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Abstract!
!
Background:" Malnutrition" is" responsible" for" 45%" of" child" deaths" because" it" is"

associated" with" an" increased" vulnerability" to" major" infectious" disease." The"

mechanisms"behind" this" association"are"undefined." " It" occurs"despite" the" fact" that"

malnourished" children" have" increased" levels" of" enteric" and" systemic" inflammatory"

activation"

Methods:" CaseMcontrol" study" of" inflammatory" activation" and" response" to" ex" vivo"

pathogen" challenge" determined" relationships" between" existing" and" potential"

inflammatory" function" and" nutrition." Randomised" controlled" trial" of" a" gutMspecific"

immunomodulatory" agent" assessed" for" functional" redundancy" in" enteric"

inflammation." Randomised" controlled" trial" of" nutritional" rehabilitation" strategies"

with" enhanced" nM3" polyunsaturated" fatty" acid" provision" assessed" for" potentially"

beneficial"effects"on"inflammation."

Results:" SAM"was"not"associated"with"abnormalities" in" systemic"cytokine" response"

to" innate" immune"challenge" in"an"ex#vivo"model"compared"to"control"children,"but"

more" severe" intestinal" inflammation," and" kwashiorkor"may" be." Children"with" SAM"

and" stunting" have" clear" evidence" of" enteric" inflammation," and" have" evidence" of"

cytokineMmediated" inhibition" of" the"GHMIGFM1" axis,"which"may" play" a" role" in" linear"

growth" failure." Treatment" of" children" with" SAM" and" stunting" with" mesalazine"

appeared" to" be" safe," and" there" was" limited" evidence" of" an" impact" on" enteric"

inflammation."Stunting"is"associated"with"LCMPUFA"deficiency,"but"acute"malnutrition"

is" not." Production" and" administration" of" a" readyMtoMuse" therapeutic" food" with"

elevated" nM3" PUFA" was" technically" feasible," but" was" not" associated" with" positive"

outcomes"in"growth,"recovery"or"immune"function"compared"to"standard"treatment."

Provision" of" preMformed"DHA" in" RUTF"may" be" essential" to" preserve" optimal" tissue"

levels"during"nutritional"rehabilitation."

Conclusions:" Further" strategies" targeting" inflammatory" activation" as" part" of" the"

management" of" SAM" should" be" trialled." The" relationship" between" systemic" and"

enteric"inflammation"and"nutrition"deserves"further"study."!
"
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CHAPTER(1!

Inflammation*and*immunity*in*severe*acute*malnutrition:!an#
introduction!

"

1.1# Malnutrition:#Definition#of#clinical#syndromes.#
!

‘Malnutrition’" is" a" term" used" to" describe" clinical" syndromes" that" result" from"

inadequate" or" inappropriate" nutritional" intake." In" its" broadest" sense" it" includes"

nutritional"excess."However,"it"is"most"often"used,"sometimes"interchangeably,"with"

‘undernutrition’" in" the" context" of" dietary" nutrient" insufficiency" to"meet"metabolic"

and"growth"demands.3,"4"DayMtoMday"functioning"for"mammals"requires"a"continuous"

nutrient" supply" to" fulfil" the" metabolic" requirements" of" homeostasis," account" for"

routine" cell" and" tissue" turnover," and" provide" the" substrate" for" growth" and"

development."Additional"nutrient"demand"may"result"from"environmental"stressors"

such" as" infection" or" exposure" to" temperature" extremes," or" via" as" a" result" of"

increased"utilisation"due" to"exercise."Nutrient" supply" to" tissues" involves"a" complex"

interplay" of" mobilisation" from" internal" stores," biosynthesis" from" precursors," and"

exogenous"intake"in"the"diet."This"means"that"accurate"determination"of"‘deficiency’"

requires" an" understanding" of" short" and" long" term" dietary" intake," utilisation"

characteristics," size" and" type" of" stores," and" future" needs." A" single" snapshot"

assessment" of" an" individual" seldom" provides" sufficient" information" by" which" to"

define"and" interpret" their"nutritional" status."However," in" resourceMlimited" settings,"

snapshot"evaluation"of"anthropometry"or"visible"clinical"features"is"the"way"in"which"

malnutrition" syndromes" are" most" commonly" defined.10," 11" Because" of" this,"
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terminology" is" open" to"misinterpretation." The" term" ‘malnutrition’" implies" a" causal"

relationship"between"the"clinical" syndrome"and"nutritional" intake"but" this"may"not"

be" the" case:" it" is" perfectly" possible" for" a" child" to"meet" any" or" all" anthropometric"

criteria"for"‘malnutrition’"without"inadequate"dietary"intake"being"the"primary"cause"

of" their" body" habitus." They" may," for" example," have" cachexia" secondary" to"

unrecognised"malignant"disease."In"order"to"minimise"confusion,"in"this"thesis"I"have"

avoided" the" terms" ‘malnutrition’" or" ‘undernutrition’," and" have" systematically" used"

the"following"syndromic"diagnoses:"

"

• Severe! Acute!Malnutrition! (SAM):" Clinical" diagnosis" based" on" one" or" other" of"

weightMforMheight/length"zMscore"(WHZ/WLZ)"<"M3,"midMupperMarm"circumference"

(MUAC)"<"11.5cm,"or"bilateral" lower" limb"oedema"in"a"child"aged"6M60"months."

Where" SAM" is" diagnosed" due" to" lower" limb" oedema" the" condition" may" be"

referred"to"as" ‘kwashiorkor’"whether"or"not" the"other"classical"clinical" features"

(hepatomegaly," dermatoses," hair" changes,"withdrawn" affect)" are" present." SAM"

diagnosed" on" the" basis" of"WHZ/WLZ" or"MUAC"may" be" referred" to" as" ‘severe!

wasting’." Because" children’s" height" or" length" are" difficult" to" measure" in"

community" settings," WHZ/WLZ" is" only" used" as" an" entry" criteria" for" studies"

presented" herein" where" recruitment" has" taken" place" from"within" a" hospital.12"

The"terms"‘proteinMcalorie’"or"‘proteinMenergy’"malnutrition"and"‘marasmus’"have"

been"avoided.""

• Acute! Malnutrition:" Includes" SAM" and"moderate! acute! malnutrition! (MAM),"

which"is"a"clinical"diagnosis"based"on"WHZ/WLZ"<"M2"but">"M3,"or"MUAC"<"12.5cm"
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but" ≥�11.5cm." Wasting" is" used" to" describe" children" with" WHZ/WLZ" <" M2"

(incorporating"MAM"and"many"cases"of"SAM"but"excluding"kwashiorkor)"

• Stunting:! This" is" a" clinical" diagnosis" based" on" height/lengthMforMage" zMscore"

(HAZ/LAZ)."Children"with"HAZ/LAZ"<"M2"are"‘stunted’"and"those"with"HAZ/LAZ"<"M3"

are" ‘severely" stunted’." Although" ‘chronic" undernutrition’" has" sometimes" been"

used" interchangeable"with" stunting," I"have"avoided" this"description" throughout"

for"the"reasons"described"above."

• Growth! failure:" Linear" growth" failure" is" the" process" that" results" in" stunting;"

ponderal"growth"failure"results"in"acute"malnutrition."

!

1.2# Epidemiology#of#acute#malnutrition#and#stunting.#
"

The" global" burden" of" acute" malnutrition" has" been" surmised" on" the" basis" of"

populationMbased" estimates" of" wasting" prevalence" measured" as" WHZ/WLZ," which"

suggest" that" 8%" of" the" world’s" children" aged" 6M60" months," some" 52" million"

individuals,"are"wasted,"and"2.9%"are"severely"wasted.4"In"fact,"the"burden"is"almost"

certainly"higher" than" these" figures"suggest."Exclusive" reliance"on"WHZ/WLZ" fails" to"

count"children"with"MUAC"<"11.5cm"but"WHZ">"M3,"a"very"vulnerable"group"who"are"

severely" wasted" and" but" also" stunted." Kwashiorkor" is" not" counted," although" it"

comprises"up"to"50%"of"SAM"cases"in"some"settings.13"Although"acute"malnutrition"in"

children" aged" younger" than" six"months" has" recently" become" a" focus" of" attention,"

high"quality"data"on"the"scale"of"the"problem"are"lacking"and"acutely"malnourished"

infants" have" been" neglected" in" international" prevalence" estimates.14" Furthermore,"

since" episodes" of" acute" malnutrition" and" SAM" tend" to" last" less" than" a" year,"
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prevalence"data"underestimate" its" true" impact.15,"16"Measuring" incident"SAM"would"

involve"active"surveillance"programmes."The"resource"requirements"inherent"in"such"

monitoring"have"not"been"met"outside"of" relatively"smallMscale"cohort"studies,"and"

the" ethical" requirement" to" treat" cases" of" MAM" prior" to" progression" to" SAM"

complicates"interpretation.""

