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Background: The ability to use frozen biobanked samples from cohort studies and clinical tri-
als is critically important for biomarker discovery and validation. Here we investigated whether
plasma and serum water transverse relaxation times (T,) from frozen biobanked samples could
be used as biomarkers for metabolic syndrome (MetS) and its underlying conditions, specifically
insulin resistance, dyslipidemia, and subclinical inflammation.

Methods: Plasma and serum aliquots from 44 asymptomatic, non-diabetic human subjects were
biobanked at —80°C for 7-9 months. Water T, measurements were recorded at 37°C on 50 uL
of unmodified plasma or serum using benchtop nuclear magnetic resonance relaxometry. The
T, values for freshly drawn and once-frozen-thawed (“frozen”) samples were compared using
Huber M-values (M), Lin concordance correlation coefficients (p, ), and Bland—Altman plots.
Water T, values from frozen plasma and serum samples were compared with >130 metabolic
biomarkers and analyzed using multi-variable linear/logistic regression and ROC curves.
Results: Frozen plasma water T, values were highly correlated with fresh (M=0.94, 95% CI 0.89,
0.97) but showed a lower level of agreement (p =0.74, 95% CI 0.62, 0.82) because of an aver-
age offset of —5.6% (—7.1% for serum). Despite the offset, frozen plasma water T, was strongly
correlated with markers of hyperinsulinemia, dyslipidemia, and inflammation and detected these
conditions with 89% sensitivity and 91% specificity (100%/63% for serum). Using optimized
cut points, frozen plasma and serum water T, detected hyperinsulinemia, dyslipidemia, and
inflammation in 23 of 44 subjects, including nine with an early stage of metabolic dysregulation
that did not meet the clinical thresholds for prediabetes or MetS.

Conclusion: Plasma and serum water T, values from once-frozen-thawed biobanked samples
detect metabolic dysregulation with high sensitivity and specificity. However, the cut points for
frozen biobanked samples must be calibrated independent of those for freshly drawn plasma
and serum.

Keywords: metabolic syndrome, insulin resistance, hyperinsulinemia, dyslipidemia, inflamma-
tion, nuclear magnetic resonance relaxometry, metabolic health screening, diabetes prevention

Introduction

Metabolic syndrome (MetS) is a cluster of abnormalities that puts individuals at high
risk for type 2 diabetes and atherosclerotic cardiovascular disease.!”* The underlying
pathophysiology includes insulin resistance, glucose intolerance, visceral obesity,
hypertension, dyslipidemia, and/or a subclinical pro-inflammatory, pro-thrombotic
state. The historical development and controversial aspects of MetS were chronicled
by Kahn et al in 2005 in a joint statement from the American Diabetes Association
and the European Association for the Study of Diabetes.* Nearly a decade later, the
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Cardiometabolic Think Tank for MetS was convened by the
American College of Cardiology and its partners in the Car-
diometabolic Health Alliance.? The purpose of this “call to
action” was to develop a consensus on affirmed and emerging
concepts and to define new patient care models for MetS.

One of the Think Tank’s emerging concepts was that MetS
should be classified by stage and subtype to direct patient
management strategies and improve health outcomes.? The
harmonized clinical criteria for MetS® encompass a wide
pathophysiological spectrum, from asymptomatic indi-
viduals, to patients with overt diabetes and/or cardiovascular
disease with end-organ damage. A clear, well-calibrated
definition of the earliest stage of metabolic dysregulation is
needed for screening and prevention efforts to attenuate the
worldwide pandemic of diabetes and cardiovascular disease.
Early screening and intervention provides the best opportu-
nity to preserve pancreatic B-cell insulin secretion, maintain
arterial wall integrity, and prevent overt disease.>¢!!

Recently we reported a new approach for detecting MetS
and early metabolic dysregulation based on the transverse
relaxation times (T,) for water in plasma and serum.'> Water
T, is measured using benchtop nuclear magnetic resonance
(NMR) relaxometry, a simpler, more practical variation
of the technology utilized in magnetic resonance imaging
(MRI) and spectroscopy.'* Unlike conventional proteomic
biomarkers, which monitor changes in individual proteins,
water T, monitors the net effect of changes in many proteins
and lipoproteins, providing a global assessment of an indi-
vidual’s metabolic health.'>!* It is highly sensitive to hyper-
insulinemia/insulin resistance, subclinical inflammation, and
atherogenic dyslipidemia — each providing an independent
and additive contribution to the lowering of plasma and serum
water T, values." The initial discovery cohort included 72
asymptomatic, non-diabetic subjects without active acute or
chronic disease. The water T, values were measured within
2 hours of each blood draw using fresh plasma and serum
samples.

As the study of water T, moves from biomarker discovery
into validation, a key question is whether plasma and serum
samples biobanked at —80°C provide the same ability to detect
early metabolic dysregulation as freshly drawn samples. Ifthe
answer is yes, then it would be feasible to employ biobanked
samples from cohort studies and clinical trials to validate and
utilize water T, as a metabolic biomarker. Water T, is respon-
sive to changes in the rotational and translational mobility
of water molecules. In turn, water mobility is affected by
changes in water-protein binding and on/off exchange
resulting from metabolic shifts in protein and lipoprotein

levels.'>!3 Tt was not clear whether the freeze-thaw process
affects these physical properties of plasma and serum, and
if so, to what extent.

Here we present results from 44 non-diabetic subjects,
Phase II of our discovery cohort, for whom plasma and serum
water T, values had been recorded for both freshly drawn
and one-time frozen-thawed samples. The frozen samples
had been biobanked for several months at —80°C. The results
were compared with over 130 other blood biomarkers to
assess the information content of plasma and serum water T,
from frozen biobanked specimens and their ability to detect
the earliest metabolic abnormalities associated with MetS.

