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Abstract

A meta-analysis including 36 different results détistic models from 14 papers was
conducted. It evaluated the association betweeratd non-esterified fatty acids andfr
hydroxybutyrate (BHB) on the reproduction outcom#mt were pregnancy at first
insemination, estrous cyclicity, time to pregnanoyetritis and placental retention. Each
association between BHB or NEFA and an outcome rtegoin literature was a model
considered as raw-data for the meta-regression. eaoh outcome, the meta-regression

adjusted the odds ratio, relative risk or hazate raith various moderators to reduce the



heterogeneity among the studies. The relativefasknetritis and placental retention in case
of high BHB or NEFA was in accordance to previoustamregression and was 1.91 (IC95 =
1.72 to 2.12) and 1.51 (95%CI =1.19 to 1.92), respely. The relative risk for pregnancy at
first insemination in case of high BHB was assegseloe 0,62 (95%CI= 0,41 to 0,93). The
hazard ratio for time to pregnancy in case of BB and NEFA was 0.77 (95%CI= 0.61 to
0.97). The present meta-analysis failed to cleeolyclude on the association between estrus
cyclicity and high BHB or NEFA. The present workiomled a new overview on the
association between hyperketonemia and reprodupgv®rmance and disorders. It updated
the previous meta-regression and included new m#so It highlighted the urgent need of
further intensive epidemiologic studies on thisi¢op
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1. Introduction

During early lactation, high yielding dairy cowsamable to meet their tremendous energy
demand by the mammary gland from dietary intakea[d]. The cows must accommodate
this increase in energy demand by fat mobilizatiom adipose tissue to provide non
esterified fatty acidNEFA) as an energy fuel [2-3]. Excessive fat mobilzatieads to
increased concentration of NEFA in the blood. NEfah partly be used by final tissus but
the main part is metabolised by hepatocyte$xaidation to acetyl-coenzyme A (Acetyl-
CoA). Acetyl-CoA is also shunted to de novo chaesitsynthesis [4] or may be metabolised
into ketones. Circulating ketone bodies can be tsedcertain extent as a fuel source by
heart, brain, liver, and mammary tissue [5], botnouch ketogenesis and low tissus uptake
may result in increasing circulating ketone bodied occasionally hyperketonemia [B].

hydroxybutyrate BHB) is the predominant circulating ketone body in ments [7] and is



considered a gold standard for diagnosing subedirketosis $CK) due to its stability in
blood [8]. Nonetheless, NEFA can also be used akersof negative energy balance [9-10].
In the last years, many studies have shown thaeased concentrations of BHB or NEFA are
associated with various illness including reprodugctisorders such as placental retention,
metritis, endometritis, purulent vaginal dischardelayed cyclicity, decreased conception at
service ... [11-12-13-14-15-16-17-18-19-20-21-22]. a#mgly, the associations between
increased concentrations of BHB or NEFA and repectide disorders remain inconsistent
and the overall positive or negative associatiastiikdifficult to evaluate [9]. Some possible
explanations for the inconsistency between theltestiindividual studies are the
heterogeneity of the design, how the trials havedaoted and the heterogeneity of the
enrolled populations.

A recent meta-analysis [23] was performed on de@@ssociated to hyperketonaemia, but
there remains some issues to be fixed. First, tbeigion of the effect size (i.e. the risk for
disorder in case of SCK) depended on the outcolness reported to be good for disorders
such as abomasum displacement, early culling @eplal retention but the authors of the
previous meta-analysis clearly highlighted the t&nof some outcomes related to
reproduction due to a low number of papers aval&in the meta-regression. Second, the
previous meta-analysis adjusted the effect sizeeweral co-variables including BHB or
NEFA thresholds, but did not distinguish whetherdEor BHB were used to define SCK.
Third, outcomes like estrous cyclicity and timgtegnancy were not included in the
previous meta-analysis although they are key paeséor reproduction management.
Fourth, (few) new papers reporting the associdietwveen high BHB or NEFA
concentrations and reproductive disorders are @bvailsince the previous has been done and
analysing how they impact the previous results beyseful. The present work aims to

extend the above mentioned work [23] for reprodugcperformance and disorders, thanks to



a new meta-analysis with updated literature, ngwoductive parameters and new way to

adjust for co-variables and definition of SCK.