"

Although" the" global" prevalence" of" wasting" is" decreasing" over" time," in" Africa" it" is"

static."In"Africa"in"1990,"8.7%"(95%"Confidence"Interval"7.4"M"10.0)"of"children"underM5"

were" wasted" compared" with" 8.5%" (7.4" M" 9.6)" in" 2011." The" absolute" number" of"

children"affected"had" increased" from"9.6"million" (8.2" M"11.0)" to"13.4"million" (11.6" M"

15.2).3"

"

Table!1.1:!Prevalence!of!stunting!and!severe!wasting!

! Stunting! Severe!wasting!(WHZ/WLZ!<Y3)!

Proportion! Number!(millions)! Proportion! Number!(millions)!

Africa" 35.6"(33.3M38.0)" 56.3"(52.5M60.0)" 3.5"(2.9M4.1)" 5.5"(4.5M6.4)"

Asia" 26.8"(23.2M30.5)" 95.8"(82.8M108.8)" 3.6"(2.4M4.8)" 12.9"(8.4M17.3)"

Latin"America"&"Caribbean" 13.4"(9.4M17.7)" 7.1"(4.8M9.4)" 0.3"(0.2M0.4)" 0.2"(0.1M0.2)"

Oceania" 35.5"(16.0M61.4)" 0.5"(0.2M0.8)" 0.7"(0.5M1.1)" 0.0"(0.0M0.0)"

Total"LMICs" 28.0"(25.6M30.4)" 159.7"(145.9M173.4)" 3.3"(2.5M4.0)" 18.5"(14.0M23.1)"

High"income"countries" 7.2"(4.1M12.6)" 5.1"(2.9M8.9)" 0.3"(0.0M1.3)" 0.2"(0.0M0.9)"

Global! 25.7!(23.5Y27.9)! 164.8!(150.8Y178.8)! 2.9!(2.2Y3.6)! 18.7!(14.2Y23.2)!

!

""

"

Table!1.1:"Prevalence"and"number"of"children"6"to"60"months"with"HAZ"<M2"or"WHZ/WLZ"<M3"by"UN"region."

Note" that" severe"wasting" does" not" include"MUAC," for"which" global" prevalence" estimates"do"not" exist" (see"

above)."LMICs"="low"and"middle"income"countries."Data"are"mean"and"95%"CIs."Data"from"Black"et#al.3,"4"
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Stunting" affects" more" than" one" in" four" children" living" in" lowM" and"middleMincome"

countries."Although"there"have"been"substantial"global"reductions" in"the"burden"of"

stunting"from"an"estimated"253"million"children"in"1990,"to"165"million"in"2011,"again"

Africa"lags"behind."It"has"seen"only"modest"reductions"in"prevalence"and"an"increase"

in"the"absolute"number"of"affected"children"(Figure"1.1).3,"4"

"

Figure!1.1:!Global!burden!of!stunting!
!

"
"

"

!

"

The"reasons"for"subMSaharan"Africa’s"slow"progress"on"nutritional"health"relative"to"

the" rest" of" the" world" are" complex." A" key" factor" is" that" while" prevalence" of" both"

stunting"and"wasting"are"strongly"correlated"with"perMcapita"gross"domestic"product"

(GDP)" at" a" national" level," there" has" been" no" relationship" between" change" in" GDP"

Figure!1.1:"Top"shows"the"global"distribution"of"stunting"prevalence"(from"Ericksen"et#al."reproduced"under"a"

creative" commons" license).3," 8" Bottom" shows" stunting" trends" –" Africa" (bottom" right)" lags" behind" global"

improvements"(from"Black"et#al."reproduced"with"permission).4"

!
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with"time"(macroeconomic"growth)"and"change"in"stunting/wasting"prevalence.17"In"

subMSaharan" Africa" (sSA)," there" has" been" a" positive" association" between"

macroeconomic"growth"rate"and"populationMlevel"inequality"as"measured"by"the"Gini"

index" (the"difference" in"wealth"between" the" top," and"bottom,"population"deciles),"

and" when" wealth" creation" is" associated" with" increased" inequality," those" living" in"

poverty"will"always"struggle"to"see"the"benefits.18"Relying"on"economic"growth"alone"

to" realise" further" significant"decreases" in"acute"malnutrition"and"stunting" is"a" risky"

strategy." Interventions"designed" to" tackle" these" conditions"directly"will" need" to"be"

designed,"tested,"and"rolled"out,"if"healthy"growth"of"children"living"in"poverty"is"to"

be"optimised.!

"

1.3# Clinical#consequences#of#SAM#and#stunting.#
!

Tackling"acute"malnutrition"and"stunting" is"a"global"priority"because"the"conditions"

have" important" shortM" and" longMterm" consequences" for" children’s" health" and"

wellbeing." In" the" short" term," both" are" associated" with" increased" vulnerability" to"

infectious" diseaseMrelated" morbidity" and" mortality." SAM" is" associated" with"

particularly" increased" oddsMratios" for" mortality" from" common" infections" like"

diarrhoea" and" pneumonia.1" The" most" sensitive" estimates" of" acute" malnutritionM

dependent"mortality"have"used"logistic"regression"models"to"measure"the"fraction"of"

disease/mortality" burden" that" could" have" been" avoided" if" the" acute" malnutrition"

exposure" in" the"population"had"been" reduced" to" zero" (the"population"attributable"

risk"fraction)."Such"analyses"provide"a"way"to"account"for"the"fact"that"children"with"

acute"malnutrition"experience" increased" infectious"diseaseMrelated"mortality"across"
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the"spectrum"of"severity"(Figure"1.2)."Because"moderate"acute"malnutrition"(MAM)"

is" commoner" than" SAM," deaths" due" to"MAM" comprise" a" significant" fraction" of" all"

acute"malnutritionMattributable"mortality.19"

"

Figure!1.2:!Increased!oddsYratio!for!mortality!from!infection!is!not!confined!to!SAM!

"

"

"

In"total,"14.7%"of"global"mortality"in"children"underM5"is"attributable"to"stunting,"and"

at" least"12.6%"is"attributable"to"acute"malnutrition"(7.4%"due"to"WHZ/WLZ"<"M3)."A"

composite" of" foetal" growth" restriction," suboptimum" breastfeeding," stunting,"

wasting," and" micronutrient" deficiencies" (all" considered" nutritional" exposures)" is"

attributable"for"44.7%.4"The"impact"of"kwashiorkor"on"global"mortality"is"undefined,"

Figure! 1.2:" Odds" ratio" for" mortality" with" common" infectious" disease" syndromes" shows" the" importance" of"

MAM."Redrawn"from"data"reported"by"Black"et#al.1""
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but" is" likely" to" be" substantial," since" it" is" associated"with" extremely" high"mortality"

rates"in"the"context"of"infection.4,"20""

"

In" addition" to" shortMterm" risks" from" infectious" diseases," acute" malnutrition" and"

stunting" in" early" childhood" are" associated" with" longMterm" loss" of" growth" and"

developmental"potential.""

"

• Growth:! Growth" faltering" occurs" during" the" first" two" years" of" life" and" once"

established"appears"to"be"extremely"difficult"to"reverse"except"in"the"context"of"

major" and" sustained" environmental" change," such" as" relocation" to" a" developed"

country.21M24"

• Education! and! development:" Improved" linear" growth" in" early" childhood" is"

associated"with" longer" time" spent" in" school," improved" educational" attainment"

and"better"performance"in"reading"and"nonverbal"cognitive"tests.22,"23,"25,"26""

• Economic! productivity! as! an! adult:" A" positive" association"between"height" and"

income" is" recognised" in" a" wide" variety" of" settings," including" Europe" and" the"

USA.27" In" areas"where" stunting" is" prevalent," its" associations"with" reduced" final"

adult"height,"educational"achievement"and"neurocognitive"ability"are"likely"to"at"

least"partly"underlie"a"durable"association"with"income.22""

• Cardiovascular!disease! risk! in! adulthood:"Although"studies" from"many"settings"

have"indicated"that"smallMforMgestational"age"(SGA)" increases"cardiovascular"risk"

profile" in" adulthood," independent" effects" of" early" childhood" growth" as" they"

relate"to"lowMincome"settings"are"less"obvious,"and"if"they"exist"at"all"are"likely"to"

be"more"modest"(at"least"for"linear"growth)"than"previously"suspected.23,"28"
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• Adverse! pregnancy! outcome! and! small! for! gestational! age! in! the! next!

generation:! Both" maternal" and" paternal" short" stature" and" low" educational"

achievement"are"independently"associated"with"SGA"in"their"children,"providing"a"

pathway" by" which" growth" failure" during" infancy" may" impact" on" the" next"

generation,"thereby"entrenching"and"perpetuating"poverty.29,"30!