Ethics approval and consent to
participate

The Institutional Review Board (IRB) of the University of
North Texas Health Science Center, Fort Worth, Texas, USA
approved this study (Protocol Number 2013-205) prior to
its initiation. This protocol complied with U.S. Department
of Health and Human Services regulations 46 CFR 46 and
Food and Drug Administration regulations 21 CFR 50, 56,
under a Federal Wide Assurance from the U.S. Office for
Human Research Protections. This IRB-approved study
adheres to the statement of ethical principles as described in
The Belmont Report: Ethical Principles and Guidelines for
the Human Subjects of Research found in the Report of the
National Commission for the Protection of Human Subjects
of Biomedical and Behavioral Research. This study was
conducted in accordance with the Declaration of Helsinki.
Subjects participated in this study only after prior informed
consent was obtained.

Methods

Study design and subject recruitment

This was an observational, cross-sectional study. It was
designed to test the hypothesis that plasma and water T,
values, measured using once-frozen-thawed biobanked
samples that had been stored at —80°C, yielded the same or
similar metabolic health information as fresh samples from
the same subjects.

Forty-four human subjects were recruited, with prior
written informed consent, into Protocol Number 2013-205
approved by the IRB of the University of North Texas Health
Science Center. Prior to the day of the blood draw, each
subject provided a complete medical history and was given
the opportunity to ask questions about the study during the
informed consent process. The inclusion criterion was adults,
aged 18 and above. The exclusion criteria were active acute
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or chronic illness (history/diagnosis or CRP >10), diabetes
(prior history/diagnosis or fasting glucose 2126 mg/dL or
HbAlc 26.5%), history of bleeding disorders or difficulty
donating blood, confirmed or suspected pregnancy, or not
fasting for at least 12 hours. A total of 58 subjects were
enrolled after initial screening and 44 qualified according
to the exclusion criteria. This human subject cohort corre-
sponded to Phase II of the larger study reported previously,
with a Phase II power calculation provided in that report.!2
That calculation yielded 38 subjects, and the actual number
analyzed here was 44. Statistical power depends not only on
sample size but also on effect size. A large effect size (eg,
large correlation coefficient) compensates for a relatively
small sample size.

Blood collection, processing, and analysis
Blood samples were obtained by venipuncture at 7 AM fol-
lowing a 12-hour overnight fast. Experimental details regard-
ing the phlebotomy procedures, blood tubes, and separation
methods are provided elsewhere.!? At the time of the blood
draw, anthropometric measurements (height, weight, waist
circumference, blood pressure, and resting heart rate) were
recorded by the study nurse. Urine samples were screened
for microalbuminuria using Micral Chemstrips (Roche Diag-
nostics Corporation, Indianapolis, IN, USA).

The blood samples were processed immediately after
the blood draw using a two-step centrifugation protocol to
separate plasma and serum from cells.!?> Once separated, the
fresh plasma and serum samples were analyzed immediately
by benchtop NMR relaxometry to measure water T, values
at 37°C.'2"* Additional biomarker measurements were made
on each sample as detailed by Robinson et al.'?

Relaxometry is a type of NMR technology that focuses
on the measurement of spin relaxation times, T and T,." It
is used to characterize a sample’s physical properties rather
than chemical structures (NMR spectroscopy) or anatomi-
cal images (MRI). Unlike most spectroscopy and imaging
applications, NMR relaxometry can be performed with
inhomogeneous, low-field magnets housed in small, compact
devices. Thus, it is practical for applications outside of the
chemistry laboratory or imaging center. The application of
compact NMR relaxometry to the analysis of human blood
and blood components has been reviewed elsewhere.!* The
instrumentation and methods used in the current study have
been detailed by Robinson et al.!?

For biobanked specimens, aliquots of fresh plasma and
serum were stored at 4°C for 2-3 hours after preparation
and prior to freezing. The frozen samples were stored for an

average of 7-9 months at—80°C. At the time of NMR analysis,
individual aliquots of frozen plasma or serum were removed
from the freezer, thawed at room temperature for 5 minutes,
and incubated at 37°C for 20 minutes prior to NMR analysis.

For each sample, water T, values were collected in trip-
licate. The raw multi-exponential decay curves were decon-
voluted using a discrete inverse Laplace transform analysis
as implemented in XPFit, fixing the number of exponential
components to three.!?

Statistical analyses

Frozen and fresh water T, values were compared using bivari-
ate Huber M-values,'* Lin concordance correlation coeffi-
cients (p_)," and Bland - Altman plots.'*** Unlike the more
widely used Pearson and Spearman correlation coefficients,
Huber M-values have the distinct advantage of being robust
to outliers.'>!* Hence, correlations can be quantified without
the need to select and exclude potential outliers, as some out-
liers may have biological importance. The Lin concordance
correlation coefficient provides a measure of agreement, not
to be confused with measures of correlation.!”!8

For the comparison of frozen water T, values with other
metabolic biomarkers, bivariate correlations, multi-variable
linear and logistic regression models, and ROC curves were
generated and analyzed using the tools in JMP Pro 13.2
(SAS Institute Inc., Cary, NC, USA) and GraphPad Prism
v. 6.05 (GraphPad Software Inc., La Jolla, CA, USA), as
detailed elsewhere.'? The statistical analyses were based on
the principles outlined by Motulsky'® and Huber and Ron-
chetti.'* Multi-variable regression models were considered
acceptable only if they met all three of the following criteria:
1) the model avoided overfitting, as determined using k-fold
cross validation, 2) all predictor variables were significant at
0=0.05, and 3) a maximum possible adjusted R? was obtained,
given the constraints of criteria 1 and 2."

