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Abstract

Background—Cohort studies typically bank biospecimens for many years prior to assay and 

investigators do not know whether levels of analytes have degraded.

Methods—We collected control samples from 22 non-study participants using the same 

enrollment criteria and specimen collection, processing, and storage protocols as The Sister Study. 

Serum samples were assayed for 21 analytes at collection and 6 years later. For each sample, the 

difference between the result at baseline and at 6 years was calculated for each analyte.

Results—Some of the analytes experienced a marked decrease in concentration after six years of 

frozen storage in liquid nitrogen vapor, compared to their baseline value. The confidence interval 

for the mean paired difference excluded 0 for 8 of the 21 analytes tested (aspartate transaminase, 

total cholesterol, estradiol, glucose, HDL cholesterol, luteinizing hormone, protein, and 

triglycerides). Two analytes, lactate dehydrogenase and sex hormone binding globulin, increased 

substantially in concentration over time (confidence interval excluded 0). For compounds 

substantially affected by storage time, the internal laboratory control variance was greater than the 

estimated mean percent change for HDL cholesterol and luteinizing hormone, indicating that 

extent of degradation for these analytes did not exceed technical variation.

Conclusions—Despite evidence for systematic changes over long-term storage, correlations 

between baseline and later measures were high with little relation between size of the correlation 

and estimated mean difference across time points. QC experiments to assess the impact of long-

term storage on anticipated analytes of interest are important in planning cohort studies with 

banked samples.
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Introduction

Long-term cohort studies often bank specimens for many years prior to assay, but effects of 

long-term storage on serum analytes are largely unknown. Even when temperatures are 

optimal, degradation can produce measurement errors.1 Such effects could bias estimation 

and produce empirical confounding with other factors under study that change with follow-

up time and are associated with storage time.2

We assessed long-term effects of storage time on selected analytes, using sampling and 

storage protocols designed for The Sister Study, a nationwide cohort study underway at the 

National Institute of Environmental Health Sciences (NIEHS). At time of enrollment, 

between 2003 and 2009, more than 50,000 participants provided blood and urine specimens, 

which were aliquoted into separate containers and frozen in vapor-phase liquid nitrogen for 

long-term storage and later analysis.

In a parallel quality control (QC) effort, we collected and similarly stored samples from 22 

women who were not in The Sister Study. We wanted to assess impact of storage and 

handling on assayed levels of analytes to identify those for which the assay is sufficiently 

reproducible and stable over time. That way, differences in levels among individuals in the 

cohort would be detectable and meaningful.

Materials and Methods

Specimen Collection Methods

Mimicking Sister Study specimen collection and processing, 22 non-pregnant adult women 

without breast cancer each donated four 10.0-mL red top Vacutainer® (B-D Life Sciences, 

Inc.) tubes of whole blood, which were allowed to clot for 30 minutes and then centrifuged 

in the laboratory for 15 min at 1500 × g to isolate serum in a consistent manner to minimize 

pre-analytic variability. Resulting serum was aliquotted into one 4.5-mL Nunc® cryovial 

and approximately sixteen 0.5-mL CryoBioSystem® (CBS) straws per donor.

Cryovials and straws were stored frozen overnight at −80°C. The next morning, the 

cryovials were thawed rapidly in a 37° C water bath with slight agitation. They were 

removed from the water bath when a small amount of ice crystals remained and shipped by 

FedEx Overnight to Quest Diagnostics, Inc. at refrigerated temperatures using frozen cold 

packs. Specimens were analyzed for designated analytes on the day of arrival.

This sample collection was designed to analyze degradation over time for clinical analytes 

that may be important in epidemiologic analyses. We selected the following 21 analytes: 

total cholesterol, HDL cholesterol, triglycerides, creatinine, alanine transaminase (ALT), 

aspartate transaminase (AST), sodium, potassium, chloride, blood urea nitrogen, glucose, 

phosphorus, protein, albumin, lactate dehydrogenase (LDH), calcium, luteinizing hormone 
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(LH), C-reactive protein (CRP), cortisol, estradiol, and sex hormone binding globulin 

(SHBG). Baseline assays were conducted on all 21 analytes after a single freeze/thaw cycle, 

i.e. upon arrival at Quest Diagnostics.

Straws were stored in vapor phase liquid nitrogen tanks (−180° C) for 6 years and then 

thawed in a 37° C water bath as above. Storage temperatures were continuously monitored 

over the 6-year period using two thermocouples and one resistance temperature detector 

sensor. There was no indication of temperatures drifting out of range in the liquid nitrogen 

tanks where these straws were stored. The straws were stored in two different tanks and 

seven different goblet containers. All samples were stored well below the opening of the 

tank. The same serum volume per participant as baseline (4.5 mL) was shipped with cold 

packs to the same lab and analyzed using the same laboratory assay protocols used six years 

earlier on baseline samples.