"

1.4# Immunologic#correlates#of#SAM.#
"

The"mechanisms"by"which"undernutrition"syndromes"appear"to"potentiate"infection"

remain"unclear."While"stunting"and"mild/moderate"acute"malnutrition"are"associated"

with"increased"infectionMdriven"mortality"at"the"populationMlevel,"the"main"research"

drive" has" been" to" understand" the" situation" in" SAM," where" the" association" is"

strongest.""

"

In"1959,"Nevin"Scrimshaw"and"colleagues"published"an"article"(expanded"to"a"WHO"

monograph" in" 1968)" entitled" ‘Interactions" of" nutrition" and" infection’," which"

concluded:31,"32"

"
“Infections#are#likely#to#have#more#serious#consequences#among#persons#with#
clinical#or#subclinical#malnutrition,#and# infectious#diseases#have#the#capacity#
to# turn# borderline# nutritional# deficiencies# into# severe# malnutrition.# In# this#
way,# malnutrition# and# infection# can# be# mutually# aggravating# and# produce#
more# serious# consequences# for# the# patient# than#would# be# expected# from# a#
summation#of#the#independent#effects#of#the#two.”31#

#

! !
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Figure!1.3:!Vicious!cycle!of!acute!malnutrition!and!infection!

"

"

"

This"recognition"of"a"synergistic"and"cyclical"relationship"between"‘malnutrition’"and"

infection" has" proved" durable" and" highly" influential" (Figure" 1.3)." Mechanisms" by"

which" clinically"manifested" infectious" diseases" could"worsen" nutritional" status" are"

immediately" apparent:" unwell" children" lose" their" appetite;" diarrhoeal" diseases"

reduce" nutrient" absorption" and" increase" zinc" turnover;"malaria" results" in" anaemia"

and" alters" iron" utilisation," for" example.33," 34" However," despite" significant" research"

efforts,"defining"the"precise"way(s)"that"acute"malnutrition"impacts"on"host"response"

to,"and"control"of,"infection"has"proved"difficult.""

"

The" immunologic" correlates" of" acute"malnutrition" in"man" have" recently" been" the"

subject"of" a" systematic" review"by"Rytter"et#al.35" The"authors" identified"245"papers"

reporting"data"on"immune"function"amongst"children"with"SAM,"encompassing"wide"

Figure!1.3:"Scrimshaw’s"vicious"cycle"describes"a"pattern"whereby"acute"malnutrition"exacerbates"infectious"

diseaseMdriven"morbidity,"which"in"turn"jeopardises"nutritional"status"and"growth.""

!
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diversity" in" study" setting," design," case" definition," control" ascertainment" and"

immunologic" methodology.36" The" contemporary" relevance" of" much" of" the" work"

described"must" be" interpreted" in" the" light" of" several" important"methodologic" and"

reporting" caveats." Firstly,"while"modern" syndromic" definitions" distinguish"between"

acute"malnutrition" (wasting)" and" stunting,"older" studies" frequently"use"weightMforM

age" zMscores" to"define" ‘malnutrition’"which"may"encompass"both."Only"21%"of" the"

studies" used" a" definition" of" SAM" that" corresponds" to" the" current"WHO"definition,"

and"only"two"used"the"latest"WHO"growth"standards."Secondly,"most"of"the"studies"

were"performed"in"the"1970s"and"1980s,"at"a"time"when"many"of"the"‘malnourished’"

children"may"in"fact"have"been"suffering"from"advanced"HIV"disease,"either"prior"to"

its"discovery"or"before"routine"diagnostic"testing"was"practical"or"ethical."Thirdly,"the"

clinical"description"of"cases" in"most" studies" is" insubstantial,"and" failure" to"properly"

account" or" control" for" other" coincident" acute" or" chronic" infections" (for" example,"

tuberculosis,"which"may"be"directly"associated"with"T"cell"anergy)"may"confound"the"

immunologic"data.37"While"keeping"these"caveats"in"mind,"previously"published"work"

has" been" based" around" assessing" for" impact" of" SAM" in" three" main" domains" of"

immunity:" T" cell" function," systemic" inflammatory" activation," and" epithelial" barrier"

integrity."

!

1.4.i! T!cell!function!
!

Studies"in"the"1970s"and"‘80s"found"that"children"with"SAM"have"reduced"cutaneous"

delayedMtype" hypersensitivity" reactions" to" tuberculin" following" BCG" (Bacillus#

Calmette1Guérin)"vaccination,"Candida"antigen"inoculation"and"chemical"stimuli.35,"38M
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40" This" corresponded" with" reduced" in# vitro" T" cell" proliferation" upon" mitogen"

stimulation,41M43" which" appeared" to" improve" during" nutritional" rehabilitation.44," 45"

However,"the"delayedMtype"hypersensitivity"response"involves"concerted"function"of"

antigenMspecific"T"lymphocytes"and"antigenMpresenting"cells,"and"a"reduced"response"

could"result"from"functional"abnormality"of"either."A"focus"on"the"T"cell"reflected"the"

dogma"of"adaptive"immune"primacy"of"the"time"but"a"more"recent"study,"one"of"the"

only"ones"to"utilise"modern"immunologic"techniques,"has"suggested"that"peripheral"T"

cell" effector" function" is" in" fact" constrained" by" reduced" number" and" maturation"

efficiency"of"dendritic"cells"(DCs)."In"the"study,"by"Hughes"et#al.,"(T"cell)"interferonMγ"

(IFNMγ)"production"after"stimulation"of"peripheral"blood"mononuclear"cells"(PBMCs)"

with"PPD"(mycobacterial"purified"protein"derivative)"was"reduced"in"SAM,"but"in"an"

equivalent"coMculture"experiment"with"autologous"preMprimed"DCs,"IFNMγ"production"

was"restored.46""

"

The"clinical"significance"of"these"findings"is"unclear."Children"with"isolated"deficits"in"

T" cell" number" or" function" have" markedly" increased" severity" of" infection" with"

common"pathogens"such"as"herpes"simplex"virus"and"varicella"zoster"virus,"which"are"

not"characteristic"of"SAM.47"Less"severe"primary"T"cell"lossMofMfunction"abnormalities"

are"frequently"characterised"by"paradoxical"immune"dysregulation"with"autoimmune"

disease,"allergy"and"elevated" immunoglobulin"E" (IgE)"production,"prominent."These"

features" are" also" not" characteristic" for" SAM.48" In" addition," children" with" SAM" are"

able"to"mount"robust"immune"responses"to"responses"to"a"diverse"array"of"vaccines,"

which" represent" the" summation" of" numerous" innate" and" adaptive" cellular"

processes.49""
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"

1.4.ii! Systemic!inflammatory!activation!
!

Several"small,"but"methodologically"sound,"studies"have"indicated"that"children"with"

SAM" have" elevated" inflammatory" and" Acute" Phase" proteins" even" without"

demonstrable" or" suspected" clinical" infection." Such" observations" are" particularly"

susceptible" to" bias" introduced" by" incomplete" clinical" categorisation," and" studies"

without"clear"descriptions"of"how"freedom"from"infection"was"ascertained"must"be"

treated"with"caution.50"In"urban"Ghana,"children"hospitalised"with"SAM"but"without"

overt" infectious" complications" had" elevated" CMreactive" protein" (CRP)" as" well" as"

decreased" albumin," prealbumin" and" transferrin" compared" to" healthy" controls.51"

Similar" findings"were" reported" from" southern"Nigeria.52,"53" In" rural" Kenya," children"

with" SAM"without" infection" had" elevated" ILM6" and" soluble" tumour" necrosis" factor"

receptor" levels,"especially" in"the"context"of"kwashiorkor.54" In"a"study"from"Jamaica,"

on"the"other"hand,"concentrations"of"CRP"were"similar"between"children"with"SAM"

without"infection"and"controls.55"""

"

Chronic" immune" activation" is" an" increasingly" wellMrecognised" consequence" of" HIV"

infection"and"independently"predicts"progression"to"AIDS.56"It"also"plays"a"role"in"the"

pathophysiology"of"obesity,"in"the"ontogeny"of"malignancy,"and"has"a"direct"negative"

impact"on"growth.57,"58"As"described"below,"it"may"have"functional"consequences"of"

clinical"relevance"to"SAM."

"
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1.4.iii! Epithelial!barrier!function!
!

