysed by SOMAscan. 

Delayed processing of CSF for 24 hours at RT resulted in 73.5% stable proteins, measured 

with SOMAscan only. After repeated freezing/thawing, the proportion of stable Olink proteins 

was reduced to 81.6% after 4, and 77.5% after 8 f/t cycles. These proportion were slightly 

higher for the SOMAscan analyses, 91.9% after 4 and 86.3% after 8 freeze/thaw cycles. In the 

direct comparison using a subset of 357 proteins targeted in both platforms, similar stability 

proportions were found. 
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This study was designed to explore stability of a large set of proteins. We defined stability by 

examining the 95% CI of a contrast between the extreme pre-analytical condition with the 

reference, and evaluating whether the 95% CI 1) had zero included, and 2) was small; within 

the range of -1.45 to 1.45 for Olink and -0.56 to 0.56 for SOMAscan. These thresholds were 

statistically defined as the thresholds for outliers, based on the IQRs of the 95% CI ranges 

in the subset of proteins that were analysed with both the Olink and SOMAscan panels. The 

assessment of stability is thus relative to the total amount of variation present in either the 

Olink or SOMAscan results. This design was chosen to detect variation in pre-analytical 

storage conditions that exceed the common variation of protein levels per technology. Since 

many proteins were simultaneously analysed with these panels using a small sample size per 

experimental condition, the natural variation is expected to be substantial. In this design, a 

protein not fulfilling the requirements for stability does not translate to a claim of instability for 

that protein. Instability should be tested using a different statistical approach. Nevertheless, we 

explored the potentially unstable proteins in our dataset based on whether the 95% CI 1) had 

zero not included, and 2) had an average value, i.e. effect size, below -0.5 or above 0.5. This 

resulted in 13 unstable proteins for Olink and 18 unstable proteins for SOMAscan, indicating that 

stability of the proteins is rather similar with both techniques. 

Other proteomics techniques, such as mass spectrometry, measure fractionated peptides of 

CSF proteins that lost their original conformation, whereas the aptamer- and immunoassay-

based techniques applied here measure CSF in its native conformation. Caution should 

therefore be taken with translation amongst different technologies. The pre-analytical stability 

results previously obtained from mass spectrometry proteomics studies were in line with 

our results, showing overall stability of the CSF proteome after exposure to experimental 

storage and freeze/thaw conditions 6,7,17. Freezing at -20°C instead of -80°C during freeze/thaw 

cycles was not tested in the current study, but has been reported to increase the number of 

changed CSF molecule levels 6,18. Klener and colleagues focussed on changes in compound 

configurations of the CSF after exposure to pre-analytical conditions rather than changes in 

individual proteins by applying drop coating deposition Raman spectroscopy. They found 

changes in CSF configurations already after 5 hours of delayed processing at RT, especially 

in alpha-helix structures in the peptide backbone and aromatic side chains of CSF molecules 
18. These results were not confirmed in our study, as we did not detect early changes for the 

proteins here tested. We did not investigate the effect of blood contamination in the current 

study, but it has been previously reported that the presence of blood-derived proteases can 

lead to protein degradation 4. It is therefore recommended to avoid using blood contaminated 

CSF samples for biomarker measurements 19. Since all samples used in our study had similar 

pre-treatments, a confounding effect of blood contamination on our results can be excluded. 
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The 357 proteins that overlapped between both platforms were used for direct comparison of 

the stability in both techniques. Although SOMAscan proteins were more sensitive to delayed 

storage for one week at RT and Olink proteins were more sensitive to freeze/thaw cycles, the 

proportion of stable proteins for both technologies were comparable. As stability is a measure 

relative to the total variation of both data sets, the variation between the panels was not directly 

compared. Comparison of the absolute ranges of 95% CIs showed that the Olink analysis 

presents with higher absolute 95% CI ranges than did the SOMAscan analysis, while both panels 

report similar units, namely relative units. Several differences could underlie this difference 

in 95% CI ranges. First, the quality control checks performed by Olink precluded reporting of 

results that were below the measuring range of that protein, which led to a lower sample size 

and inherently a larger 95% CI for some proteins in our analysis. For SOMAscan, however, the 

measuring range of the proteins was unknown, thus all samples were evaluated which resulted 

in a consistent n=3 per condition, giving smaller 95% CIs. There is a potential risk that we 

presented SOMAscan proteins in this study that signalled below the detectable range. Second, 

the measurement range of the two technologies might differ, resulting in poorly comparable 

absolute differences between two conditions between technologies. 