To evaluate laboratory analytical performance, we formulated two serum QC pool materials 

for insertion into each batch. Each pool was formed by mixing equal aliquots of serum from 

over 20 anonymous donors to produce a standard serum, providing for comparison of results 

across batches and estimation of inter-batch and intra-batch variability. Separate pools were 

created for pre-menopausal (21 donors) and post-menopausal women (23 donors), aliquoted 

into 0.5-mL CBS straws and stored in VP-LN2 along with other Sister Study samples. Prior 

to shipping to Quest Diagnostics for testing, straws were rapidly thawed in a 37°C water 

bath with slight agitation, as above. Contents of the straws were decanted into cryovials for 

insertion into each of the six testing batches (Figure). Each batch contained two pre-

menopausal and two post-menopausal pooled serum samples. As at baseline, samples were 

shipped overnight to Quest Diagnostics using frozen cold packs.

Analyte testing was run on four different platforms/instruments at Quest Diagnostics. There 

was no difference in instrumentation between baseline and six-year post-baseline testing. 

However, given that time-points were six years apart, reagent lots used for calibration were 

necessarily different. Equipment used was as follows:

• Beckman Coulter AU5400®: Lipid panel (cholesterol, triglycerides, HDL), 

albumin calcium, chloride, creatinine, glucose, LDH, phosphorus, potassium, 

total protein, sodium, AST, ALT, urea nitrogen.

• Siemens Centaur XP®: LH, cortisol, estradiol

• Dade Behring BNII Nephelometer®: CRP

• Immunlite 2000 Immunoassay®: SHBG

This study was approved by the NIEHS IRB and Copernicus Group IRB. Verbal informed 

consent was obtained from all subjects.

Statistical Methods

When pooled QC replicates were used to assess batch effects, graphs suggested that batch 

four was quite dissimilar to the other five batches. T statistics comparing batch four to other 

batches combined showed a marked difference in means for 17 of the 21 analytes. 

Furthermore, using the pooled replicates for each analyte, we took each batch in turn and 
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compared it to the other five batches combined. We calculated a z-score as Z = 

(TestBatchMean − CombinedBatchesMean) / CombinedBatchesSE. The batch 4 z-score was 

typically an order of magnitude larger than the other z-scores. This provided evidence that 

the exclusion of batch 4 was warranted and, therefore, was omitted from the remaining 

analyses. The Z score test results have been included as supplemental digital content 

(eTable).

When levels were below the limit of detection (LOD), the value LOD/SQRT(2) was 

substituted. In baseline testing, there were six determinations below the LOD for CRP (<1 

mg/L) and one that was below the LOD for both estradiol (<7 pg/ml) and CRP. In the 6-

years-later testing, two measurements fell below the LOD for CRP LOD (<1 mg/L), four 

below LOD for estradiol (<15 pg/ml) and five below LOD for both.

For individual samples, we calculated the difference between the 6-year result and the 

baseline result for each analyte. The difference, Yij = result6 year − resultbaseline, was 

modeled using a mixed-effects model, with random effects for batch (bi) and a fixed effect 

for the overall mean difference: Yij = u + bi + eij, where, bi ~ N(0, s2
batch), i=1,2,3,5,6.

This model allowed estimation of the mean difference, i.e. u, and associated 95% confidence 

interval (CI) based on equating uhat / se(uhat) to the upper 97.5% percentile and the lower 

2.5% percentile for t4df where uhat is the estimate of u. Note that negative values of the 

difference measure suggest degradation over storage time. We used SAS® Proc Mixed Type 

3 estimators, se(uhat) = [MS(batch)/18]1/2. We considered including a fixed effect for 

menopause status but found it had negligible impact on assessment of the mean difference.

Results

Results from 18 individuals are presented in the table below for each analyte and include 

estimate, standard error, 95% CI for mean difference (later minus baseline), baseline mean, 

percent change of the means, internal lab coefficient of variance data (% CV), and Spearman 

Rho correlation. The column for % CV is based on internal laboratory cumulative control 

data collected from multiple runs for each specific analyte using the same instrumentation 

and during the same period as the analyses of our specimens. Control data are available 

separately for baseline and follow-up but have been aggregated as an average of the two for 

purpose of reporting in the table.

Results indicate that some analytes experienced a marked decrease in concentration after six 

years of frozen storage, compared to their baseline value (Table). The estimated mean 

difference was found to have a 95% CI that excluded zero for 9 of 21 analytes tested (AST, 

total cholesterol, estradiol, glucose, HDL cholesterol, LH, protein, sodium, and 

triglycerides.) However, the decrease in sodium may be due to assay drift at Quest 

Diagnostics where evidence strongly suggested that Beckman Coulter sodium testing under-

recovered National Institute of Standards and Technology (NIST) standards by 2.5 mmol/L 

(JM Konopka, written communication, December 2016).