Children" with" kwashiorkor" develop" a" characteristic" exfoliative" dermatosis" with"

epidermal"atrophy,"which"represents"a"clear"potential"site"for"pathogen"entry.59"Skin"

breakdown"does"not"appear"to"be"immune"mediated,"since"leukocyte"infiltration"was"

not"evident" in" the" few"studies" that"examined"biopsies,"and"cellular" infiltration"at"a"

site"of"local"trauma"was"similar"between"children"with"SAM"and"controls.35""

"

In" terms"of" surface"area," the" largest"epithelial"barrier"between" internal"milieu"and"

external" environment" is" the" gastrointestinal" epithelium." Detailed" investigation" of"

children"with"SAM"has"contributed"greatly"to"our"understanding"of"an"inflammatory"

enteropathy,"Environmental"Enteric"Dysfunction"(EED)," that" is" likely"to"be"universal"

in" SAM," but" also" extremely" common" in" nonMacutely" malnourished" children" in"

resourceMlimited" settings."While" there" is" some" debate" about"whether" enteropathy"

associated"with" SAM"and"EED" represent" the" same" clinicMpathologic" process," in" the"

absence"of"evidence"to"the"contrary"it"seems"prudent"to"regard"them"as"part"of"the"

same"broad"spectrum"of"enteropathies"prevalent"in"the"context"of"poverty.60"!

!

1.5# Environmental#Enteric#Dysfunction#
#

Environmental"enteric"dysfunction" (EED)" refers" to"an"acquired"clinical" syndrome"of"

reduced"intestinal"barrier"and"absorptive"function"associated"with"intestinal"mucosal"

inflammation" that" was" previously" known" as" environmental" or" tropical"

enteropathy.60M62"The"first"descriptions"of"EED"were"made"in"adults,"and"the"concept"

that" it" represented" an" acquired" and" environmentallyMmediated" phenomenon"
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emerged"in"a"1971"study"of"Peace"Corps"volunteers.63"Residence"in"India"or"Pakistan"

for" 18M24" months" was" associated" with" weight" loss," subclinical" malabsorption"

(defined" via" xylose" absorption" and" Schilling" tests)," and" jejunal" villous" atrophy" that"

recovered"following"return"to"the"USA."Other"than"weight"loss"the"volunteers"were"

largely" asymptomatic" and" did" not" have" parasites" or" amoebae" in" their" stool," in"

contrast" to" tropical"sprue,"which" is"associated"with"diarrhoea"and"malabsorption.64"

Histologic" findings" of" small" intestinal" villous" atrophy" and" crypt" hyperplasia" with"

lymphocytic"infiltration"are"characteristic"of"EED,"but"are"nonMspecific,"and"resemble"

other" chronic" inflammatory" enteropathies.60" Technical" and" ethical" impediments" to"

widespread"gastrointestinal"endoscopy"in"asymptomatic"individuals"means"that"EED"

has"usually"been"inferred"on"the"basis"of"nonMinvasive"tests"of"intestinal"function,"the"

commonest" of" which" is" the" lactuloseMmannitol" (L:M)" dual" sugar" absorption" test.65"

Epidemiologic"studies"using"this"approach"have"revealed"extremely"high"prevalence"

of" impaired"enteric"mucosal"barrier"function"associated"with"poverty,"to"the"extent"

that" some" degree" of" EED" can" be" considered" virtually" ubiquitous" amongst" children"

living" in" settings" where" food" security," safe" water" and" facilities" for" hygienic" waste"

disposal"are"absent"or"erratic.66M69"

"

EED" is" associated" with" growth" failure" and" stunting." Studies" using" different"

techniques" to" quantify" mucosal" barrier" function" from" diverse" ecological" settings"

around" the" world" have" revealed" a" consistent" inverse" relationship" between" EED"

activity"and" linear"growth.70M73"While" it"had"previously"been"supposed"that"stunting"

was"primarily"a"manifestation"of"chronic"undernutrition"due"to"dietary"inadequacy"in"

conditions" of" poverty," wellMconducted" controlled" clinical" trials" of" nutritional"
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supplementation," micronutrient" fortification" or" nutritionMspecific" education" have"

demonstrated" only" modest" impacts" on" linear" growth.74" A" direct" effect" of" EED" on"

growth"is"plausible:75"As"described"previously,"the"histologic"lesion"of"EED"resembles"

other" inflammatory" enteropathies" and" products" of" Th1" (T" helper" cell" typeM1)"

signalling" and" neutrophil" extravasation" are" detectable" in" stool.73," 76M78" It" is"

hypothesised" that" systemic" inflammatory" activation" results" from" translocation" of"

exogenous"antigens," luminal"bacteria"and"their"products"consequent"to"breakdown"

in" epithelial" barrier" function.68," 79" A" similar" triad" of" growth" failure," intestinal"

inflammation" and" systemic" inflammation" due" to" bacterial" translocation" is" also"

observed" in" other" inflammatory" enteropathies" of" childhood," for" example" Crohn’s"

disease." It" is" well" recognised" that" intestinal" and" systemic" inflammation" in" Crohn’s"

drives"linear"growth"failure"through"a"direct"effect"of"inflammatory"mediators"on"the"

Growth" Hormone" –" InsulinMlike" Growth" FactorM1" (GHMIGFM1)" axis" and" via" ILM6"

mediated" repression" of" chondrocyte" function" at" growth" plates.80," 81" Similarly," a"

recent"study"from"Zimbabwe"demonstrated"inverse"correlation"between"acute"phase"

proteins"and"IGFM1"in"a"population"with"high"prevalence"of"EED.79""

"

The"cause"or"causes"of"EED"are"currently"undefined"but"have" recently"become"the"

focus"of"significant"research"interest."The"prevailing"theory"is"that"chronic"ingestion"

of" faecal" material," resulting" from" water" contamination" and" suboptimal"

sanitation/hygiene" practices" (soMcalled" ‘WASH’" exposures)" is" critical" in" establishing"

the"condition."This"theory"has"been"supported"by"crossMsectional"comparisons"of"EED"

activity" in" reference" to"WASH"exposures.72,"82" It" is" now"being" tested" in" three" large"

clusterMrandomised" controlled" trials" of" highMintensity" WASH" improvements," which"
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are" due" to" report" in" the" next" two" years.83," 84" The" concept" that"microbial" pressure"

plays"a"causal"role"is"further"supported"by"a"metaManalysis"of"the"effect"of"antibiotics"

on" linear" growth" in" children" living" in" lowM" and" middleMincome" countries," which"

showed"that"they"increased"height"by"0.4mm"per"month"(0.0mm"to"0.7mm),"and"by"

the" fact" that" small" intestinal" bacterial" overgrowth" (SIBO)" is" associated" with"

decreased"absorptive"function"amongst"children"living"in"poverty.85,"86"However,"it"is"

possible" that" modulation" of" the" composition" or" content," rather" than" the" total"

biomass," of" intestinal" bacterial" exposure" is" most" important," since" evidence" is"

accumulating"of"significant"alterations"in"the"gutMresident"microbiota"in"the"context"

of"growth"failure.87"It"remains"possible"that"EED"is"caused"or"perpetuated"by"a"single"

intestinal"pathogen."One"potential"candidate" is"Giardia# intestinalis,"which"has"been"

variously"associated"with"increased"mucosal"permeability,"malabsorption"and"linear"

growth" faltering" in" young" children.88M90" The" importance" of"Giardia"may" have" been"

systematically" understated" because" it" can" be" difficult" to" diagnose." Recent" studies"

using"PCR"(polymerase"chain"reaction)Mbased"diagnostic"methodologies"have"found"it"

to" be" far" more" prevalent" than" previously" indicated.91" Giardia" causes" synergistic"

growth"failure"in"the"context"of"undernutrition"in"a"murine"model"of"EED.92"

#

1.6# SAM:#therapeutic#paradigm.#
!

The"clinical"management"of"SAM"involves"a"programme"of"interventions"designed"to"

treat," ameliorate" or" minimise" complications" and" metabolic" disturbance" during"

nutritional"rehabilitation,"and"to"promote"anthropometric"and"neurodevelopmental"

recovery.11" Inpatient" care" is" structured" around" a" ‘10" step’" approach," divided" into"
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initial" stabilisation" and" subsequent" rehabilitation" phases," the" implementation" of"

which" has" been" associated" with" dramatic" reduction" in" mortality" compared" to"

historical"controls"(figure"1.4).93"

"

Figure!1.4:!10!steps!approach!to!inpatient!management!of!SAM!

