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Abstract

Zebrafish (Danio rerio) as a model research organism continues to expand its relevance and role in multiple
research disciplines, with recent work directed toward models of metabolism, nutrition, and energetics. Multiple
technologies exist to assess body composition in animal research models at various levels of detail (tissues/
organs, body regions, and whole organism). The development and/or validation of body composition assess-
ment tools can open new areas of research questions for a given organism. Using fish from a comparative
nutrition study, quantitative magnetic resonance (QMR) assessment of whole body fat and fat-free mass (FFM)
in live fish was performed. QMR measures from two cohorts (n=26 and n=27) were compared with chemical
carcass analysis (CCA) of FM and FFM. QMR was significantly correlated with chemical carcass values (fat,
p<0.001; lean, p=0.002), although QMR significantly overestimated fat mass (FM) (0.011 g; p<0.0001) and
underestimated FFM (-0.024 g; p<0.0001) relative to CCA. In a separate cross-validation group of fish,
prediction equations corrected carcass values for FM (p=0.121) and FFM ( p=0.753). These results support the
utilization of QMR—a nonlethal nondestructive method—for cross-sectional or longitudinal body composition

assessment outcomes in zebrafish.

Introduction

QUATIC RESEARCH MODELS have largely been developed

for increased understanding of general aquaculture and
ecology applications.! However, particular aquatic models,
such as the zebrafish (Danio rerio), have played significant
roles in multiple areas of developmental biology and, more
recently, molecular biology research. As a model research
organism, the zebrafish has recently been used to test ques-
tions related to metabolism, nutrition, and energetics.z_6 With
the development of improved dietary standards, husbandry/
aquaculture conditions, and genetic mutant models, the need
for additional technologies to accurately and noninvasively
monitor body composition (particularly fat, lean, and bone)
has increased. Bridging across multiple research disciplines,
body composition influences outcomes related to culture pro-
duction, adaptive ecological responses, aging, nutrition, and
obesity-related outcomes. For traditional laboratory model
organisms (particularly rodents and other mammals), multi-
ple technologies exist to assess body composition at various
levels of detail ranging from tissues/organs, body regions
(e.g., peripheral vs. trunk), and whole body measures. These
technologies include bioelectrical impedance, dual-energy

X-ray absorptiometry, QMR, computed tomography, and
magnetic resonance imaging.”' However, both the unique
characteristics of many types of aquatic species (e.g., scales,
shells, and skeleton) and their requirement for a water envi-
ronment limit the number of technologies that can be adapted
to accommodate these conditions. Additionally, the potential
interactions that water may have on the technology and
methodologies underlying the body composition measure-
ment result in few options that are currently applied for
in vivo body composition assessment in aquatic models.
The current “‘gold standard’” method for analyzing body
composition in zebrafish and other animal models is chemical
carcass analysis (CCA)."! In this method, animal carcasses
undergo dessication either in an oven or by freeze-drying to
determine total body water (TBW). Lipid is then extracted
from the dried carcass with organic solvents, such as petro-
leum ether or chloroform/methanol, and determined gravi-
metrically. Lean mass is generally calculated as the fat-free
dry mass remaining after lipid extraction.® Although this
technique has been used for decades, the obvious limita-
tions regarding its destructive nature and inability to target
fat deposition/distribution prevent application to long-term
studies."" Studies using this technique require the destruction
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of multiple live animals to measure changes in response over
time, or when controlling for body composition differences at
baseline.

While each body composition method has its advantages
and disadvantages, the development of body composition
assessment tools for alternative animal models can open new
areas of research to address questions that were previously
inaccessible for these organisms. To this end, determination
of fat mass (FM) and fat-free mass (FFM) with QMR has
been applied to the zebrafish model in the context of a dietary
protein-feeding study.'” The current study includes a vali-
dation and cross-validation comparison of QMR with CCA in
the zebrafish.

Materials and Methods

Zebrafish, Danio rerio (AB strain), were obtained from the
Aquatic Animal Research Core at the UAB and were part of a
nutrition study reported previously (Table 1).'? Fish included
both sexes and were ~4 months of age at measurement. All
procedures were approved by the UAB IACUC and adhered
to standard zebrafish husbandry requirements for housing,
anesthesia, and euthanasia.