2. Materials and methods

2.1. Literature search and selection of papers

All English-language papers published between H&DJune 2016 that analyzed the
association of elevated NEFA and BHB in early lactaand productive and reproductive
performanceavere included. The search was carried out using/fledithe National Library

of Medicine, Bethesda, MD, USA; http://www.ncbi.nhih.gov/pubmed/), CAB (CAB

Abstracts, Cab International, Oxon, UK; http://calii/ ), and Google Scholar (Company—

Google, California, USA; http://scholar.google.cpnihe following key words in different

combinations were used for the search: BHB, NEf#chnical ketosis, fertility, conception,
calving rate, peri-partum, reproductive performameproduction, cow, early lactation and
reproductive disorders. To be included in the detathe papers must have examined the
effect of elevated NEFA and/or BHB on reproducieformance and disorders (named
outcomes) in peri-partum dairy cows. The papereweecluded from the meta-analysis in
cases of (i) no original research papers publishedpeer-reviewed journal, (ii) no study
design described, (iii) risk not calculable thatdkshe results of the paper (e.g., relationship
only measured by correlation coefficient), (igck of disease-free controls and association
estimated by comparing cases according toribgv@y) analyses carried out at the herd
level and (vi) data collected from countries witladitionally non intensive dairy farming

(Table S1).

2.2. Data organization and abstracting



The literature review process ultimately identiféi studies, of which 34 were considered
unsuitable for inclusion. 36 different results tdtstical models out of the 14 remaining
studies were extracted. Each result of model welsdied in the database (one line of the
database per model) whichntains the type of study (observational and cdihitrials), the
country, the number of cows and herds studleglaverage 305d milk production, the
statistical method used (logistic regression, migegression, or raw data with contingency
table), the expression of risk [odd ratio (OR)atefe risk (RR) and hazard ratio (HR)], the
metabolite used for the diagnose (BHB and NEFA9,thireshold used, the peripartum week
of sampling, the total number of samplings per cive,prevalence of the outcome or of the
mean value if relevant, the mean, standard erretamdard deviation value of the risk or the
change in the outcome and its 95% confidence iateBecause HR, OR or RR were used in
the various analyses, the term “risk” refers to ahthese terms when at least 2 of them were

used in the meta-regression.

2.3. Meta-Analysis Procedures

All the analyses were computed in R [24] by usimg Meta [25] and Metafor [26] statistical
packages. For easier interpretation, the logaritksnale observed outcomes in the meta-
regression has been transformed back to the radk ffirough exponentiation [27]. A fixed-
effects model was first used. In this model, it wasumed that the true effect sizes were the
same for all studies and any difference observesisiaply due to sampling variation.

A random-effects model was then conducted for @aetabolite to estimate the logarithmic
effect size, its 95% confidence interval, and figdistical significance (p value). The
inconsistency of results among trials was quautifising bothy2 test of heterogeneity
(Cochran’s Q-test) and thedtatisticto assess the fixed-effects assumption. Fhiediex

describes the percentage of total variability axgiadies due to true heterogeneity rather than



chance, with a value of >75% indicating medium-tghtheterogeneity [28]. If evidence of
heterogeneity was found?¥l75%), a meta-regression analysis (mixed-effectdet)avas
subsequently performed to explore the sourcestefdgeneity, using the logarithmic
individual effect size for each trial as the outeoirhe following mixed-effects model was

used:
OJ: Yo+ Y1x mod+ U + g
whereyy is the expected effect for a study when the maders zeroyy; the fixed-effects,

mod is the moderator introducedj,the random-effects argjithe residuals.

Many models were reported in each publication,@raices had to be made regarding which
models to retain in the dataset. Different modethkiw a single paper were often based on the
same cow-level raw data but differed in terms oflerators included (Table 1) in particular
for metabolite and time of testing (NEFA, BHB, gusttum or prepartum) as well as
frequency of testing. Because many models weretegho each publication and for part
retained in the present meta-analysis, a varidaksavas created and used as random variable
in the present mixed-effects models (details ofvidmgable Class in Supplementary data).