"

"

"

However,"inpatient"care"of"SAM"is"associated"with"substantial"opportunity"costs"for"

families"already"(usually)"suffering"the"effects"of"poverty,"and"acute"malnutrition" is"

an" important" risk" factor" for" nosocomial" infection.94" Therefore," where" safe" and"

practicable,"children"with"SAM"should"be"treated"in"outpatient"or"communityMbased"

settings,"with" inpatient"care" reserved" for" those"with"medical"complications"or"who"

lack" appetite.95," 96" A" key" enabling" factor" in" the" implementation" of" community"

management"of"SAM"has"been"the"development"of"readyMtoMuse"therapeutic" foods"

Figure! 1.4:" Consideration" of" 10" key" clinical" priorities" provides" a" framework" for" the" modern" inpatient"

management"of"SAM."The"’10"steps’"have"been"widely"adopted"by"WHO"and"national"guidelines.2"

!
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(RUTF)."RUTF"are"lipidMenveloped"pastes"comprising"either"a"peanut"or"legume"plus"

cereal" base," mixed" with" oils," sugar," electrolytes" and" micronutrients" to" a" formula"

designed"for"recovery"from"SAM."As"a"consequence"of"their"low"water"activity,"RUTF"

are"microbiologically" stable"with" a" long" shelf" life" and" can"be"used"at"home,"unlike"

milkMbased" formulas" that" can" only" be" prepared" safely" in" hospital.97" The" technical"

specification" for" nutritional" composition" of" RUTF" is" almost" identical" to" that" for" ‘FM

100’"therapeutic"milk,"which" is"the"standard"of"care"for"nutritional"rehabilitation"of"

children"with"SAM"and"was"based,"for"the"most"part,"on"published"specifications"for"

infant" formula" manufacture.98" There" have" been" no" major" changes" to" the"

composition" of" FM100/RUTF" since" they" were" initially" designed.99" Although" clinical"

trialMbased"evidence"of"efficacy"is"relatively"weak,"this"is"a"reflection"of"the"fact"that"

the" clear" practical" benefits" of" RUTF," its" very" rapid" and" widespread" adoption" by"

organisations" like" Médecins" Sans" Frontières," and" the" lack" of" viable" alternatives"

means"that"a"situation"of"equipoise"for"the"testing"of"RUTF"was"lost"very"soon"after"

its"development.100"RUTF"is"currently"provided"to"1.96"million"children"annually,"at"a"

cost" of" $200" million.101" The" main" manufacturer" of" RUTF" is" Nutriset" (Malaunay,"

France)"who"make"Plumpy’nut,"but"local"production"is"possible"and"would"provide"a"

more" equitable" framework" for" further" scaleMup" of" its" use.102,"103" Such" a" scaleMup" is"

certainly"necessary,"since" just"10%"of"children"with"SAM"have"access"to" lipidMbased"

RUTF.101""

"

Ancillary" treatments" in" the" early" management" of" SAM" include" broadMspectrum"

antibiotics"targeted"at"small"intestinal"bacterial"overgrowth"as"well"as"unrecognised"

systemic"infection,"and"antihelminthic"treatments.104"A"week"of"amoxicillin"reduced"
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mortality"amongst"children"with"SAM"receiving"treatment" in"community"settings" in"

Malawi" by" a" third," and" it" significantly" reduced" referral" for" inpatient" care" in" a" trial"

from"Niger.105,"106"A"trial"of"six"months’"coMtrimoxazole"prophylaxis"for"children"with"

complicated" SAM" has" recently" been" completed" and" will" report" in" 2016"

(NCT00934492)." A" trial" of" different" parenteral" antibiotic" schedules" for" the"

management" of" complicated" children" with" SAM" has" been" funded" (James" Berkley,"

personal"communication)."

!

Despite" substantial" decreases" in" mortality" associated" with" SAM" when" WHO"

guidelines" are" implemented" effectively," it" is" important" to" recognise" that" there"

remains" room" for" improvement." InMhospital" mortality" rates" remain" high" in" many"

settings,"and"postMdischarge"mortality"rates"indicate"a"failure"of"SAM"management"to"

normalise" risk.107M109" In"Kenya,"20%"of" children"who"had"been"admitted" to"hospital"

with"WAZ"<"M4"and"who"survived"to"discharge"died"in"the"subsequent"6"months.110"In"

Malawi," 42%" of" children"with" SAM" died" in" the" 18"months" following" presentation,"

including" 10%" after" discharge" from" SAM" treatment.111" In" Bangladesh," amongst"

children"with"SAM"and"pneumonia"who"were"admitted" to"hospital"but" survived" to"

discharge,"8.7%"had"died"within"three"months.112""

"

1.7# EED:#Therapeutic#paradigm#
"

In" contrast" to" SAM," there" are" currently" no" specific" treatments" available" for" EED,"

although"a"number"of"approaches"have"been"tried:"

"
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• Micronutrients:"In"two"small"studies"from"India,"there"was"a"suggestion"that"

a" single" vitamin" A" supplement" (200,000" IU," which" is" the" Integrated"

Management" of" Childhood" Illness" standard" dose)" was" associated" with" a"

greater" decline" in" L:M" than" placebo" amongst" children" hospitalised" with"

diarrhoea"or"respiratory"disease,"whereas"daily"lowerMdose""vitamin"A"(16,700"

IU,"which"is"still"supraMphysiological)"in"the"community"was"not.113"Two"trials"

of"alanylMglutamine,"which" is"conditionally"essential" for" rapidly"dividing"cells"

such" as" those" in" the" gut" epithelia," showed" that" supplementation" was"

associated"with"modest"decrease" in"L:M"amongst"Brazilian"children.114,"115"A"

trial" of" nM3" (omegaM3)" polyunsaturated" fatty" acid" (PUFA)" supplementation"

amongst" infants" in" The" Gambia" showed" no" effect" on" L:M" or" markers" of"

enteric" inflammation,116"and"a" further" recent" trial"of"micronutrient"and" fish"

oil"supplementation"in"Malawian"children"also"failed"to"show"any"impact.117"A"

two" week" course" of" zinc" supplementation" at" 20" mg" per" day" limited"

deterioration"of"L:M"over"time"in"another"study"from"Malawi.118"

• Probiotics:! A" trial" of" Lactobacillus# GG" treatment" for" 30" days" in" Malawian"

children"with" EED" failed" to" impact"on" intestinal" permeability.119"An"efficacy"

trial"of"a"synbiotic"preparation,"containing"a"number"of"probiotic"species"and"

prebiotics," in" the"management" of" SAM"also" failed" to" show"any"measurable"

impact.120"

• AntiYparasitic! approaches:" A" single" dose" of" albendazole" prevented"

deterioration" of" L:M" over" time" in" a" study" from" Malawi.118" A" trial" from"

Bangladesh"that"evaluated"threeMmonthly"albendazole"(antiMhelminthic)"along"
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with" monthly" secnidazole" (antiMamoebic" and" antiMprotozoal)" also" failed" to"

demonstrate"any"impact"on"gut"integrity.121"

• Rifaximin:" Rifaximin" is" a" gutMspecific" broadMspectrum" antibiotic" with" a"

complex"mode"of" action" that" is" thought" to" involve"modulation"of"microbial"

virulence" and" has" been" associated" with" reduction" in" endotoxaemia" in"

patients" with" hepatic" encephalopathy.122" A" short" course" of" rifaximin" in"

healthy"Malawian"children"did"not"impact"on"L:M.67"

!

Gut"mucosal" integrity" improves" during" nutritional" rehabilitation" for" SAM," but" it" is"

unclear"which"of" the"components"of" treatment"are"most" important.123"The"modest"

improvements" seen" with" some" of" the" micronutrient" interventions" have" not"

translated"to"improvements"in"growth,"so"at"present"there"appears"to"be"no"specific"

treatment"for"EED"over"and"above"treating"SAM"if"it"is"coincident."

"

As" noted" above," in" view" of" the" fact" that" chronic" exposure" to" faecal" material" is"

considered" to" play" an" important" part" in" the" pathogenesis" of" EED," large" clusterM

randomised" trials" of" WASH" interventions" are" currently" underway" in" Bangladesh,"

northern"Kenya"and"Zimbabwe."Further" trials"of"all"of" the"nutritional" interventions"

listed"above"have"also"been"registered."

"

1.8# Immunologic#consequences#of#chronic#pathogen#exposure.#
!

The"human" immune"system"has"been"classically"divided" into" two"arms."The" innate"

immune" system" mounts" rapid" nonMspecific" antimicrobial" responses" driven" by"
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exposure"to"‘danger’"signals."The"adaptive"immune"system"provides"antigenMspecific"

immunity" and" is" capable" of" anamnestic" ‘memory’" responses," where" immune"

responses"are"amplified"in"the"context"of"prior"exposure"to"a"specific"antigen."""