Body composition assessment

Body composition measurement (FM and FFM) was per-
formed by QMR using the EchoMRI 3-in-1 system (Houston,
TX, software v. 2.0) and the tissue probe holder. Measures
were taken during the middle of the 14-h light phase, and
while not intentionally fasted, animals were last fed 4 h be-
fore measurement. QMR has been generally practiced in
unanesthetized free-moving animals.® Initial tests assessing
the precision of QMR revealed a high level of variance in
free-swimming unanesthetized fish. Considering the reliance
of QMR on the proton (*H) environment for the estimation of

TaBLE 1. COMPOSITION OF DIETS

Amount included
(g/100 g total)

Ingredient MIX FPH CAS SOY WG
Fish protein hydrolysate 18.20 59.00
(82%)™°
Casein (vita free) 22.75 51.00
(96%)™¢
Soy protein isolate 4.55 52.00
(92%)™¢
Wheat gluten (80%)™° 9.10 60.00
Dextrin 18.25 13.85 21.85 20.85 12.85
Base mix 20.15 20.15 20.15 20.15 20.15
Menhaden oil 4.67 4.67 4.67 4.67 4.67
Corn oil 233 233 233 233 233

Validation group (n=26) 7 7 2 8 2
Cross-validation 6 6 7 5 3
group (n=27)

“Protein content by percentage.

"The Scoular Company, Sopropeche-C.P.S.P. 90.

°MP Biomedicals, catalog no. 904798.

IMP Biomedicals, catalog no. 905456.

°Sigma-Aldrich, catalog no. G5004.

CAS, casein; FPH, fish protein hydrolysate; MIX, mixed; SOY,
soy protein isolate; WG, wheat gluten.
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body components (fat-free water associated vs. fat), non-
buffered tricaine methansulfonate (MS-222, 300 mg/L) was
used to rapidly immobilize the fish in a small volume of water
(also containing MS-222, 300 mg/L) for the duration of the
QMR measure and reduce water movement across the gills
within the body cavity. Anesthetic induction was individually
performed on single fish to monitor not only swimming
motion, loss of equilibrium, and cessation of opercular
movement but also maintenance of heart contractions (re-
quiring approximately 2—5 min depending on the individual
fish characteristics, e.g., body size).'* Fish were quickly
blotted dry and weighed to the nearest 0.001 g and placed in
the QMR tissue sample holder (~15 mL total volume space)
with a very small volume of MS-222 containing water
(~200 uL). The duration of the scan is dependent on the
precision setting with the high-precision tissue holder scan
requiring ~3min per scan. Body composition measures,
including FFM (nonlipid) and FM (total lipid), are reported to
the nearest 0.001 g. Following the scans, fish were subse-
quently revived by submersion in fresh system water and
gentle perfusion of the gills using a disposable pipette. Sur-
vival of the fish was >95% using this approach.

Euthanasia

At study completion, fish were euthanized by rag)id sub-
mersion in ice-cold water with MS-222 (300 mg/L),1 and the
carcass was stored at —80°C until analysis.

Chemical carcass analysis

To determine the total lipid content by CCA (modified
from Folch et al.),"* whole fish were first verified for bio-
logical sex by dissection and visual confirmation of ovaries or
testes and then placed into individual aluminum weigh pans
and dried at 50°C for 72 h (until attainment of stable dry mass
weight). Individual fish were minced with a razor blade to
enhance chemical extraction, and carcasses weighing be-
tween 25 and 200 mg dry weight were placed in 40-mL glass
vials (Fisher #06-406-9, 24-400 Glass Packaging Institute
[GPI] thread finish). To each sample, 25mL of 2:1 (v:v)
chloroform:methanol was added (>100:1 solvent:sample),
after which vials were capped loosely (Fisher #02-984-23,
24-400 GPI thread finish caps with low-density polyethylene
Poly-Seal cone liner) and refrigerated for 24 h.

