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Westudiedgeneexpression in9setsofpairednewbornbloodspotsstored for8-10years ineither the frozenstateor the
unfrozen state. Fewer geneswere expressed in unfrozen spots, but the average correlation coefficient for overall gene
expression comparing the frozen and unfrozen state was 0.771 (95% CI, 0.700-0.828). (J Pediatr 2014;164:189-91).

N
ewborn blood spots, archived after genetic screening
in at least 10 states,1 represent a unique resource for
the study of diseases with roots in the perinatal period.

In Michigan, newborn spots were archived unfrozen from
1987 to 2008, but since 2009 have been archived at �20�C.

We previously showed that gene transcripts2 and gene
markers3 can be detected in archived unfrozen blood spots,
and that gene expression profiles differ in children who later
develop cerebral palsy.4 In fresh blood spots, we found nearly
identical gene expression in fresh umbilical and newborn
blood.5 Here we compared microarray gene expression in
paired 8- to10-year-oldblood spots collected from9newborns,
with 1 spot stored frozen and the other spot stored unfrozen.

Methods

This study was approved at the institutional review boards at
Michigan State University, Sparrow Hospital, and Brigham
and Women’s Hospital. With parental permission, we
obtained frozen (�70�C) blood spots stored for the Extremely
Low Gestational Age Newborns (ELGAN) study at Sparrow
Hospital, Lansing, Michigan from 9 newborns at <28 weeks
gestational age at birth in 2002-2004. We also retrieved these
newborns’ state-archived blood spots, obtained around the
same age of 1-3 days but stored unfrozen. The ELGAN spots
were kept unfrozen for days to weeks before being sent in
batches to the ELGAN laboratories. For this study, the 9 frozen
spotswere sent indry ice to the Laboratory ofMicroarrayTech-
nology atVanAndel Research Institute, where theywere stored
at�70�Cuntil RNA extraction. The state-archived blood spots
were stored at ambient temperature until RNA extraction.

Total RNA was extracted, purified, and concentrated from
three 3-mm punches using a glass-fiber filter and then sub-
jected to deoxyribonuclease treatment. Average messenger
RNA yield was higher from frozen spots compared with
unfrozen spots (73.4 ng vs 22.8 ng), but the range was very
wide (5.9-113.3 ng). RNA integrity was equivalent in the 2
spots (unfrozen, 2.3; frozen, 2.2).

The Ovation Pico RNA amplification system (NuGEN
Technologies, San Carlos, California) generated single-
stranded complementary DNA, which was purified and

labeled with Alexa Fluor 3 fluorescent dye before hybridiza-
tion onto the Agilent whole human genome gene expression
8 � 60K microarray (Agilent Technologies, Santa Clara,
California), which contains 60 000 oligonucleotide probes
(60-bp probe) covering 27 958 Entrez Gene RNAs and 7419
long intergenic noncoding RNAs. Arrays were hybridized
(with the same amount of labeled complementary DNA
from all samples) for 17 hours at 65�C and a 10-rpm rotation
speed, washed for 2 min each with wash buffers 1 and 2, and
scanned with an Agilent G3 high-resolution scanner. Probe
features were extracted from the microarray scan data using
Feature Extraction version 10.7.3.1 (Agilent Technologies).
All paired specimens were run on the same array.
After filtering and quantile normalization,6,7 we aggre-

gated the expression signal at the gene level for each of the
18 specimens. We enumerated the genes expressed, and
calculated the correlation coefficients within pairs (frozen
vs unfrozen) both for the whole genome and for 3 gene sets
associated with cerebral palsy, designated inflammatory
(n of genes = 36), hypoxic (n = 127), and thyroidal
(n = 140).4 The summary correlation coefficients and their
95% CIs were estimated using a random-effects model.8,9

For correlation coefficients, we obtained a z-score and vari-
ance for each pair using a Fisher transformation, summarized
the z-scores using a random-effects model, and transformed
these scores to the final point and interval estimates shown.

Results

On average, 15 864 genes were expressed in the frozen samples
and 11 897 genes were expressed in the unfrozen samples,
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representing 75% and 56%, respectively, of all 22 266 genes in
the array (Table I). Of the genes expressed in the frozen
samples, 69% (95% CI, 57%-81%) were detected in the
unfrozen sample. A larger fraction of genes expressed in the
unfrozen samples was expressed in the frozen samples
(93%; 95% CI, 90%-95%). Variability in the number of
genes expressed was small in the frozen spots (range,
14 589-16 744) and greater in the unfrozen spots (range,
7017-17 911). Two infants (nos. 6 and 8) had relatively few
genes expressed in their unfrozen samples (7017 and 7454),
but the number of genes expressed in their frozen samples
(15 984 and 15 829) was nearly identical to the mean of all
frozen samples (15 864).

The average pairwise correlation of all genes expressed in
both the frozen and unfrozen samples was 0.771 (95% CI,
0.700-0.828) (Table II). In the 2 infants with low gene
expression, correlations between the frozen and unfrozen
samples were lower (0.674 and 0.635). The mean difference
in expression level in the paired samples, expressed as log2-
fold change (unfrozen minus frozen), was not significantly
different from zero (�0.485; 95% CI, �1.175 to 0.205)
(Table III; available at www.jpeds.com).

Only 4316 genes were expressed in all 18 specimens (avail-
able upon request from authors), indicating considerably het-
erogeneity in genes expressed in infants. The average pairwise
correlation coefficient for these genes was 0.777 (95% CI,
0.712-0.828).

Findings in the 3 gene sets of interest paralleled those for the
whole genome. Of the 301 genes in these sets, 263 (87%) were
expressed in the frozen sample and 189 (62%) were expressed
in the unfrozen sample. Of the genes expressed in frozen sam-
ples, 70% (95% CI, 69%-83%) were detectable in unfrozen
samples. The within-pair correlation coefficients for expres-
sion of the gene sets of interest were nearly identical to those
found for the whole genome (0.768; 95% CI, 0.686-0.830)
(Table II). As in the whole genome analysis, the expression
levels for the 3 gene sets within pairs (unfrozen minus
frozen) did not differ significantly (�0.56; 95% CI, �1.222
to 0.097) (Table III). The 2 infants whose unfrozen spots
showed fewer genes overall also had fewer genes expressed
in the gene sets of interest, as well as lower correlations
between the 2 specimen types (Table II).

Discussion

After 8-10 years of storage, 30% of genes detectable in blood
spots at�70�Cwere not detectable in unfrozen spots prepared
at the same time; however, the genes that were expressed were
very highly correlated in frozen and unfrozen spots, indicating
that unfrozen spots generally provide a reasonable approxima-
tion of the frozen state for both all genes expressed and selected
gene sets of interest. In specimens with greater loss of gene sig-
nals, the degree of approximation was reduced. Based on our
data, we cannot know the relative value of storage at �20�C
compared with �70�C, or whether these findings extend
beyond very premature infants, althoughmorbidity- or gesta-
tional age–dependent regulation of messenger RNA decay or T
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