Two analytes, LDH and SHBG, increased substantially in concentration over time and had a 

95% CI that excluded zero. Ten analytes showed little change.
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For compounds that were substantially affected by storage time, the internal laboratory 

control variance was greater than the estimated change in the analyte for HDL cholesterol 

and LH, indicating that degradation estimated from the model for these analytes was within 

assay variability. Furthermore, percent CV was similar to percent change for protein and 

triglycerides. We conclude that the strongest evidence of systematic degradation was found 

in four analytes - AST, total cholesterol, estradiol, and glucose (with possibly systematic 

differences in protein and triglycerides). However, correlations between baseline and time-

lagged measures were largely quite good (Table) and there was little correspondence 

between size of the correlation and the standardized difference in means for the two 

timepoints.

Discussion

We conducted this study to investigate effects of long-term storage on serum samples that 

are analyzed long after collection. This information is important to The Sister Study and 

other similar epidemiological studies that store samples for many years prior to analysis.3

There is minimal literature quantifying analyte degradation after very long periods of 

storage. Even when literature is available, results are not always consistent. We know of no 

directly comparable studies that evaluated the effect of storing serum at −180° C for as long 

as six years. Literature is especially sparse for long storage in VP-LN2. Consequently, the 

current analysis provides useful supplemental data for cohort studies storing samples for 

long-term periods. High correlations between time periods, together with the fact that there 

was little relation between size of the correlation and difference in means, suggest that for 

analytes found to degrade over time in this study, the extent of degradation as a function of 

storage time could be adjusted for in epidemiological models, to correct for some of the 

resulting measurement error.

Similar results were found in other studies for cholesterol, triglycerides, and HDL where 

serum levels decreased after storage at −70°C for up to 7 years.4 The change in HDL was 

not large in our data but consistent with findings from another study.5 Little comparable 

literature was found for estradiol, but what was found indicated no degradation after three 

years at −80°C, in contrast with the large decline we saw after six years.6 AST was found to 

be stable for 1 year in another study7, whereas we observed a loss of almost 7% after six 

years. In this study, we found a small reduction in levels of potassium. Results for potassium 

stability are inconsistent across the literature.7, 8 Our results indicate little loss of CRP, 

which is consistent with another study.9

We found a decrease in glucose after six years, which may be due to the fact that our bloods 

were not drawn into a collection tube with preservative, causing degradation after thawing 

for the second measurement.10 Although the CI for the adjusted difference in glucose 

between baseline and six years excluded zero, percent loss over time was low and 

correlation with baseline level was high.
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The increase found in LDH and SHBG may possibly be related to molecular binding 

alterations. For example, with LDH, rupture of a molecular bond releasing the enzyme from 

a bound inactive form may be possible.11, 12

Although some readers may find the high correlations between baseline levels and later-

measured levels to be reassuring, we caution that systematic reductions or elevations in 

levels can nevertheless disturb the relative rankings of values and can also cause 

misclassification when using percentile-based categories, such as quartiles. Also, if the 

analyte is dichotomized according to clinical standards based on normal range, as is often 

done for cholesterol or fasting glucose, these assignments can become storage-time-

dependent. Finally, if a case-cohort analysis is planned, and analytes for the random 

subcohort are analyzed at baseline, while incident cases are analyzed later, serious bias can 

result.

Many pre-analytical factors influence sample degradation, not just storage time. Specimen 

collection and handling, serum separation from cells13, time to freezing, storage 

temperature, and thawing technique can all play critical roles.14,15 For analytes that were 

found to degrade, we are unable to determine when the degradation occurred and whether or 

not those effects are linear over time. Additional time points would be valuable for future 

studies of this kind. Although the testing laboratory provided QC variance data, we 

acknowledge that the laboratory did not have long-term in-house QC pools, nor did we have 

data from standard reference materials such as NIST samples in our batches, to establish 

accuracy or analytical comparability over time.

We conclude that there are differences in assay results after long-term frozen storage 

although for most analytes correlation coefficients were high and percent change small. Our 

results are relevant to biobanks or cohort studies that bank samples and for which built-in 

QC experiments could assess impact of long-term storage on anticipated analytes of interest. 

QC materials can be from non-study participants, as in this analysis, or from study 

participants. For cohorts and samples that exist for many years, it is often difficult to predict 

analytes that will become relevant. Results of such assessments would be useful to others for 

evaluating potential impact of measurement error from storage times on study findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Design of Batches
Schematic showing the study design, including 22 specimens from 22 women, 13 of whom 

were post-menopausal, assayed in two batches at baseline and in 6 batches 6 years later, 

each of which included 2 replicates of the pre-menopausal pool and 2 of the post-

menopausal pool. The control pools were used to assess batch effects.
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