To extract lipids, samples were heated in a 60°C water bath
for 30 min, after which they were left to stand at room tem-
perature for 10 min. Solvent level was returned to the 25-mL
mark, after which samples were filtered through 12.5-cm
Whatman 541 filter paper, and 20mL of the filtrate was
collected into a clean 40-mL vial. Four milliliters of Milli-Q
water was added to each vial, after which samples were
capped and shaken for 5 min. Samples were centrifuged in a
Beckman model TJ-6 tabletop centrifuge at 850 g for 30 min,
after which the upper water—-methanol phase was removed by
aspiration. The lower phase was evaporated by placing vials
in a 50°C water bath under a stream of nitrogen gas. Once dry,
lipid samples were transferred to preweighed Y4-dram glass
shell vials by three separate rinses of chloroform and dried
under air to evaporate the chloroform. Dry shell vials were
placed in a vacuum desiccator (Drierite® desiccant) over-
night, after which final weights were obtained. The percent-
age of lipid was calculated as follows:
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FIG. 1. CV as a function of body compartment mass

measured by QMR for FFM and FM (n=53). CV, coeffi-
cient of variation; FFM, fat-free mass; FM, fat mass; QMR,
quantitative magnetic resonance.

(Lipid weight x 1.25)/sample weight,

(where lipid weight = dry shell vial weight

— initial shell vial weight)

with necessary adjustments for sample recovery and transfer
between subsequent steps.
Validation study

To assess precision from QMR for FM and FFM, three
separate readings were recorded for each fish in the study,
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FIG. 2. Relationships between QMR and CCA for (A)
FFM and (B) FM for the validation group (n=26). The line
of regression is represented by the solid line, while the line
of identity, provided for reference, is represented by the
dashed line. CCA, chemical carcass analysis.
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FIG. 3. Residual plots for (QMR-CCA) body composition
compartments for the validation group (n=26) for (A) FFM
and (B) FM. Group mean differences (solid line) = 2 SD
(dotted line) shown. Regression line (dashed line) demon-
strates a significant bias in FFM and FM. SD, standard
deviation.

and the coefficient of variation (CV) was calculated for
each fish.

Twenty-six zebrafish were used for the validation study.
To determine accuracy, measured FM and FFM values were
compared with CCA values in the validation group using the
same data acquired for measuring precision. Using the linear
regressions, prediction equations were generated to correct
QMR estimated fat and lean mass for an independent sample
of fish (cross-validation, see below).

Cross-validation study

A second group of zebrafish (n=27) was randomly selected
to assess whether prediction equations generated from the val-
idation group accurately predicted chemical composition. The

TABLE 2. PrREDICTION EQUATIONS FOR FFM
AND FM (IN GRAMS)

Dependent Prediction

variable equations Model 1* p

CCAFFM FFM=0.6141 xQMR 0.3099 0.0020
FFM +0.0723

CCA FM FM=0.4630x QMR 0.3561 0.0008
FM +0.0016

Equations were generated from QMR values for the validation
group.

CCA, chemical carcass analysis; FFM, fat-free mass; FM, fat
mass; QMR, quantitative magnetic resonance.
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FIG. 4. Box plots for (A) CCA FFM and (B) CCA FM for
the validation (n=26) and cross-validation (n=27) groups,
with the 25th and 75th percentiles shown as the upper and
lower halves of each box plot, along with the 10th and 90th
percentiles (error bars).

fish were scanned using the same techniques as the validation
group and subsequently euthanized and processed for CCA.

Data analyses

Data were analyzed using R Statistical Software Package
(v. 2.15.2, R Foundation for Statistical Computing, Vienna,
Austria). Precision was determined using the coefficient of
variation (CV =standard deviation [SD]/mean) x100) for all
fish in the study (n=53). QMR and CCA were compared
using linear regression analysis and paired z-tests, with sig-
nificance denoted at o« < 0.05. Measurement bias for FM and
FFM was compared with residual differences between QMR
and CCA values, with the CCA values considered as the gold
standard. Prediction equations generated from the validation
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FIG. 5. Residual plots for QMR-CCA for the cross-
validation group (n=27) before and after correction by de-
rived prediction equations for (A) FFM and (B) FM. Un-
corrected values (closed markers) with group mean (solid
line) and prediction-corrected values (open markers) with
mean (dashed line) £ 2 SD (dotted lines) shown for each
body compartment. Males are represented by circles, while
females are represented by triangles.

set of animals were applied to QMR-measured FM and FFM
for the cross-validation cohort to predict FM and FFM. Body
weight, FM, and FFM are reported as mean and SD of the
mean.