The diagnostic criteria for MetS were according to the
2009 joint harmonized definition of the International Dia-
betes Federation, the U.S. National Heart Lung and Blood
Institute, the American Heart Association, the World Heart
Federation, the International Atherosclerosis Society, and the
International Association for the Study of Obesity.’

Results

Characteristics of the study population

The clinical features of the human subject cohort are sum-
marized in Table 1. The study included an approximately
equal gender distribution, and the ethnic/racial distribution
was as follows: 21 Caucasian, 17 Asian, five Hispanic, and
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Table | Characteristics of the study population, n=44

Parameters Mean * SD? Range? Reference values®

Age (years) 36.5+12.6 23-61 n/a

Gender 20 female, 24 male n/a n/a

Body mass index (kg/m?) 26.5+5.3 19.1-45.1 18.5-24.9 healthy weight,
25.0-29.9 overweight, >230.0 obese®

Fresh plasma water T, (ms) 773.5£57.9 631-887 >745.0¢

Fresh serum water T, (ms) 821.8+59.4 706-927 >811.8¢

Frozen plasma water T, (ms) 733.1£55.2 604-840 >700.1¢

Frozen serum water T, (ms) 768.1156.5 656-872 >777.3¢

Glucose (mg/dL) 90.747.5 71-109 <100 non-diabetes, 100—125 prediabetes

HbAlc (%) 5.5+0.3 4.7-6.1 <5.7 non-diabetes, 5.7-6.4 prediabetes

Insulin (uU/mL) 8.416.4 2.2-40.1 2.0-19.6 (=12.2, IRY)

Insulin C-peptide (ng/mL) 1.7£0.8 0.7-5.1 0.8-3.9 (>2.85, IR")

Total serum protein (g/dL) 7.1+0.4 6.3-8.0 6.1-8.1

Serum albumin (g/dL) 4.5+0.3 3.6-5.1 3.6-5.1

Serum globulins (g/dL) 2.7+0.4 1.9-3.3 1.9-3.7

Triglycerides (mg/dL) 121.3261.7 50-321 <150

Total cholesterol (mg/dL) 184.1+43.9 97-291 <200

HDL-C (mg/dL) 51.9£12.7 31-78 >40 (male); 250 (female)

LDL-C (mg/dL) 109.2+35.2 50-191 <130

WBC count (x10%/pL) 6.61.6 3.9-11.2 3.8-10.8

Neutrophils (x10%/uL) 3.5%1.1 1.9-7.2 1.5-7.8

hs-CRP (mg/L) 24426 0.1-9.6 <3.0 (low-to-average CV risk)
3.0-10.0 (high CV risk)
>10.0 (infection/illness)

Sodium (mmoles/L) 138.3+2.5 131-143 135-146

Potassium (mmoles/L) 4.140.2 3748 3.5-53

Total CO, (mmoles/L) 24.312.2 18-28 19-30

Notes: *All blood samples were collected in the early morning following a 12-hour overnight fast. *Reference values from Quest Diagnostics and Atherotech, except where
noted. ‘From the U.S. Centers for Disease Control and Prevention.*' “Cut point for fresh T, established by Robinson et al, 2017.'2 From this study. Insulin cut point from

McAuley et al;*? insulin C-peptide from Robinson et al, 2017."

Abbreviations: T,, transverse relaxation times; HDL-C, high-density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; WBC, white blood cell; n n/a, not

applicable; IR, insulin resistance; CV, cardiovascular.

one Black. The mean values for the clinical parameters fell
within their normal reference ranges, consistent with the goal
to recruit subjects without active acute or chronic disease.
However, the ranges for these parameters revealed a vari-
able degree of metabolic health across the cohort. Of the 44
subjects, 29 were normoglycemic according to American
Diabetes Association criteria.?’ The remaining 15 subjects
had glucose and/or HbAlc values consistent with predia-
betes. Nine of the 44 subjects met the harmonized clinical
criteria for MetS.’

Correlation and agreement between

frozen and fresh water T, values

“Frozen” refers to plasma or serum samples that had been
biobanked at—80°C for several months, individually removed
from the freezer, thawed for 5 minutes, pre-incubated at
37°C for 20 minutes, and then analyzed by benchtop NMR
relaxometry at 37°C. The frozen samples underwent one

freeze-thaw cycle. By contrast, “fresh” refers to samples that
had never been frozen and were analyzed by NMR within 2
hours following venipuncture.

As shown in Figure 1, the frozen and fresh water T, values
were strongly correlated, as indicated by Huber M-values
0f 0.94 (95% CI: 0.89, 0.97) for plasma and 0.95 (95% CI:
0.91, 0.97) for serum. In Figure 1, the Huber correlations at
the 95% CI are depicted by the red ellipses, and the linear
least squares regression fits are indicated by the black lines.

Despite the strong association between frozen and fresh,
correlation is not the same as agreement.'”'® The absolute
values of frozen vs fresh showed a lesser degree of agree-
ment, with Lin concordance correlation coefficients (p ) of
0.74 (95% CI: 0.62, 0.82) for plasma and 0.65 (95% CI: 0.53,
0.75) for serum. As visualized by the negative offset of the
red ellipses below the gray line of equity (y=x), the frozen
water T, values were systematically lower than those for
fresh, both for plasma (Figure 1A) and serum (Figure 1B).
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Figure | Correlation plots for frozen vs fresh water T, values for plasma (A) and
serum (B).