"

The" prototypical" examples" of" innate" danger" sensors" are" the" TollMlike" receptors"

(TLRs)." TLRs" form" part" of" an" extensive" network" of" microbial" pattern" recognition"

receptors" (PRRs)" that" detect" pathogenMassociated" molecular" patterns" (PAMPs);"

restricted" nonMprotein" motifs" that" have" been" highly" conserved" in" pathogen"

evolution.124," 125" They" are" expressed" on" the" surface" of" immune" cells" resident" at"

mucosal" surfaces," the"main" potential" sites" of" pathogen" challenge," and" function" as"

sentinels."Pathogen"challenge"and"TLR" ligation"results" in"activation"of"antimicrobial"

immunity" via" a" complex" set" of" local" and" distal" cellular" and" hormonal" proM

inflammatory" processes." Innate" immune" cells"with" direct" antimicrobial" activity" are"

recruited" from" the" circulation." Arriving" neutrophils" engulf" (phagocytose)" and" kill"

extracellular"pathogens,"and"myeloid"cells"begin"to"trigger"and"establish"the"adaptive"

response." The" fact" that" this" activation" is" not" antigenMspecific" allows" it" to" develop"

rapidly" and" function" both" as" a" trigger" and" an" organising" influence" on" subsequent"

immune" responses." As" such,"microbial" recognition" and" activation" is" a" critical" early"

step"in"the"handling"of"all"pathogens,"providing"early"warning"and"stimulation"to"all"

arms"of"the"antimicrobial"immune"response."More"recently,"the"discovery"of"sensors"

of" endogenous"products"of" tissue"damage" (damageMassociated"molecular"patterns,"

DAMPs)," and" cytosolic" PRRs" (especially" the" nucleotideMbinding" oligomerisation"

domain" (NOD)" receptors,"NLRs)" has"underscored" the"diversity" in"molecular" danger"

sentinels.126M128" While" PRRs" have" been" considered" to" function" via" a" relatively"
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restricted" array" of" intracellular" response" pathways," the" most" well" understood" of"

which" involves"activation"of" the"transcription" factor"NFMκB"(figure"1.5)," in" fact" they"

are" capable" of" orchestrating" highly" distinct" responses" to" different" pathogen"

exposures," challenging" the" concept" of" a" broadly" ‘nonMspecific’" innate" immune"

response.129"

"

Figure!1.5:!NFYκB!signalling!pathway!

"

"

"

In"the"last"15"years" it"has"become"increasingly"well"recognised"that"the"quality"and"

intensity" of" innate" immune" responses" are" shaped" by" past," as" well" as" concurrent,"

Figure!1.5:"NFMκB"is"a"critical"regulatory"protein"complex"that"integrates"information"from"a"diverse"range"of"

pattern"recognition"receptors."Figure"from"Wang"et#al."reproduced"under"a"creative"commons"license.9"

!
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microenvironmental"exposures,"indicating"that"the"innate"immune"system"is"capable"

of"a"form"of"immunologic"memory."BCG"is"an"attenuated"Mycobacterium#bovis"strain"

that" provides" protection" against" disseminated" tuberculosis" (caused" by"

Mycobacterium# tuberculosis," MTB)." It" is" administered" intradermally" and" elicits" a"

vigorous" cellMmediated" inflammatory" response," due" in" part" to" its" highMlevel"

endogenous" adjuvanting" activity." In" a" number" of" studies" in" resourceMpoor" settings"

BCG" vaccination," or" the"presence"of" a" BCG" scar," has" been" shown" to"be"protective"

against"mortality"in"early"childhood."The"magnitude"of"the"protective"effect"on"BCG"

on" allMcause"mortality" is" probably" too" large" to" be" explained" by" protection" against"

tuberculosis"alone.130"In"a"landmark"study"from"GuineaMBissau,"it"was"shown"that"the"

absence"of"a"BCG"scar"was"associated"with"respiratory"syncytial"virus"(RSV)Mmediated"

acute" lower" respiratory" tract" infection," suggesting" a" nonMantigenMspecific" or"

heterologous" protective" effect" of" BCG" vaccination.131" This" phenomenon" has" been"

termed"‘trained"immunity’.132"A"wealth"of"data"from"murine"and"other"experimental"

models" have" indicated" that" BCG" is" able" to" modulate" myeloidMderived" cellular"

function" in" certain" circumstances," but" until" recently" equivalent" data" from" human"

studies" has" been" lacking.133," 134" In" 2015," Jensen" et# al." found" that" early" BCG"

administration" to" low" birthweight" infants" was" associated" with" increased" proM

inflammatory"cytokine"production"in"a"whole"blood"stimulation"assay"in"response"to"

purified"protein"derivative"(PPD,"a"mycobacterial"protein"mix,"providing"an"index"of"

homologous" immunity)" and" several" TLRMligands" four" weeks" after" vaccine"

administration.135"TLR"ligands"are"not"proteinMbased"and"hence"cannot"be"presented"

on" MHC" or" be" subject" to" adaptive" anamnestic" immune" responses" –" strongly"

suggesting"an"impact"on"innate"cellular"function."Healthy"adult"individuals"receiving"
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BCG" exhibited" longMlasting" changes" in" monocyte" phenotype," with" increased"

expression" of" PRRs" and" enhanced" proMinflammatory" cytokine" release" following"

challenge" with" lipopolysaccharide" (LPS," also" known" as" endotoxin," a" Gram" –ve"

bacterial" cell" wall" component" that" is" the" ligand" for" TLR4)" up" to" a" year" after"

vaccination.136" A" series" of" recent" papers" have" shown" that" trained" immunity" is"

achieved"via"epigenetic"modification"of"monocytes/macrophages,"accompanied"by"a"

shift" towards"cellular"glycolytic"metabolism,"and"partly"mediated"via"NOD2.5,"137,"138!

Crucially," epigenetic" modulation" of" monocyte" function" was" bidirectional:" prior"

exposure" to" certain" stimuli" (betaMglucan," a" component" of" fungal" cell" walls)"

potentiated"or"‘trained’,"cells,"whereas"other"stimuli"(LPS)"had"the"opposite"effect,"of"

‘tolerising’"them"(figure"1.6)."

"

Figure!1.6:!Innate!immune!training!

"

"

"

Figure!1.6:"Saeed"et#al.#showed"that"preincubation"of"monocytes"with"tissue"culture"media"containing"betaM

glucan"(BG)"or"lipopolysaccharide"(LPS,"a"TLR4"ligand)"had"differential"impact"on"cytokine"expression"following"

stimulation"with"the"TLR2"ligand,"Pam3Cys"(P3C).5"Figure"reproduced"with"permission.""

!
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Just" as" innate" training" has" a" clinical" correlate" in" live" vaccineMinduced"heterologous"

immunity,"so"innate"tolerising"is"evident"in"Endotoxin"Tolerance"(ET),"which"refers"to"

a"phenomenon"whereby"repeated"exposure" to"LPS" imparts"a" refractory"phenotype"

to" monocytes" upon" further" homologous" and" (sometimes)" heterologous" innate"

immune" challenge.139" ET" has" been" demonstrated" in" a"wide" variety" of" in# vitro" and"

whole" organismal" models," including" human" challenge" studies.140" It" is" thought" to"

occur" to" a" clinically" relevant" degree" in" settings" of" sepsis,"multiMorgan" dysfunction,"

and" critical" illness" from" a" wide" variety" of" causes.139," 141," 142" ET" is" an" adaptive"

phenomenon" and" its" dysregulation" may" contribute" to" the" pathogenesis" of" some"

chronic"inflammatory"conditions.143,"144"

"

The"recognition"that"the"innate"immune"system"may"be"sensitive"to"recent"or"distal"

prior" exposure" may" provide" a" framework" through" which" to" address" an" apparent"

paradox"in"the"pathology"of"SAM:""

"

Children"with"SAM"often"have"evidence"of"chronic"inflammatory"activation,"yet"their"

observed"vulnerability"to"major"infection"implies"a"difficulty"in"mounting"effective"

immune"responses"to"pathogen"challenge."

"

This" is" true" both" in" the" systemic" circulation" (where" children" with" SAM" have"

hypercytokinaemia" but" are" vulnerable" to" severe" malaria" –" which" is" a" systemic"

pathogen)," and" in" the" gut" (where" children" have" inflammatory" EED" but" remain"

vulnerable"to"diarrhoeal"disease"and"infection"with"mucosal"pathogens).145,"146""

"
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1.9# Innate#immune#function#and#inflammatory#bowel#disease.#
!

Application"of"systems"biologic"approaches"to"infectious"disease"has"revealed"that"a"

diverse"array"of"genomicallyMencoded"disorders"in"innate"immune"function"exist,"and"

may"be"responsible"for"increased"susceptibility"to"infectious"diseases.147"The"majority"

of"these"are"due"to"lossMofMfunction"mutations"in"key"pathways"involved"in"immune"

sensing."For"example,"primary" immune"deficiencies"with" increased"susceptibility" to"

invasive"bacterial"disease"occurring"due"to"mutation"in"almost"every"molecule"in"the"

TLR4"signalling"pathway"have"been"described.148"Similar"work"has"been"undertaken"

in" inflammatory"bowel"disease" (IBD)," for"whilst" IBD" is" traditionally" thought"of" as" a"

polygenic"disease"partly"mediated"by"asMyetMundefined"environmental"exposures," it"

may" also" result" from" an" array" of" monogenic" disorders.149" Importantly," several"

strands"of"research"indicate"that"although"IBD"results"from"an"inflammatory"process,"

it"may"also"arise"from"effective"lossMofMfunction"in"inflammatory"pathways:"

"

• Monogenic! IBD:" Primary" immune" defects" in" granulocyte" function" and"

trafficking"present"with" colitis" that"may" strongly" resemble"Crohn’s"disease."