The results of the potentially unstable proteins showed some unexpected results, e.g. an 

increase after 1 hour of delayed processing at RT for protein S100A9/calgranulin B/MRP-14, 

while no effects for that protein were observed after 2 hours or 24 hours. This effect could be 

caused by an initial increase in concentration due to dissociation from a binding partner, and 

subsequent degradation of the protein. However, looking at the pattern of the other delayed 

processing conditions, the statistical effect found in the 1 hour at RT condition is most probably 

caused by a low variation between the replicates at this condition. Enlargement of the sample 

size will increase the certainties of the stability effects of this particular protein.

The strengths of this study are, first, the large range of CSF proteins that were tested in this 

study using multiplex techniques. Second, the use of two comparable proteomics-like discovery 

techniques, leading to more robust results. Third, the use of native CSF as matrix in both 

techniques used, thereby including stability effects of conformational changes that would get 

lost during sample pre-treatment in e.g. mass spectrometry based-proteomics studies.

This study had a few limitations. First, the CSF for delayed storage and f/t stability originated 

from surplus diagnostic samples that had been stored at -20°C, thus we cannot exclude that 

-20°C storage influenced the baseline concentrations of the CSF proteins. Second, we had a low 

sample size of n=3 per condition, as the nature of this study was exploratory. Third, the Olink 

measurements were performed at a later point in time than the SOMAscan measurements, 

resulting in two additional storage years at -80°C before Olink measurement. We do not expect 

an effect of two years of -80°C storage, as we saw in a previous study that 12 years of biobank 
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storage at -80°C did not influence the Alzheimer’s disease biomarkers CSF amyloid-beta(1-42), 

total Tau and phosphorylated Tau 20, although studies on the effects of long-term storage for 

other CSF proteins have not been reported. Fourth, in both the discovery methods applied in this 

study, a specific epitope of the protein of interest was targeted and not the full-length protein. 

Stability results are thus confined to the technique that was applied, since detection of other 

epitopes of the same protein may respond differently to stability testing. This emphasizes the 

importance of evaluating pre-analytical stability in the technical platform that is appropriate for 

the biomarker validation, since protein stability depends on the measurement technique. 

In conclusion, levels of the far majority of CSF proteins appeared resistant to common 

experimental storage and freeze/thaw conditions, as tested by the biomarker discovery 

platforms Olink and SOMAscan. Only under extreme pre-analytical conditions, such as one 

week of storage at RT, or 8 repeated f/t cycles, we found about 30% of the proteins to have 

changed levels. The stability results here presented provide rationale to the consensus protocols 

for CSF collection, processing, and storage and add to previously performed storage stability 

studies, e.g. a study on long-term biobank storage stability, showing no effect of evaporation 

on several body fluids. The influence of the tested different pre-analytical storage procedures 

in CSF biomarker studies that use historical cohorts or cohorts in multicentre studies, based on 

the current results, is expected to be limited. 
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Supplemental material 1
Potentially instable proteins that are present in both Olink and Somascan panels and 

thus allow direct comparison.

Supplemental table 1. Changed proteins after 168 hours of delayed storage at RT in Olink and SOMAscan panels. 
Non-fulfilment of the stability criteria (criteria between brackets) is indicated in bold.

Protein name  
(UniProt code) Olink SOMAscan

95% CI range  
(0 not included)

mid-CI value  
(< -0.5 or > 0.5)

95% CI range  
(0 not included)

mid-CI value  
(< -0.5 or > 0.5)

Follistatin  
(P19883) -1.44; -0.53 -0.98 -0.17; 0.03 -0.07

Interleukin-17D 
(Q8TAD2) -2.80; -0.05 -1.42 0.06; 0.72 0.39

Carboxypeptidase E 
(P16870) -1.34; 0.27 -0.53 0.03; 2.69 1.36

Alpha-L-iduronidase 
(P35475) -3.91; 0.42 -1.74 0.25; 2.89 1.57

Supplemental table 2. Changed proteins after 168 hours of delayed storage at 4°C in Olink but not SOMAscan. 
Non-fulfilment of the stability criteria (criteria between brackets) is indicated in bold.

Protein name  
(UniProt code) Olink SOMAscan

95% CI range  
(0 not included)

mid-CI value  
(< -0.5 or > 0.5)

95% CI range  
(0 not included)

mid-CI value  
(< -0.5 or > 0.5)

Lactadherin 
(Q08431) -0.9; -0.22 -0.50 0.04; 0.41 0.22

Dipeptidyl peptidase 
2 (Q9UHL4) -0.86; -0.19 -0.53 -0.11; 0.29 0.09

Supplemental table 3. One changed protein after 8 f/t cycles in Olink but not SOMAscan. Non-fulfilment of the 
stability criteria (criteria in italics) is indicated in bold.