Notes: Each data point represents an individual human subject. The red ellipse
defines the Huber correlation at the 95% ClI, with M as the correlation coefficient.
The Lin concordance correlation coefficient is designated p_. The 95% confidence
limits for the correlation coefficients are noted in parentheses. The black lines
correspond to the linear least squares regression fits, and the gray lines indicate
the line of equity, where y=x.

Abbreviation: T,, transverse relaxation times.

The relationships between frozen and fresh water T, val-
ues were analyzed further using Bland - Altman plots, 732! as
shown in Figure 2. The primary purpose of a Bland - Altman
analysis is to define the limits of agreement between two
measurements.”? Each data point represents the difference
between frozen minus fresh water T, (y-axis) plotted against
the mean value of frozen and fresh water T, (x-axis) for each
subject. Large, statistically significant average offsets were
observed for both frozen plasma water T, (—=5.4%) and serum
water T, (—6.5%) relative to that of fresh. As indicated by the
red horizontal lines, the mean offset was —4 1.4 ms for frozen
plasma (Figure 2A) and —53.8 ms for frozen serum (Figure
2B). However, the plots revealed no systematic differences
in frozen vs fresh water T, values across the measurement

A
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E +1.96 SD
iy -2.1
©
% —20
-
= 40 Mean
2 —41.4
g —-60
€
£ g0 -1.96 SD
N -80.7
<
L _100
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Mean of frozen and fresh plasma T,

0
+1.96 SD
=20 -14.2
£
=
g 40
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£ -60 -53.8
(2]
>
c
€ -80
< -1.96 SD
g -100 -93.3
[T

-120
600 650 700 750 800 850 900

Mean of frozen and fresh serum T,

Figure 2 Bland - Altman plots for the comparison of fresh vs frozen water T, for
plasma (A) and serum (B).

Notes: The red horizontal line in the middle of each plot represents the mean offset
for frozen plasma (A), and frozen serum (B) compared with fresh plasma and serum,
respectively. The dashed lines at the bottom and top of each plot correspond to
42 SD of the mean differences between frozen and fresh, which define the limits of
agreement.

Abbreviation: Tz' transverse relaxation times.

range, as evidenced by regression lines through the points (not
shown). The slopes of the regression lines were essentially
zero, ie, not significantly non-zero, for plasma (P=0.4340)
and serum (P=0.3445).

To investigate whether the differences in frozen vs fresh
water T, (AT,) were related to plasma and/or serum compo-
sition, the AT, values were compared with the 130+ blood
biomarkers measured for each subject in this study. Most
biomarkers did not correlate with AT,. However, statisti-
cally significant correlations were observed between AT,
and triglyceride (TG)-related markers, specifically TG, TG/
high-density lipoprotein (TG/HDL) ratio, TG/total choles-
terol ratio, very low density lipoprotein cholesterol, and HDL
cholesterol. Thus, increased levels of TG-rich lipoproteins
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were associated with decreased differences between frozen
and fresh water T, both for plasma and serum. A full list
of bivariate correlations with AT, is provided in Table S1.

Effect of post-thaw incubation time on

frozen water T, values

Up to 6 hours, the incubation time at 4°C did not cause a
significant variation in plasma water T,, either for fresh or
frozen samples. Data were not recorded beyond 6 hours, as
samples were not incubated at 4°C longer than that prior to
freezing. The inter-assay coefficient of variation was only
2.7% for fresh water T, measurements at 0, 1, 2, 3, 4, and 5
hours from obtaining the plasma, and 2.9% for frozen plasma
water T, at 0, 1, 2, 3, 4, and 5 hours post-thaw.

Correlations between frozen water T2

and markers of metabolic health

The central question addressed in this study was whether
water T, values from once-frozen biobanked samples pro-
vided information about metabolic health similar to those
obtained from fresh samples.'> Bivariate correlation coef-
ficients were used to estimate the association between frozen
water T, values and a wide range of metabolic biomarkers.

Huber correlation coefficients for all biomarkers that
showed statistically significant associations with both frozen
plasma and frozen serum water T, are reported in Table 2.
Strong correlations were observed with markers of insulin
and glucose metabolism, protein concentration and viscosity,
lipids and lipoproteins, inflammation and coagulation, and
electrolytes. Overall, the patterns of association with markers
of metabolic health and MetS were like those observed for
fresh plasma and serum water T,. In most cases, the magni-
tude of the association was even larger for frozen water T,
as compared with fresh water T,.

Some metabolic biomarkers correlated with frozen
plasma water T, but not frozen serum water T,. These mark-
ers included CRP, neutrophil count, al-acid glycoprotein,
ALT, and GGT. Conversely, IgG and glutamate correlated
with frozen serum water T, but not frozen plasma water T,.
The correlation coefficients for these markers, along with full
datasets of Pearson (r), Spearman (p), and Huber M-values
are provided in Tables S2 and S3.

Among the markers that showed no correlation with
frozen plasma or serum water T, were albumin and sodium
— markers of hydration status. In addition, markers related
to paramagnetic ions and their binding proteins, such as
transferrin, ceruloplasmin, and ferritin, showed no correla-
tion with frozen plasma or serum water T,. As with fresh

water T, variation in frozen water T, was not associated with
variation in the subject’s hydration state or iron/copper status,
at least in this study cohort. Moreover, frozen water T, was
not correlated with erythrocyte sedimentation rate, which
becomes elevated in patients with cancer or acute inflamma-
tory diseases. All but one of the subjects in this study had low
sedimentation rates, well within the normal reference range.
A summary of all 130+ biomarkers measured in this study,
indicating those that did not correlate with frozen water T,,
is provided in Table S4.