For each of the outcomes of interest, forest pl@ge produced to show the effect sizes
(logarithmic scale of risk) for each relevant sagiwith an overall summary estimate
generated from the meta-analysis. Biased effeesdor individual studies are an unfortunate
possibility and therefore any biases in individsiaidies are likely to propagate into the
overall summary measure. Publication bias thatcctarl instance originate from high weight
of one study on the meta-regression results wasstigated for each meta-regression using

funnel plots with residual value of effect size anoheasure of study precision.

3. Results



The table 2 summarizes the studies included imté&-analysis. The population
included varied from 3 to 528 herds and from 218,884 cowsThe studies referenced used
cut-points ranging from 0.96 to 1.4 mmol/L for guestum BHB, from 0.33 to 1 mmol/L for
postpartum NEFA and from 0.27 to 0.4 mmol/L forgagum NEFA.

3.1 Pregnancy at first insemination

The association between elevated of NEFA and BHBpagnancy at first
insemination (P/Al) was reported in 9 models (TR from 4 publications [16-17-29-22].
The raw risk (mean = SD) of P/Al in cows with ela@&NEFA and BHB was 0.604 + 0.195.
The heterogeneity of the data set was higk @0,149%) and Q score was 81,210 on 8
degrees of freedom (P < 0.0001). The intercepdgdidithmic effect size in the random-
effects model (no moderator) was -0.648(SE = 0.284;0.05), corresponding to a risk of
0,52 (95%CI=0,30 to 0.91).

The inclusion of the moderator “Metabolite” (Euoite= 41.62, P<0.0001) reduced
the heterogeneity by 12% (Table 3; Fig. 2) showirad the type of test (NEFA/BHB)
actually influences the P/Al. The cows that experesl elevated post-partum circulating
NEFA were 32% less likely to conceive at All thamvs classified as postpartum elevated
circulating BHB (OR=0.68). The risk for P/Al of cewvith high BHB was also 0.62
(95%CI1=0.41-0.93). The moderator “Frequency ofitgstwas not significant and the related
meta-regression was not kept. The inclusion oftlbderator “Multivariable” (Quitivariable =
74.13, P< 0.0001) slightly reduced the heteroggri&able 3). The intercept of logarithmic
effect size in the random-effects model adjustethbymoderator Multivariable was -0.69
(SE =0.27; P < 0.05), corresponding to a risk.60q95%CI=0.29-0.86). Because the meta-
regression adjusted by the moderator “Metabolitleinsed a higher reduction in
heterogeneity, this regression was kept. Therengaavidence to suggest publication bias in

funnel plots for P/AI (fig. 1).



3.2 Estrous cyclicity

The association between elevated of NEFA and BHBemtrous cyclicityvas reported in 7
models from 2 publications [29-30]. The raw riske@n + SD) of estrous cyclicity cows

with elevated NEFA or BHB was 0.991 + 0.466. It vemsaverage 0.682 + 0.383 and 1.403 *
0.116 in cows above the threshold in either wk 2 or in one wk only, respectively (Table
S3). The results reported alternatively increasis#t £1) or decreased risk (< 1) of estrus
cyclicity in cases of high NEFA or BHB. This is@cordance with a very high heterogeneity
of the data set (12 = 90%) with Q score of 47.58%6aegrees of freedom (P < 0.0001). The
intercept of logarithmic effect size in the fixetfeets regression with no moderator was
0.1281 (SE = 0.232, P<0.10), corresponding tokaafd .14 (90%CI=0.83 - 1.08). The
random-effects and mixed-effects regressions wetsignificant.

3.3 Timeto pregnancy

The HR for the time to pregnancy in cow with eleghbf BHB and NEFA was reported in 6
models from 3 studies [1-2-6] (“meta” package). Tieterogeneity of the data set was high
(12 = 76.8%) and Q score was 21.590 on 5 degre&re@fiom (P =0.0006). The pooled risk
was 0.77 [95% CIl= 0.61-0.97] for the random-effentsdel. None of the moderators were
significant and the meta-regression was not furtbesidered. Raw data suggest that the
heterogeneity comes from the very low values ofHRein [16] compared to the other 2
studies (Table S4). Excluding [16] showed a higtrélased in heterogeneity: the HR for time
to pregnancy from the random-effect models was th&4 (95%CI=0.77-0.92).