Protein name (Uni-
Prot code) Olink SOMAscan

95% CI range  
(0 not included)

mid-CI value  
(< -0.5 or > 0.5)

95% CI range  
(0 not included)

mid-CI value  
(< -0.5 or > 0.5)

C-type lectin do-
main family 11 -0.76; -0.38 -0.57 -1.01; 0.21 -0.40

member A (Q9Y240) -0.71; 0.03 -0.34
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Supplemental material 2 
Potentially instable proteins in Olink

Thirteen potentially instable proteins were detected using the Olink technology based on the 

following criteria:

1) 0 ≠ in 95% CI   

2) midpoint 95% CI < -0.5 | 95% CI > 0.5

Supplemental figure 1. Ten proteins were potentially unstable after delayed storage of 168h at RT in Olink (A-
J). Follistatin (J) was also measured with SOMAscan (K) but was not selected as potentially unstable by this 
technology. Other proteins (A-I) were not part of the SOMAscan panel. QC = internal Olink quality control sample. 
The delayed storage samples (t=1 RT, t-168 4C, t=24 RT, t=168 RT) and the freeze/thaw (f/t) samples (1x (ref), 4x, 
8x) originate from two separate experiments with each having their own reference sample. 
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Supplemental figure 1 (continued). Ten proteins were potentially unstable after delayed storage of 168h at RT 
in Olink (A-J). Follistatin (J) was also measured with SOMAscan (K) but was not selected as potentially unstable 
by this technology. Other proteins (A-I) were not part of the SOMAscan panel. QC = internal Olink quality control 
sample. The delayed storage samples (t=1 RT, t-168 4C, t=24 RT, t=168 RT) and the freeze/thaw (f/t) samples (1x 
(ref), 4x, 8x) originate from two separate experiments with each having their own reference sample. 
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Supplemental figure 2. Two proteins were potentially unstable after delayed storage of 168h at 4°C in Olink. 
Lactadherin (A), was not selected as potentially unstable was when measured with the SOMAscan technology (C). 
Dipeptidyl peptidase 2 (B) was not selected as potentially unstable when measured with SOMAscan technology 
(D). QC = internal Olink quality control sample. The delayed storage samples (t=1 RT, t-168 4C, t=24 RT, t=168 RT) 
and the freeze/thaw (f/t) samples (1x (ref), 4x, 8x) originate from two separate experiments with each having their 
own reference sample.
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Supplemental figure 3. One protein was potentially unstable after 8 f/t cycles in Olink. The Olink protein with 
UniProt code Q9Y240 (A) was measured twice in SOMAscan, as alpha (B) and beta (C) chain, but not detected as 
potentially unstable. QC = internal Olink quality control sample. The delayed storage samples (t=1 RT, t-168 4C, t=24 
RT, t=168 RT) and the freeze/thaw (f/t) samples (1x (ref), 4x, 8x) originate from two separate experiments with each 
their own reference sample.

Supplemental material 2: Potentially instable proteins in SOMAscan

Eighteen potentially instable proteins were detected using the SOMAscan technology based on 

the following criteria:

1) 0 ≠ in 95% CI   

2) midpoint 95% CI < -0.5 | 95% CI > 0.5
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Supplemental figure 4. Eleven proteins were potentially unstable after delayed storage of up to 168h at RT in 
Somascan (A-K). Alpha-L-iduronidase (A) was potentially unstable after 24 hours as well as 168 hours of delayed 
storage at RT. Alpha-L-iduronidase was also measured in Olink (L), but was not selected as potentially unstable 
following the statistical criteria. Protein kinase B alpha/beta/gamma (RAC family) (C) was potentially unstable after 
8 f/t cycles as well as after 168 hours of delayed storage at RT. Carboxypeptidase E (E) was also measured in Olink 
(M), but was not selected as potentially unstable following the statistical criteria. Other proteins (B-D,F-K) were not 
measured with Olink. QC = internal SOMAscan quality control sample; S = delayed storage; P = delayed processing. 
The delayed storage samples (t=1 RT, t-168 4C, t=24 RT, t=168 RT) and the freeze/thaw (f/t) samples (1x (ref), 4x, 
8x), and the delayed processing samples (P0h, P1h4C, P2h4C, P24h4C, P1hRT, P2hRT, P24hRT) originate from 
separate experiments with each having their own reference sample. 
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Supplemental figure 4 (continued). Eleven proteins were potentially unstable after delayed storage of up to 168h 
at RT in Somascan (A-K). Alpha-L-iduronidase (A) was potentially unstable after 24 hours as well as 168 hours of 
delayed storage at RT. Alpha-L-iduronidase was also measured in Olink (L), but was not selected as potentially 
unstable following the statistical criteria. Protein kinase B alpha/beta/gamma (RAC family) (C) was potentially 
unstable after 8 f/t cycles as well as after 168 hours of delayed storage at RT. Carboxypeptidase E (E) was also 
measured in Olink (M), but was not selected as potentially unstable following the statistical criteria. Other proteins 
(B-D,F-K) were not measured with Olink. QC = internal SOMAscan quality control sample; S = delayed storage; 
P = delayed processing. The delayed storage samples (t=1 RT, t-168 4C, t=24 RT, t=168 RT) and the freeze/thaw 
(f/t) samples (1x (ref), 4x, 8x), and the delayed processing samples (P0h, P1h4C, P2h4C, P24h4C, P1hRT, P2hRT, 
P24hRT) originate from separate experiments with each having their own reference sample. 
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Supplemental figure 4 (continued). Eleven proteins were potentially unstable after delayed storage of up to 168h 
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Supplemental figure 5. Three proteins were potentially unstable after 4x or 8x f/t in Somascan (A-C). 
Lipopolysaccharide-binding protein (A) was potentially unstable after 2 hours of delayed processing at RT as well 
as after 8 f/t cycles. Protein kinase B alpha/beta/gamma (RAC family) (B) was potentially unstable after 168 hours 
of delayed storage at RT cycles as well as after 8 f/t cycles. Transglutaminase 3 (C) was potentially unstable after 
4 f/t cycles. These proteins (A-C) were not measured with Olink. QC = internal SOMAscan quality control sample; S 
= delayed storage; P = delayed processing. The delayed storage samples (t=1 RT, t-168 4C, t=24 RT, t=168 RT) and 
the freeze/thaw (f/t) samples (1x (ref), 4x, 8x), and the delayed processing samples (P0h, P1h4C, P2h4C, P24h4C, 
P1hRT, P2hRT, P24hRT) originate from separate experiments with each having their own reference sample.

134

Chapter 7

Supplemental figure 5. Three proteins were potentially unstable after 4x or 8x f/t in Somascan (A-C). 
Lipopolysaccharide-binding protein (A) was potentially unstable after 2 hours of delayed processing at RT as well 
as after 8 f/t cycles. Protein kinase B alpha/beta/gamma (RAC family) (B) was potentially unstable after 168 hours 
of delayed storage at RT cycles as well as after 8 f/t cycles. Transglutaminase 3 (C) was potentially unstable after 
4 f/t cycles. These proteins (A-C) were not measured with Olink. QC = internal SOMAscan quality control sample; S 
= delayed storage; P = delayed processing. The delayed storage samples (t=1 RT, t-168 4C, t=24 RT, t=168 RT) and 
the freeze/thaw (f/t) samples (1x (ref), 4x, 8x), and the delayed processing samples (P0h, P1h4C, P2h4C, P24h4C, 
P1hRT, P2hRT, P24hRT) originate from separate experiments with each having their own reference sample.

        



135

CSF biomarker stability in array-based proteomics

Supplemental figure 6. Four proteins significantly changed after delayed processing of 24 hours at RT in 
SOMAscan (A-D). These proteins were not measured with Olink. QC = internal SOMAscan quality control sample; S 
= delayed storage; P = delayed processing. The delayed storage samples (t=1 RT, t-168 4C, t=24 RT, t=168 RT) and 
the freeze/thaw (f/t) samples (1x (ref), 4x, 8x), and the delayed processing samples (P0h, P1h4C, P2h4C, P24h4C, 
P1hRT, P2hRT, P24hRT) originate from separate experiments with each having their own reference sample.
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Supplemental figure 7. One protein significantly changed after delayed processing of 1 hour at RT. This protein 
was not measured with Olink. QC = internal SOMAscan quality control sample; S = delayed storage; P = delayed 
processing. The delayed storage samples (t=1 RT, t=168 4C, t=24 RT, t=168 RT) and the freeze/thaw (f/t) samples 
(1x (ref), 4x, 8x), and the delayed processing samples (P0h, P1h4C, P2h4C, P24h4C, P1hRT, P2hRT, P24hRT) 
originate from separate experiments with each having their own reference sample.
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