Multivariable linear and logistic regression
analysis

Multiple regression models were built to identify independent
predictors of frozen water T, and to control for possible con-
founding. The best linear regression model for frozen plasma
water T, had an adjusted R? of 0.77 and included fasting
insulin, total plasma protein, apolipoprotein B and CRP as
independent, statistically significant predictor variables. As
with regression models for fresh water T,,'* one biomarker
from each of four categories (insulin, total protein or viscos-
ity, lipids, and inflammation) had independent contributions
to frozen water T,. Each of the viable regression models
accounted for approximately two-thirds to three-fourths of
the variation in frozen plasma water T,. Attempts to add more
than four biomarkers to the model resulted in overfitting,
as assessed using k-fold cross validation. This observation
was consistent with the rule of thumb that models should
have no more than about one predictor variable for every ten
observables or subjects.

Categorical outcome variables were used in logistic regres-
sion analysis to compare means and calculate odds ratios
(ORs). The subjects were categorized with respect to having
or not having metabolic conditions associated with MetS,
as well as MetS itself (Table 3). The four conditions were
hyperinsulinemia, dyslipidemia, inflammation, and electrolyte
abnormalities. For each of the four conditions and for MetS,
the mean frozen plasma water T, value was 40-70 ms lower
in those who had the condition, compared with those who did
not. The largest decrease in frozen plasma water T, (83.3 ms
or 11%) was observed for individuals who had a combination
of hyperinsulinemia plus dyslipidemia plus inflammation.

The unit and range ORs associated with each condition
were determined. For frozen plasma water T,, the unit OR
was 1.03 (95% Cl range: 1.01-1.05, P<0.0001) for hyperin-
sulinemia or dyslipidemia, and 1.04 (1.02-1.07, P<0.0001)
for inflammation. As shown in Table 3, the observed decrease
in mean frozen plasma water T, value for each condition
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Table 2 Huber correlation coefficients for frozen and fresh water T, with metabolic biomarkers

Biomarkersdef n? Frozen plasma | n Fresh plasma n Frozen serum n Fresh serum
water T, water T 2 water T, water T3
Fresh plasma water T, 43 | 0.94%FF* - 43 | 0.79%Fx —
Fresh serum water T, 44 0.86*+%* — 44 0.94%%%k —
Insulin and glucose markers
Insulin C-peptide 44 | —0.75%FF* 70 | —0.65%FFk* 44 | —0.68%FF* 69 | —0.45%Fk*
Insulin 44 | —0.67%F* 70 | —0.57%kkk 44 | —0.67%FF* 69 | —0.60%F*
Proinsulin 43 | -0.55%* 42 | —0.53%F* 43 | —0.57%FF* 43 | -0.60%+*
HOMAZ2-IR (C-peptide)® 44 | —0.73%wrF 70 | —0.64%Fk* 44 | —0.66%FF* 69 | —0.46%FF*
HOMAZ2-IR (insulin)® 40 | —0.65%FF* 70 | —0.56%FF* 40 | —0.64%FF* 69 | —0.58%**
McAuley Index® 44 | 0.75%F 70 | +0.64%kkk 44 | 0.7k 69 | +0.70%kk*
QUICKI® 44 | 0.70%F 70 | +0.60%k* 44 | 0.65%F* 69 | 4057wk
FIRIP 44 | 0.68%FF* 70 | —0.58%wwx 44 | 0.67%FF* 69 | —0.59%
Glucose/insulin ratio® 44 | 0.67%FF* 70 | +0.55%wwk 44 | 0.65%FF* 69 | +0.58% ek
HbAlc 44 | —0.48%F* 69 | —0.54%kkk 44 | —0.42% 69 | —0.43%*
Protein, viscosity, and liver markers
Total plasma protein 42 | —0.63%FF* 41 —0.55%#F 42 | —0.75%FF* 42 | -0.72%FF
Plasma globulins 42 | -0.71%F 41 —0.66%+F 42 | -0.76%F 42 | -0.69%F*
Plasma % globulins 42 | -0.48* 41 —0.56%* 42 | —0.50%%* 42 | -0.45%
Plasma viscosity 43 | -0.56%* 51 —0.47%%¢ 43 | —0.65%* 52 | —0.56%F
Total serum protein 43 | —0.65%Fx 69 | —0.56%Fk* 43 | 0.76%Fxx 68 | —0.79%kk*
Serum globulins 43 | —0.62%Fxx 69 | —0.53%kkk 43 | 0.73Fkxx 68 | —0.65%Fk*
Serum % globulins 43 | —0.50%** 69 | —0.46%Fk* 43 | 057k 68 | —0.50%¥k*
Serum viscosity 43 | —0.54%* 65 | —0.30*% 43 | —0.64%Fxx 67 | —0.45%%*
Lipid and lipoprotein markers
Non-HDL cholesterol 44 | —0.62%FF* 70 | —0.52% 44 | —0.62%FF* 69 | —0.52%kkx
LDL cholesterol (LDL-C) 44 | -0.61%F* 70 | —0.50%Fk* 44 | —0.59%F* 69 | —0.53%kkx
Total cholesterol 44 | —0.59%F* 70 | —0.50%Fk* 44 | —0.54%* 69 | —0.5%Fkx
Remnant-cholesterol® (Rem-C) 37 | —0.52%F* 63 | —0.44%+ 37 | —0.55%* 62 | —0.53kkk
Intermediate density lipoprotein 37 | -0.51%** 63 | -0.39%* 37 | —0.57%%k% 62 | —0.50%Fk*
(IDL-C)¢
Triglycerides (TG) 44 | -0.53%F* 70 | —0.54kkk 44 | —0.58%FF* 69 | —0.54%Fk*
TG/HDL 44 | —0.48%F* 70 | —0.46%Fk* 44 | -0.51%* 69 | —0.49%Fk*
Apolipoprotein B (apoB) 44 | —0.63%FF* 70 | —0.55%kk* 44 | -0.61%FF 69 | —0.527%k*
ApoB/Apo A-l ratio 37 | —0.59%F 63 | —0.53%kk* 37 | -0.61%F 62 | —0.56%F*
LDL particle number (LDL-P) 44 | —0.58%* 70 | —0.52%kkk 44 | —0.62%F* 68 | —0.54%kk*
Inflammation, coagulation, and blood cell markers
WABC count 44 | 0.56%* 69 | —0.58%kk* 44 | 0.43% 68 | 047k
Lymphocyte count 44 | —0.55%kx* 69 | —0.40%** 44 | —0.42%* 68 | —0.36%*
Fibrinogen 44 | —0.6]%Fxx 43 | —0.65%Fx* 44 | —0.44** 44 | —0.40%*
Complement C3c 41 —0.56%** 40 | —0.52%F* 41 —0.44%* 41 —0.44%*
Complement C4c 41 —0.50%* 40 | —0.59%F* 41 -0.38* 41 —0.43*+*
Electrolyte markers
Lactate 42 | —0.57%F* 41 | —0.53%** 42 | —0.56%FF* 42 | 049+
Anion gap, simple 43 | —0.59%* 69 | —0.55%¥¥k* 43 | —0.60%F** 68 | —0.43%**
Anion gap corrected for [albumin] 41 —0.44%* 68 | —0.44%%* 41 —0.52%¥* 67 | —0.39%%*