For" example," chronic" granulomatous" disease" (which" occurs" due" to" absent"

neutrophil" oxidative" burst" function)" is" a" clinically" important" differential"

diagnosis"to"consider"in"the"workMup"of"early"onset"IBD.150"Deficits"in"innate"

danger" sensing" or" in" adaptive" immune" cell" number" or" function," e.g."

hypomorphic" NEMO" (NFMκB" essential" modulator)" disease" or" Common"

Variable"Immunodeficiency"Disease,"may"also"present"with"colitis"as"part"of"

multiMsystem"inflammatory"syndromes.149,"151"
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• Functional!studies!in!IBD:"In"pioneering"work"utilising"a"highly"experimental"

approach," Smith" et# al." showed" delayed" clearance" of" radiolabelled" bacteria"

after" intradermal" administration" in" Crohn’s" along" with" reduced" neutrophil"

chemotaxis"to"the"site"of"pathogen"challenge"resulting"from"an"impairment"

in" cytokine" secretion" from" tissueMresident" macrophages.152" GenomeMwide"

association" studies" of" Crohn’s" have" implicated" the" NLR," NOD2," in" its"

pathogenesis.153" Impaired" sensing" of" muramyl" dipeptide" (a" component" of"

Gram" +ve" bacterial" cells" walls" and" the" ligand" for" NOD2)" has" been"

demonstrated" in" peripheral" bloodMderived" monocytes" from" Crohn’s"

patients.154""

• HIV! and! intestinal! inflammation:" Although" advanced" HIV" disease" is"

characterised" by" global" CD4+" T" cell" depletion," it" is" also" associated"with" an"

inflammatory"enteropathy"that"is"histologically"indistinguishable"from"EED.60"

#

1.10# Statement#of#hypotheses.#
!

1. Previous"studies"suggest"that"severely"acutely"malnourished"children"have"highM

level" chronic" exposure" to" pathogens" and" their" products" via" impaired" skin" and"

mucosal" barrier" function." I" hypothesise" that" chronic" exposure" to" PAMPs" is"

associated"with"innate"immune"training"in"the"systemic"circulation."Particularly,"I"

hypothesise"that"a"tolerising"effect"of"chronic"exposure"to"LPS"across"a"leaky"gut"

epithelium" leads" to" a" state" of" longMterm" endotoxin" tolerance" that" renders"

children" highly" susceptible" to" invasive" infection"with" entericMderived"Gram" –ve"

bacteria."
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"

2. I" hypothesise" that" local" inflammation" perpetuates" this" effect" via" bystander"

immune"activation,"particularly"in"the"gut."Therefore,"I"propose"that"broadly"antiM

inflammatory"therapeutic"agents"may"be"used"to"promote"mucosal"homeostasis"

and" encourage" normalisation" of" innate" immune" pathogenMsensing" pathways"

during"recovery"from"SAM"(see"Box"1)."

"

"

"

I"will"address"these"hypotheses"across"three"distinct"studies:"

"

a) CrossMsectional" study" relating" PRR" function" to" acute" nutritional" status," as"

measured"by"MUAC,"and"systemic"and"enteric"inflammatory"activation"(Chapter"

3).""

Box!1:!Reducing!inflammation!to!promote!immunity!in!SAM!

Chronic" innate" immune" activation" (chronic" inflammation," see" section" 3.3)" can"

lead" to" impaired" innate" immune" responses" to" subsequent" pathogen" challenge."

The" prototypical" example" of" this" effect" is" endotoxin" tolerance," described" in"

section"1.8."It"can"also,"at"least"theoretically," lead"to" impaired"adaptive" immune"

responses." For" example," the" production" of" retinoic" acid" by" dendritic" cells" is"

essential"for"the"induction"of"effective"T"cell"responses,"but"is"dependent"on"the"

activity"of" retinaldehyde"dehydrogenase"(RALDH),"which" is"potently" inhibited"by"

local" prostaglandin" E2" (PGE2)" production.6," 7" SAM" is" associated" with" chronic"

intestinal" and" systemic" inflammation," which" might" impair" inflammatory" and"

immune" responses" to" pathogens" and" predispose" to" major" invasive" infection."

Some"antiMinflammatory"treatments"might"disMinhibit"other"proMinflammatory"and"

immune" pathways" in" a" manner" that" may" help" to" restore" mucosal" immune"

homeostasis"and"address"observed"vulnerability"to"infectious"diseases."""
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"

b) A" pilot" randomised" controlled" trial" of" mesalazine," a" gutMspecific" antiM

inflammatory"agent,"in"children"with"SAM"and"evidence"of"EED"(Chapter"4)."

"

c) A" pilot" randomised" controlled" trial" of" different" strategies" of" provision" of" nM3"

polyunsaturated" fatty" acids" (PUFA)," which" have" antiMinflammatory" activity," in"

children"with"complicated"SAM"requiring"hospital"treatment"(Chapter"6)."""

"

In"addition,"I"will"describe"the"results"of"a"further"study"that"has"direct"relevance"to"

the"hypotheses"under"investigation.""

"

d) A"crossMsectional"study"of"nM3"PUFA"status"across"a"spectrum"of"acute"nutritional"

status"in"two"contrasting"ecological"settings"(Chapter"5)"

"



! 48"

Figure!1.7:!Conceptual!framework!

"

#

#
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Figure!1.7:"Nutritional"insufficiency"is"associated"with"intestinal"epithelial"barrier"dysfunction."In"the"context"of"

dysbiosis"and"high"pathogen"burden,"an"inflammatory"enteropathy"ensues."Innate"inflammatory"activation"

results"in"tissue"damage"and"further"impairs"barrier"function."Relative"innate"tolerance"to"microbial"products"

impedes"immune"clearance"of"translocating"bacteria"from"the"lamina"propria,"and"establishes"a"chronic"

inflammatory"state"with"breakdown"in"immune"homeostasis."Impaired"absorption"and"inflammationMdriven"

growth"failure"promote"development"of"stunting"and"SAM."The"nature"of"this"homeostatic"breakdown"

(purple)"will"be"interrogated"via"determination"of"innate"functional"immune"responsiveness"in"SAM."Two"

potential"therapies"are"proposed."Mesalazine"will"promote"immune"homeostasis"by"acting"to"rebalance"the"

host"immune"activation"in"favour"of"resolution"rather"than"chronic"inflammation."nM3"PUFA"will"have"a"similar"

effect,"and"additionally"ameliorate"the"potentially"proMinflammatory"impact"of"RUTF."

!



! 49"

CHAPTER(2!

Specific'background'and'pilot'work!
#

2.1# Mesalazine#in#SAM#with#EED#
!

It" has" been" suggested" that" gastrointestinal" luminal" contents" drive" the" mural"

inflammatory" activation" of" EED" via" specific" enteric" pathogens," a" global" increase" in"

pathogen"burden"(due"to"high"faecoMoral"transmission),"or"altered"microbiota.75,"155M

157"However," in"all"other" inflammatory" intestinal"diseases"of"childhood,"aberrant"or"

inappropriate"host"response"plays"a"critical"role"in"the"pathogenesis,"even"where"an"

intraluminal" trigger" is" evident.158" In" coeliac" disease" for" example," although"antigenM

specific" T" cell" activation" is" the" hallmark," bystander" induction" of" innate" and" other"

immune"components"contributes"to"tissue"damage"and"sustained"pathology.159""

"

A" key" unanswered" question" is" whether" intestinal" inflammation" in" EED" is" an"

appropriate," adaptive" response" to" excessive"pathogen"exposure" that"mitigates" the"

impact" of" acute" and" chronic" enteric" infections;" or" if" it" is" maladaptive," with" hostM

driven" immunopathology" contributing" to" mucosal" barrier" breakdown" and" growth"

failure."!