Results
Validation—precision

Using three measures of the same fish with identical QMR
system settings, the average CV measured by QMR was
10.8% % 8.4% for FM and 3.3% *3.2% for FFM for all fish in
the study (n=53) (Fig. 1). Precision for FM was significantly
less than that for FFM (p <0.0001). CV values significantly
decreased as both QMR FM and QMR FFM increased (FM,

TABLE 3. POPULATION STATISTICS FOR THE VALIDATION (N=26) AND CROSS-VALIDATION (N =27) GROUPS

Validation Cross-validation
Males (n=19) Females (n=7) Males (n=17) Females (n=10) P
Body weight (g) 0.17£0.04 0.16+0.03 0.18+0.05 0.15£0.05 0.381
Standard length (mm) 26.22+2.21 23.76+1.54 26.86+1.78 24.88+2.66 0.375
CCA FM (g) 0.01£0.005 0.01£0.002 0.01£0.005 0.01£0.005 0.836
CCA FFM (g) 0.15+£0.03 0.15+£0.03 0.17£0.04 0.14£0.04 0.351

Values are mean+ SD.
SD, standard deviation.
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TABLE 4. QMR VALUES FOR THE CROSS-VALIDATION GROUP

Mean uncorrected QMR Mean predicted QMR Mean CCA p r?
FFM 0.141£0.043 0.159£0.027 0.160+0.045 0.7528 0.826
FM 0.023+£0.006 0.012+0.003 0.013+0.005 0.1209 0.749

Values are mean=®SD (in grams) for QMR FFM and FM before (uncorrected) and after (predicted) prediction equation corrections with
CCA FFM and FM. Paired r-test significance (p values) and 7 values for predicted QMR versus CCA.

p=0.01; FFM, p <0.001) across a range of masses from 0.009
to 0.029 g for FM and 0.034-0.223 g for FFM.

Validation—accuracy

Using approximately half of the total sample size re-
presenting both sexes and all diet groups (Table 1), signifi-
cant correlations between QMR readings and CCA values
were observed for both FFM (p=0.002) and FM (p <0.001)
(Fig. 2). Despite the correlations, QMR significantly over-
estimated FM by ~92% (0.011g; p<0.0001) and under-
estimated lean mass by ~ 15% (-0.024 g; p <0.0001) (Fig. 3).
There was also a significant bias in the measurement of FFM,
with underestimation increasing as FFM increased (p <0.001)
(Fig. 3). Based on the linear regressions derived from these
observed relationships, prediction equations were generated to
correct for QMR~CCA differences (Table 2).

Cross-validation

The cross-validation group was similar to the validation
group in all aspects regarding body weight, FM, and FFM
(Fig. 4 and Table 3), with both sexes and all diet treatment
groups represented (Table 1). Similar to the validation group,
QMR significantly overestimated FM by ~83% (0.010g;
p<0.0001), while significantly underestimating FFM by ~ 12%
(-0.020g; p<0.001) (Fig. 5). After prediction equation cor-
rection in the cross-validation group, corrected QMR measures
of FM and FFM were significantly correlated with CCA and not
significantly different from CCA values (Table 4). However,
tests for residual bias with the corrected QMR values indicated
significance with both FM (p <0.0001) and FFM (p <0.0001),
which persisted with combined models of free waste (FW),
FFM, and FM prediction (R*=0.8232, p <0.0001).

Discussion

Carcass analysis is considered the gold standard in deter-
mining FM and FFM in research organisms, including zeb-
rafish, but is not compatible with repeated measures in
longitudinal studies due to the technique’s destructive nature.
With the zebrafish emerging as an increasingly popular
model in biomedical and nutrition research, validation of

more noninvasive methods for measuring body composition
is needed. In this study, we assessed the precision and ac-
curacy of QMR to measure FM and FFM in live anesthetized
zebrafish. In zebrafish, lipids associated with FM are pri-
marily stored as TAGS (triacylglycerols), and the main
storage sites include visceral, intramuscular, and subcutane-
ous adipocyte depots.'>'® QMR estimates total lipid for FM,
which includes both storage (nonpolar) and structural (polar)
lipids. Therefore, an overestimation of FM using QMR
measures can be expected, which is comparable to our
technique for CCA.""~'” CV values improved significantly as
mass in both body composition measurements (FM and FFM)
increased (Fig. 1). It should also be noted that FM, which is
normally present in proportionally smaller quantities in a
nondiseased state, was significantly less than FFM in this
study using young healthy fish. FM estimates ranged from
0.007 to 0.036g, while lean mass ranged from 0.065 to
0.243 g. When validating in vivo methods of body composi-
tion analzysis, the precision for FM is often less than that for
FEM.”#? CV is a function of body mass such that with a
fixed measurement error or uncertainty, there is more vari-
ance with a smaller body compartment mass compared with
larger body composition compartment masses.>*’ Therefore,
the smaller amounts of FM present compared to FFM in the
current study may contribute to differences in precision be-
tween the body compartments. However, it should also fol-
low that as FM increases in the fish, QMR measurements for
that component will be more precise.