Notes: *Of the 44 subjects, | had a missing fresh plasma water T, value due to the accidental overwriting of the data file. Other explanations for the variation in n are
provided in reference 12.. Serum data for fresh and frozen data were available for all 44 subjects. ®As defined elsewhere: McAuley Index,*> HOMA-IR,* FIRI,* QUICKI,* and
G/ ratio.’ ‘Remnant cholesterol is defined as IDL plus VLDL,, as determined using the Vertical Autoprofile method.” “All blood samples were collected in the early morning
following a 12-hour overnight fast. **P<0.01; ***P<0.001; ****P<0.0001. °This table includes only those biomarkers that were unambiguously correlated with both plasma and
serum water T,. Results for markers that correlated with plasma or serum water T, but not both, are discussed in the text and provided in Tables S2 and S3. Many of the
variables were natural-log transformed in order to generate a normal distribution. The correlation coefficients reported here are for the In-transformed variables, except
the McAuley Index and QUICKI, as these indices are inherently In-transformed. Other variables that were normally distributed and analyzed without In transformation were
fresh and frozen plasma and serum T, total serum and plasma protein, serum and plasma globulins and % globulins, serum and plasma viscosity, HbAl ¢, LDL-C, LDL-P, total
cholesterol, apoB, lymphocyte, lactate, complement C3c, and serine. éData in this column was reproduced from Table 3 of Reference 12. Used by permission.
Abbreviations: Tz, transverse relaxation times; IR, insulin resistance; HOMA-IR, homeostasis model assessment-insulin resistance; QUICKI, quantitative insulin sensitivity
check index; G/I, glucose to insulin ratio; HDL, high-density lipoprotein; LDL, low density lipoprotein; WBC, white blood cell; VLDL, very low density lipoprotein.
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Table 3 Mean frozen plasma water T, values for conditions and measures associated with metabolic syndrome

Mean plasma T, (ms) + SE
Conditions and measures Cutoff value* No Yes AP OR®
Hyperinsulinemia (H) Any of the following 3 754.948.3 686.3£12.1 68.5%F¥* 7.6 (2.0-28.3)*kxx
High fasting insulin >10.0 plU/mL 751.317.9 678.5+13.7 727wk
High insulin C-peptide >2.3 mg/mL 738.9+9 702.3+20.4 36.5
Low McAuley Index <6.07¢ 744.7+8.3 680.6+17.6 64.1%*
Dyslipidemia (D) Any of the following 3 765.6+10 703.3£9.6 62, 3FFF* 6.3 (1.7-20.9)*+**
High non-HDL-C >149 mg/dL 75249.1 696.5+12.6 55.4%%k
Small, dense LDL Pattern B/AB 747.119.9 708.6+13.1 38.5%
High LDL-P >1,408 nM 749.248.9 694.5+13.8 54.7%¢
Inflammation (1) Any of the following 3 776.2%10.5 705.9+8.4 70.2%%%% 15.7 (4.0—115.8) *¥**
High CRP >2.5 mg/L 751.749.1 697.1+12.7 54.6%*
High WBC count >6.92x10%/puL 751.5+9.7 703.7+12.2 47.8%*
High serum globulins >2.9 g/dL 753.718.8 703.1+12 50.6**
Electrolyte abnormalities (E) Any of the following 3 747.6£10.3 708.5+12.1 39.1% 1.5 (1.04-3.2)*
Low (CI-+ CO,) <126 meg/L 742.6+10.2 712.2+13.3 304
High anion gap >17.8 meq/L 738.748.3 674.6122.3 64.1%
High anion gap corrected >17.7 meq/L 740.0+8.0 675.7424.4 64.3%
Metabolic syndrome Reference® 743.318.8 693.5+17.3 49.8* 2.7 (1.1-4.4)*
H +21 other condition See above 754.9+8.3 686.3+12.1 68,5k 7.6 (2.0-28.3) *Hwk
H +22 other conditions See above 751.0£8.0 679.3+13.8 AWk 8.3 (2.0-33.0) ¥
H+D+ See above 750.1+7.4 666.8+14.6 83 3ekewk 26.3 (2.3-608.0) *Hk

Notes: *Data from Robinson et al, 2017.'2°Mean difference (A) and OR (95% confidence limits) for the mean difference shown one column to the left; *P<0.05, **P<0.01,
*#¥P<0.001, ****P<0.0001. °A measure of insulin resistance, obtained using formula in abstract of reference 32 with insulin =12.2 plU/mL and triglyceride =1.5 mM as input.
Abbreviations: T, transverse relaxation times; HDL-C, high-density lipoprotein cholesterol; LDL, low density lipoprotein; LDL-P, LDL-particle number; OR, odds ratio;

WBC, white blood cell; CRP, C-reactive protein.