3.4 Metritis and placental retention

The association between elevated of NEFA and BHBmaetritis was reported il models
(Table S5) from 6 publications [31-32-7-14-20-1bhe heterogeneity of the data set was low
(12 = 9.4%) and Q score was 11.030 on 10 degre&rs@fiom (P =0.355). The raw mean risk

was 3.49+4.29 and the combined risk were calculimtdxd 1.91 (95%CI=1.72 - 2.12,



P<0.0001) and 1.912 (95%CI=1.70-2.15; P<0.0001)Herfixed and random-effects models,
respectively.

The association between elevated of prepartum N&teAplacental retention (Table S6) was
reported ironly 3 models from 3 publications [12-33-32], aw/éts in the previous meta-
regression [23]. No heterogeneity in the datal@et 25.1%) was found. The raw mean risk
was 1.63 and the combined risk was calculated tb 42 (95%CI1=1.22-1.79, P<0.001) for
the fixed-effects model and it was 1.51 (95%CI=11192, P=0.0006) for the random-effects

model.

4. Discussion

The present meta-analysis study was conductedstwitie the association of elevated
concentrations of NEFA arelevated concentrations of BHB in transition d&ioyv with
reproductive performance and disorders. Despitaitied] number of epidemiologic studies
on this subject, the database created by collati@hgible studies provided a new overview
on this topic.

The result on P/Al, metritis and placental retemtioe in accordance with the previous
meta-analysis [23]. For P/Al and metritis, a newdgtwas available in each outcome and
their inclusion allowed to strengthen the previoesults. In the present work and in the
previous meta-analysis [23], a low heterogeneitg feaind for metritis and placental
retention but the heterogeneity was high for PT&le adjustments performed here thanks to
the moderator “Metabolite” and “Multivariable” alleed to reduce the heterogeneity,
although no moderator was found to reduce the bgesreity in the previous meta-regression.
The adjustment brought by the meta-regression Ahi®in accordance with results showing
that using postpartum NEFA concentrations resuftedgreater risk than using prepartum

NEFA and postpartum BHB concentrations [31-30-19-Bfod NEFA concentrations have



been found to be a more associated with healtlpesatliction than BHB [9]. Yet the
reference class retained in the present work waB 8iHice its measure in the field is really
easier —with cow side tests- compared to NEFA.Uro ap, the risk for P/Al in case of
subclinical ketosis was 0.67 in the previous metgrassion. It was 0.52 in the present work
in cases of no moderator, and it was 0.62 if tex performed with BHB only. These
differences in the risk remain questionable siheethreshold used for BHB and NEFA may
have a bigger influence compared to the naturaefitetabolite used (Annex) and the NEFA
class only included 2 raw data. Moreover, the lgaal relevance of the results is also
questionable since the differences in the risk reethlow. To sum up, the present work
suggests to consider a risk of 0.62 (95%CIl= 0.40.98) for P/Al in case of high BHB.

No meta-analysis on estrous cyclicity and timeregpancy in case of high BHB or
NEFA was available up to now. Unfortunately, thentner of publications that quantify such
an association are still rare and the heterogebeityeen the studies was found to be high
without any possibility to clearly adjust the risi including moderators. Further, many of
these studiessed ovulation synchronization protocols and timeiicial inseminations. The
time to first insemination or display of estrus eeot useful indicators in these studies
because these events were either scheduled oraasiumed [31]. For both outcomes two
different groups of values of risk were found, dinel meta-regression did not achieve to
clearly fix this issue. This supports a high nettlicher studies to clearly address this point,
especially as SCK is now a ubiquitous disordertli@nother hand, reproductive performance
of dairy cows (which is important in worldwide) ateteriorating. For time to pregnancy, the
exclusion of the study with very low values of r{dl6] decreased the heterogeneity, but the
reason why so different HR are found was not idietihere. The HR of this study [18] were
under 0.1 whereas the HR were above 0.8 for othes ¢Table S4). For estrus cyclicity, the