In both the validation and cross-validation groups, QMR
was found to overestimate FM to a much greater degree
(proportionally) than FFM was underestimated; similar results
have been observed in QMR validation studies for rodents,
crustaceans, piglets, and bats compared with CCA.®'72°
However, several studies also showed that QMR under-
estimated FM when using deuterium dilution and a four-
component model as the gold standard.*' 2 Values for both
FM and FFM, while significantly different from CCA values,
were still significantly correlated for each body compartment
measure. For FFM, residual bias increased significantly with
increasing CCA mass, while residual bias did not occur for
FM. The derived prediction equations were able to correct for
errors in both measured body composition values for the

TABLE 5. PREDICTION EQUATIONS AND QMR VALUES FOR THE CROSS-VALIDATION GROUP (IN MALES ONLY)

Dependent Mean Mean

variable Prediction equations uncorrected QMR  predicted QMR  Mean CCA p ?
FFM FFM =0.6545 x QMR FFM +0.0710 0.151£0.044 0.170£0.0284 0.1691+0.044 0.9488 0.835
FM FM=0.6798 x QMR FM - 0.0023 0.025+0.006 0.015+£0.004 0.015£0.005 0.9518 0.736

Values are mean=SD (in grams) for QMR FFM and FM before (uncorrected) and after (predicted) prediction equation corrections with
CCA FFM and FM. Paired t-test significance (p values) and 7 values for predicted QMR versus CCA.
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cross-validation study group (Table 3). However, neither
prediction equation was able to correct for residual bias in
FM or FFM (Fig. 5). Applying a multiple regression model
using all three components (FM, FFM, and FW) as predictor
variables was also unable to improve the residual bias in
either FM or FFM, suggesting this was not simply due to
misassignment of one body component compartment to the
other. It is not completely clear why bias was not corrected in
the cross-validation group by the prediction equations, an
issue that needs consideration in future studies.

The distribution of males and females, while not differing
significantly between the validation and cross-validation
groups, was heavily skewed toward males in both groups in
this sample. Although the derived prediction equations were
able to correct measured QMR values to CCA values, it is
currently unknown whether these equations could be im-
proved for single sex body composition determination in
zebrafish. The accuracy of the prediction equations slightly
improved when derived separately for males, but due to the
limited number in our sample, we were unable to derive
separate prediction equations for females (Table 5). This
may be particularly important with older fish at varying levels
of sexual maturity and reproductive stages. Additionally,
between-study differences in zebrafish strains, diets, hus-
bandry conditions, and so forth, should be considered to de-
velop and compare prediction equations in both male and
female populations if absolute (e.g., tissue mass) rather than
relative body composition assessments are required.

One body compartment measure in QMR that has not yet
been validated in zebrafish is TBW. At the time of this study,
a hydration constant for freshwater fish was unavailable,
limiting the ability to validate QMR measurement of this
component. Determination of the hydration constant may ex-
tend validation of QMR measurements to TBW across a range
of body sizes, although challenges arising from the water
environment used for measurement may be expected.

In conclusion, we found QMR to be a valid noninvasive
technique for measuring FM and FFM in the zebrafish. De-
spite the small residual bias that remained after applying
prediction equations for FM and FFM, there were no signif-
icant differences between the CCA values and corrected QMR
values in the cross-validation group. Applying this technique
in future studies will allow researchers to track changes in
zebrafish body composition over time, potentially during both
pre- and posttreatment periods (with one or more successful
interventions) at both the individual fish and population
levels to determine changes in body composition. This may
further contribute to the value of this model in areas of bio-
medical and nutrition research.
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