(68.5 ms for hyperinsulinemia, 62.3 ms for dyslipidemia,
and 70.2 ms for inflammation) increased the odds of hyper-
insulinemia by 1.03%°=7.6, the odds of dyslipidemia by
1.03%3=6.3, and the odds of inflammation by 1.047°?=15.7.
The highest OR (26.3) was observed for the combination
of hyperinsulinemia plus dyslipidemia plus inflammation, a
set of underlying conditions associated with early metabolic
dysregulation and MetS. Thus, a decrease of frozen plasma
water T, by 83.3 ms is associated with 26.3-fold increase in
the odds of having this set of conditions.

ROC curve analysis

To assess the sensitivity, specificity, and cut points for detect-
ing metabolic abnormalities, a ROC curve was generated
for frozen plasma water T, (Figure 3A, blue). The AUC was
0.92, close to the theoretical maximum of 1.0. Thus, frozen
plasma water T, can readily distinguish between individuals
with good vs poor metabolic health. The optimal cut point to
identify metabolic abnormalities, defined by the intersection
of the blue curve with the gray tangent line, was <700.1 ms.
This cut point corresponds to 89% sensitivity and 91% speci-
ficity. The positive and negative likelihood ratios are 9.9 and
0.1, respectively. For comparison, the ROC curve for fresh

plasma water T, is shown in green in Figure 3A. The curves
for frozen and fresh plasma were nearly superimposable, and
the sensitivities and specificities were very similar. However,
the optimal T, cut point for frozen plasma water T, was 42.6
ms lower than that for fresh.

The ROC curves for serum are shown in Figure 3B.
Frozen serum water T, (blue curve) yielded an AUC of 0.87,
indicating that frozen serum — like plasma — can distinguish
subjects with good metabolic health from those with meta-
bolic dysregulation. The optimal cut point for frozen serum
T, was 777.3 ms, considerably lower than that for fresh serum
water T, (Figure 3B, green curve).

Detection of early metabolic

dysregulation using frozen water T,

Figure 4 illustrates the stages in the progression toward
type 2 diabetes and the numbers of subjects in each stage.
Of the 44 subjects in this study, 16 individuals had healthy
metabolism (green box), while 28 had either early metabolic
dysregulation (light yellow) or prediabetes (orange). Of the
15 subjects with prediabetes, five also met the harmonized
clinical criteria for MetS.> Of the 13 subjects with early
metabolic dysregulation, only four met the harmonized
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Figure 3 ROC curves to assess the ability of water T, measurements from plasma
(A) and serum (B) to detect individuals with poor metabolic health.

Notes: Here, poor metabolic health is defined as the syndrome including
hyperinsulinemia, dyslipidemia, and inflammation (H+D+| from Table 3). The blue
curves represent frozen plasma (A) or serum (B), and the green, fresh plasma (A)
or serum (B).

Abbreviation: T, transverse relaxation times.

16
Normal Early metabolic
metabolism dysregulation
MetS

Low frozen water T,
without MetS or Prediabete

28

S

MetS criteria. The remaining nine subjects were identified by
low frozen water T, values, indicative of hyperinsulinemia,
hypercholesterolemia, and subclinical inflammation. Thus,
frozen water T, detected nine subjects with early metabolic
dysregulation that would have been undetected using the
current clinical criteria for prediabetes and MetS. In other
words, the criteria for prediabetes and MetS failed to detect
approximately one-third (nine of 28) of subjects with meta-
bolic abnormalities that put them at risk for type 2 diabetes
and atherosclerotic cardiovascular disease.

Discussion

The comparison of frozen and fresh water T, values for 44
non-diabetic subjects revealed a high degree of correlation,
but a lower degree of agreement. Water T, values for plasma
and serum samples that had undergone one freeze-thaw cycle
were systematically lower than those for plasma or serum that
had never been frozen. Despite the negative offsets, frozen
water T, values for both plasma and serum were highly cor-
related with biomarkers of MetS and its underlying abnor-
malities, specifically hyperinsulinemia/insulin resistance,
dyslipidemia, and subclinical inflammation. Frozen plasma
and serum water T, detected these abnormalities with high
sensitivity and specificity. Using ROC-determined cut points,
frozen water T, detected early metabolic dysregulation in
nine individuals which would have been undetected using
the clinical thresholds for prediabetes or MetS.

The cause(s) of the negative offsets for frozen plasma and
serum water T, values are unknown. One possible explana-
tion was that the samples may have changed during sample
handling prior to storage at —80°C. Once the plasma/serum
was obtained by two-step centrifugation, aliquots were
stored temporarily at 4°C for 2-3 hours prior to freezing.

Prediabetes Type 2 diabetes

MetS MetS

15

Figure 4 Stages in the progression toward type 2 diabetes mellitus, indicating the number of subjects in each stage or category.