classes of the moderator “Frequency of testing’eWene” in one study [30] and “Either” in
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the second one [29], limiting any improvement ia tderstanding of the high heterogeneity
in the present work (Table S3). Raw data with ogpasgn of the risk, high heterogeneity
without any possibility to reduce it and non-sigraht meta-regression (P=0.0507) suggest to
conclude that no overview is possible at this stagéhe association between estrus cyclicity
and high NEFA or BHB. No other solution than maigdy may help in understanding the
complex relationship between SCK and estrus cygliiias among management practices
are likely to occur in these studies, with perhi@psiers changing their routines in the
reproduction management for cows with subcliniebkis. For instance, the fact that
cyclicity was checked at 21 or 49 days postpartachthat the mean prevalence of cyclicity
was 26.4% or 80.5 %, (Table S3) may contributdaéodominant >1 and <1 ORs observed in
the 2 studies, respectively [30-29]. To sum up,tesent work suggests to retain an HR of
0.77 (95%CI =0.61 to 0.97) for time to pregnancgase of high BHB or NEFA, and no
definitive results for estrus cyclicity.

The present meta-analysis was performed as recodedd@7-34]. It gathered
different expression of risk. The difference betawvéiee OR and RR generally remained low
in the meta-analysis previously conducted [23].r&dver, RR and OR can be considered
interchangeable as a measure of the relative chartbe risk of a preventable event [35]. RR
and OR have very close values in cases of low pgrea of the outcome. In spite of efforts
done in the present work, the reduction in therogineity of the results was limited. Farm
management practices such as the voluntary waengd, estrus detection protocol or
service protocol may differ between studies andrdmute to the heterogeneity observed for
some outcomes without any possibility to catchitbierogeneity by the available moderators.

The mechanisms underlying the association betwegnmBHB and/or NEFA and
reproductive disorders are still not fully undecstoA deteriorated immune function is

among other involved. Elevated NEFA concentrat®deatrimental to neutrophil functions
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and uterine health as well as puerperal metri®$. [Eurthermore, high plasma NEFA are
directly linked with the development of oxidatieess and uncontrolled inflammatory
responses [36]n addition, high occurrence of metritiskatotic cows may be explained by
immunosuppression during the postpartum periodkaeytes from naturally occurring
ketotic cows have lower chemotactic differentialart those from non-ketotic cows, and
chemotactic capacities impaired when leukocytegategn an environment with ketone
bodies [37]. The relationship between fetal memémxpulsion and NEFA may be
associated with the negative effect of NEFA oreast some aspects of immune function

[38].

5. Conclusions

The present work allowed a new overview on the@aton between high BHB or NEFA
and reproductive performance and disorders, themssynthetic analysis of available
results.

The risk for metritis and placental retention ise®&f high BHB or NEFA was close to
previous results and was 1.91 (IC95% = 1.72-2.h&)1a51 (95%CIl =1.19-1.92),
respectively. The present work also suggests teidena risk for P/Al of 0.62 (95%CI1=0.41-
0.93) in case of high BHB. The HR for time to pragay was 0.77 (95%CI =0.61-0.97) in
case of high BHB and NEFA. The present meta-arafgdied to clearly conclude on the
association between estrus cyclicity and high BHBIBFA. It highlights the dramatic need
of further intensive epidemiologic studies on tim& between hyperketonemia and

reproductive performance.
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Table 1. Definition of the moderators included in the meggressions

Moderator Value Description

Metabolite BHB-post High post-partum BHB

NEFA-post | High post-partum NEFA

Frequency of testing Both High BHB or NEFAs in wiaidd in wk 2.
One High BHB or NEFAs in one fixed time (wk-1, wkt
wk?2)
Either High BHB or NEFAs in either of the firstwk

postpartum or prepartum

Multivariate Univariable No co-variable in the mdbde

Multivariable | At least one co-variable in the model

1: The categories BHB-pre and NEFA-pre were na@imed since the situations was not faced

in the present work
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Table 2. Description of each study included in the meta-gsisl

Study Origit | Type | # of # of Time of Metaboli | Cut- Subclinical | 305 d milk
of herds | cows | sampling® | te point ketosis production (kg)
study prevalence
(%)
LeBlanc et [12] CA Ct 20 138 41010 | NEFA 0.5 NA NA
DPEC
Walsh et al. [16] CA Ct 25 796 21 DPEC BHB ltol.4| 13-42 7,000 to 10,00
and 7 to
63 DIM
Duffield et al. [7] usS Obs 25 1,010 1-14 DIM BHB a®2 | NA 8,211.5+201.4
to 8,639.2
+195.2
Quiroz-Rocha et al.| CA Ct 20 990 7t01 NEFA 0.3 NA NA
[33] DPEC
Dubuc et al. [14] US, CA| Obs 3 1,363 7t0l NEFA 0.6 to 17 NA
DPEC 1.1
1to21 BHB 1.3-15
DIM
Ospina et al. [18] us Obs 91 2290 14-2 NEFA 0.33t0 | NA 12,197 and
DPEC and 0.72 12,572
3-14DIM | BHB 0.7-1.2 | NA
Ospina et al. [31] us Obs 100 2758 14-2 NEFA 0.2to | NA NA
DPEC and 1.02
3-14 DIM | BHB 0.8to
1.4
Chapinal et al. [32] US,CA Obs 55 2,365 10-4 NEFA 0.3to 26 NA
DPEC and 1.0
1to21
DIM
Dubuc et al. [30] US, CA| Obs 6 2134 7 DPEC NEFA 0.4-09| 17 11,571 £ 2,437
and
1to
21 DIM
McArt et al. [17] usS Obs 3 751 3-16 BHB 1.20 20 NA
DIM
Ribeiro et al. [29] us Obs 69 771 7-14 DIM  NEFA 0.70( 20.0 ~6,000
BHB 0.96 354
Suthar et al. [20] EU Obs 528 5,884 2-15DIM BHB th2 | 21.8 NA
1.4
Shin et al. [15] SK Obs 4 213 7-14 DIM BHB 1.20 27.7 NA
Rutherford et al. [2]| UK Obs 3 203 7-21 DIM  BHB 1.20 | 17 10,128 + 1,478

! Origin: US = United States; CA = Canada; EU= EerdpK=South Korea; UK=United Kingdom.

2 Obs: Observational study, Ct: Clinical trial.

® DPEC, days prior to expected calving; DIM, daysnitk.
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Table 3. Results from metaegression of the effects of elevated NEFAs and BHBP/AI, estrous

cyclicity, time to pregnancy, metritis and

Descriptive statistics

Meta-regression

n Mean value of | Risk 95% CI f Q (df)
risk (SD) (%)
P/AI No moderator 9 0.604 (0.195 0,52+ 0,301- 0,908 | 90 81,2 (8) ***
Model 1 |Intercept - - 0,62 *x* 0,413- 0,930 | 83 | 41,6 (7)*
Test= NEFA | 2 0.495 (0.025)| 0,68 ** 0,529 - 0,872
Test= BHB 7 0.636 (0.211) Referent
Model 2 | Intercept - - 0,50 *** 0,291- 0,859 | 90 | 741(7)*
Model=U 3 0.673 (0.054) 1,24 * 1,034 - 1,481
Model=M 6 0.570 (0.229) Referent
Estrous cyclicity No moderator 7 0.991 (0.466) 1.142" 0.99 - 1.28 87 47.7 (B) ***
Time to pregnancy No moderator 6 0.590 (0.376) b*77 0.611-0.972 76 21.5 (5) **
Metritis No moderator 11 3.495 (2.298 191 1.70-2.15 9 11.0 (10)
Placental retention No moderator 3 1.633 (0.23p) 511 1.19-1.92 25 2.6 (2

»*p < 0.0001; *P < 0.001; *P < 0.05P <0.10.

1 Random-effects model (no moderator) or mixedet$fenodel

2 Fixed-effects model

3 90%CI=0.83-1.08
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Fig. 1. Funnel plots to assess possible publication biagsgponding to meta-regression performed for

the effect of elevated BHB and NEFA on P/Al.
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Fig. 2. Forest graph for Forest graph for P/Al. Adjustnsemnere made for the moderator

“Metabolite”.

The gray diamonds represent the logarithmic eSezet adjusted for the BHB-post or NEFA-post

models.
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Highlights
1. Overview on the association between high BHBA or NEFA and reproductive
performance.

2. Failure to conclude on the association between estrus cyclicity and high BHBA or
NEFA.

3. Need of further epidemiologic studies on this topic.