Notes: Prediabetes (orange box) was defined by American Diabetes Association criteria, ie, individuals with either fasting glucose values of 100-125 mg/dL or HbAIc values
of 5.7%—6.4%. MetS (gray boxes) was defined using the harmonized clinical criteria of Alberti et al.> Normal metabolism (green box) refers to individuals without either
prediabetes, MetS, or low frozen water T, values, using the cut points defined in Figure 3. Of the 13 individuals with early abnormalities (yellow box), nine did not meet the
criteria for prediabetes or MetS. These nine individuals were identified by low frozen plasma and/or serum water T, values. ©The Authors. Adapted from Water T, as an
early, global and practical biomarker for metabolic syndrome: an observational cross-sectional study. | Transl Med. 2017;15(1):258."

Abbreviations: MetS, metabolic syndrome; T,, transverse relaxation times.
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An experiment for one subject comparing plasma water T,
measurements at 1, 2, 3, 4, and 5 hours after storage at 4°C
showed no significant differences, either for fresh or once-
frozen-thawed samples. These findings are consistent with
previous work showing that the levels of 97 chemokines and
cytokines did not decrease in samples stored at room tempera-
ture for 2 hours, even in whole blood samples.? Thus, short-
term storage of plasma and serum at 4°C prior to freezing
is not a likely explanation for the decreased T, observed for
frozen samples. Further research is needed to investigate the
relationship between water T, and possible sample changes
that occur as the result of the freeze-thaw process.

Despite the lower T, values observed in samples that
underwent one freeze-thaw cycle, it is remarkable that frozen
water T, fully retained the ability to detect early metabolic
dysregulation and MetS. Importantly, this study established
the feasibility of conducting water T, analyses of biobanked
specimens from cohort studies and clinical trials. Such studies
will facilitate the validation of water T, as a biomarker for
metabolic health and the analysis of water T, in other study
populations. The caveat is that the cut points for water T,
must be calibrated separately for fresh vs frozen samples.

Plasma and serum water T, as screening

tools for diabetes prevention

The world-wide diabetes pandemic has created an unmet
need for improved strategies for screening and primary pre-
vention. Plasma and serum water T, offer unique advantages
for identifying at-risk individuals, especially those missed by
conventional glucose and lipid screening. Water T, permits
the early detection of hyperinsulinemia/insulin resistance at
a stage when pancreatic beta-cell function remains largely
intact. By contrast, beta-cell secretory function in individuals
with impaired glucose tolerance (prediabetes) is 50%—70%
lower compared to those with normal glucose tolerance, after
correcting for differences in insulin sensitivity.>* The key to
diabetes prevention is to preserve pancreatic beta-cell func-
tion,? rather than waiting for it to decline by 50% or more
before initiating therapeutic interventions.

The Inter99 Study was a longitudinal study of the natural
history of insulin sensitivity and secretion in subjects who
were normoglycemic at baseline.?® The results showed that
individuals who developed impaired fasting glucose or
impaired glucose tolerance at 5-year follow-up had higher
fasting insulin levels at baseline compared with those who
maintained normal glucose tolerance throughout the 5
years. Secondary analysis of data from the PREMIER Study
showed that compensatory hyperinsulinemia (without MetS

or impaired fasting glucose) was prevalent in the study popu-
lation and responded to the lifestyle interventions.?® Taken
together, these results point to an opportunity to screen and
intervene at a stage earlier than used in current diabetes
prevention strategies.

In addition to its ability to detect early insulin resistance,
water T, also detects key co-morbidities, specifically sub-
clinical inflammation and cholesterol-related dyslipidemias.
Thus, plasma and serum water T, provide a global view of an
individual’s metabolic health with just one measurement. The
instrumentation is compact and inexpensive, and the method
is simple and quick. In summary, water T, is an early, global,
and practical screening tool for cardio metabolic health and
diabetes risk.

Limitations of this study

This study did not examine the effect of other biobanking
variables on water T,, such as the months or years of storage
time at —80°C and the number of freeze-thaw cycles. Future
studies need to assess the effect of those variables on water T,.

The cut points determined from ROC analysis in this
study are preliminary and should be validated/calibrated in a
larger cohort. The main purpose of the current ROC analysis
was to compare the sensitivity/specificity/AUC of frozen
water T, for detecting poor metabolic health with those of
fresh water T,.

The use of 44 subjects limited the multiple regression
analysis to no more than four predictor variables. Although
these variables account for two-thirds to three-fourths of the
variation in water T , the study of a larger number of subjects
will permit the identification of other predictor variables to
account for the remaining variation in frozen water T,.

Given the cross-sectional nature of the study, the frozen
water T, data do not provide a direct measure of the risk for
future type 2 diabetes or cardiovascular disease. However, like
those for fresh, frozen water T, values are strongly correlated
with markers that have been shown in longitudinal studies
to be predictive of incident diabetes and/or cardiovascular
disease, specifically complement C3, C4, fibrinogen, hapto-
globin, and various cholesterol markers.'>?"-3

Analogous to CRP and other inflammatory markers, one
must be cautious in the interpretation of water T, values in
subjects with possible acute illness, including subclinical
infections. As a screening test for metabolic health, water T,
is best used in subjects without active infectious or inflam-
matory diseases.

Other limitations of this study design have been discussed
elsewhere for fresh water T,."”
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Conclusion

Frozen plasma and serum water T, from benchtop NMR
relaxometry detects the abnormalities that underlie MetS,
namely insulin resistance, dyslipidemia, and subclinical
inflammation, with high sensitivity and specificity. However,
the freeze-thaw process causes a lowering of water T, values
for both plasma and serum relative to those of freshly drawn
samples. Therefore, care must be taken to calibrate metabolic
cut points for frozen samples independent of those for fresh
samples. With proper calibration, it is feasible to use plasma
and serum water T, values from frozen, biobanked samples
to assess metabolic health in subjects who had participated
in cohort studies and clinical trials.
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