"

Mesalazine" is" an" aminosalicylate" derivative" (5Maminosaicylic" acid," 5MASA)"with" gutM

specific" antiMinflammatory" and" immunomodulatory" activity." It" has" a" complex"

mechanism" of" action" that" includes" oxygen" free" radical" scavenging," reduction" in"

cyclooxygenase"2," inducible"nitric"oxide"synthase"and"NFMκB"activity,"and" induction"

of"peroxisome"proliferatorMactivated"receptorMgamma.160M163" It" is"commonly"used"to"



! 50"

induce" remission" of" mild" to" moderate" paediatric" ulcerative" colitis" and" for"

maintenance" of" remission.164M166"Mesalazine" is" only" modestly" efficacious" for" these"

indications."MetaManalysis"of"studies"in"adults"showed"that"when"used"for"induction"

of"remission"in"UC,"72%"of"patients"receiving"mesalazine"failed"to"remit"compared"to"

85%"of"those"receiving"placebo"(relative"risk"(RR)"0.86,"95%"confidence"interval"(CI)"

0.81"to"0.91).167"When"used"for"maintenance"of"remission,"41%"of"patients"receiving"

mesalazine"relapsed"compared"to"58%"on"placebo"(RR"0.69,"95%"CI"0.62"to"0.77).168"

Mesalazine" has" not" proved" to" be" efficacious" in" Crohn’s.169" However," mesalazine"

remains"widely"used,"partly"because"it"has"a"very"favourable"safety"profile"compared"

to"other"members"of"its"class,"with"less"frequent"renal,"hepatic"and"gastrointestinal"

toxicities."In"all"reported"clinical"trials"of"its"use"in"children"with"IBD"there"have"been"

no" serious" drugMrelated" adverse" events.164" MetaManalysis" of" its" safety" profile" in"

clinical"trials"as"a"treatment"for"UC"found"that"“the#incidence#of#adverse#events#and#

withdrawals# due# to# the# 51ASA# formulations# did# not# significantly# differ# from# that#

associated# with# placebo”.167" The" British" Society" for" Paediatric" Gastroenterology,"

Hepatology" and" Nutrition" (BSPGHAN)" consider" it" to" be" “safe# and# effective# in# the#

induction# and# maintenance# of# remission# of# active# ulcerative# colitis”.166" The" most"

commonly" reported" mild" adverse" effects" include" headache" and" gastrointestinal"

disturbance."The"most"important"potential"known"toxicity"is"renal."Nephrotoxicity"is"

idiosyncratic" rather"than"dose"dependent,"but" is"extremely"rare" (0.26%"per"patient"

year)"and"usually"responds"well"to"withdrawal"of"the"drug.170"BSPGHAN"recommend"

renal"and"hepatic"function"monitoring"every"6"months"for"those"on"treatment.171"

"
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Two" preparations" of" mesalazine" are" available" as" childMfriendly" entericMcoated"

granules" designed" for" easy" oral" administration." Salofalk" is" produced" by" Dr." Falk"

Pharma," and" Pentasa" is" produced" by" Ferring" Pharma." Additionally," olsalazine"

capsules"(which"may"be"opened"and"the"contents"sprinkled"on"food)"are"produced,"

as" Dipentum," by" UCB" Pharma." Mesalazine" is" no" longer" patent" protected," and" a"

number"of"generic"formulations"are"available."Because"mesalazine"is"commonly"used"

against" ulcerative" colitis," most" delivery" mechanisms" have" aimed" to" release" the"

majority" of" active" drug" in" the" colon." Pentasa," on" the" other" hand," begins" releasing"

active" drug" in" the" duodenum" and" is" targeted" against" smallM" and" largeMintestinal"

pathology.172"Current"mesalazine"formulations"do"not"require"coldMstorage."

"

Treatment"of"inflammatory"bowel"disease"is"conventionally"divided"into"induction"of"

remission"and"maintenance"phases."The"most"efficacious" therapeutic"strategies" for"

induction" (particularly" in" Crohn’s)" are" provision" of" systemic" corticosteroids," or"

exclusive"enteral" nutrition" (EEN)"with" a"polymeric"or" elemental" feed." EEN" requires"

the" utilisation" of" liquid" milkMbased" feeds," and" widespread" communityMbased"

implementation" in"settings"where"EED"is"common"would"be"highly" impractical."The"

avoidance"of"a"necessity"to"provide"liquidMbased"feeds"has"been"the"cornerstone"of"

RUTF’s" success"and" it" is"not" immediately"clear"how"or"whether"an"elemental"RUTF"

could"be"formulated."The"use"of"systemic"immunosupressants"in"children"with"acute"

malnutrition," stunting" or" EED" is" contraindicated" because" M.# tuberculosis# is" an"

important"pathogen" in"such"children"and" infection" is"extremely"difficult" to"rule"out"

using" current" diagnostic" techniques.173" Mesalazine" has" minimal," if" any," systemic"

immunosuppressant"activity.174""
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"

In#Chapter#4,# I# report# the# results#of#a#pilot# clinical# trial#with#a#primary#objective#of#

investigating#the#safety#and#acceptability#of#mesalazine#as#an#adjunctive#treatment#

for# children# with# severe# acute# malnutrition# (SAM).# The# trial# was# designed# with#

intensive#follow1up#in#order#to#detect#any#indication#that#the#strategy#was#interfering#

with#a#beneficial,#adaptive#response.#Secondary#objectives#were#to#collect#hypothesis1

generating#data#relating#to#inflammatory#activation#and#growth.#

!

2.2# Njugu#Plus:#Polyunsaturated#fatty#acids#in#SAM#
!

The" nM3" and" nM6" families" of" polyunsaturated" fatty" acids" (PUFA)" are" biologically"

important"molecules"with"a"wide"variety"of"structural"and"functional"roles."They"are"

immunologically" active" as" precursors" to" the" eicosanoid" family" of" inflammatory"

mediators" and" as" a" result" of" their" characteristic" physical" properties" when"

incorporated" in" the" lipid"membranes" of" leukocytes.175," 176" Short" chain" nM3" and" nM6"

family"members" cannot" be" synthesised" de# novo" and"must" be" provided" by" dietary"

intake." They" act" as" precursors" for" the" biosynthesis" of" longer" chain" fatty" acids" (LCM

PUFA)" that" are" formed" via" the" sequential" action" of" desaturase" and" elongase"

enzymes." LCMPUFA" may" also" be" consumed" preMformed" in" the" diet."

Immunomodulatory" activities" of" the" nM3" (which" generally" downregulate"

inflammation)"and"nM6"PUFAs"(which"are"proMinflammatory)"and"their"derivatives"are"

mutually" antagonistic," partly" because" they" compete" in" the" same" set" of" metabolic"

pathways,"rendering"their"dietary"intake"ratio"of"particular"importance."LCMPUFA"are"

also"essential"to"visual"development,"brain"growth"and"neuronal"modelling.177"
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Specifications"for"FM100"and"RUTF"permit"broad"ranges"of"PUFA"composition,"with"nM

6"and"nM3"fatty"acids"comprising"3"to"10%,"and"0.3"to"2.5%"of"total"energy"content,"

respectively.96"There"is"no"stipulation"for"provision"of"preMformed"LCMPUFA."Short"and"

long" chain" nM6" PUFA" are" abundant" in" peanuts" and" many" of" the" vegetable" oils"

normally"used"in"manufacturing"RUTF."Conversely,"nM3"PUFA"(especially"nM3"LCMPUFA)"

are" present" in" a" limited" range" of" source" ingredients," principally" in" oily" fish." RUTF"

composition" therefore" typically" has" a" high" nM6:nM3" PUFA" ratio" with" a" very" low"

absolute"nM3"LCMPUFA"content."""

"

Several"previous"studies"have"investigated"fatty"acid"status"in"malnourished"children."

Analyses" of" erythrocyte" and" plasma" lipids" have" proved" highly" inconsistent," but"

relatively" low" levels" of" arachidonic" acid" (AA)" and" docosahexaenoic" acid" (DHA)" are"

most" frequently" reported" findings.178M185" Composition" of" plasma" and" erythrocytes"

should" only" be" regarded" as" proxy"measures" of" sufficiency," since" it" is" possible" that"

preservation" of" their" composition" is" achieved" by" diversion" away" from"other" tissue"

compartments:"deficiency"might"be"occult" if," for"example,"measurable" levels" in"the"

blood" were" maintained" at" the" expense" of" optimal" deposition" in" neuronal" tissue."

There" is" little" doubt" that" children" with" SAM" are" at" high" risk" for" having" very" low"

recent"nM3"LCMPUFA"intake."For"young"children,"the"major"dietary"source"of"nM3"and"

nM6"PUFA"is"breast"milk,"the"composition"of"which"is"critically"dependent"on"maternal"

intake.186"A"systematic"review"of"studies"measuring"breast"milk"composition"revealed"

that"breast"milk"from"subMSaharan"African"mothers"has"consistently"high"AA"content"

but"very"variable"DHA"content,"probably"driven"by"large"local"discrepancies"in"access"

to"fish.187"Access"to"dietary"sources"of"fish"and"nM3"PUFA"is"strongly"related"to"gross"
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domestic" product" on" a" perMcountry" basis,188" and" a" detailed" analysis" of" fatty" acid"

intake"by"Gambian"children"revealed"a"steep"decline"in"nM3"PUFA"and"preformed"LCM

PUFA" at" the" point" of" weaning.189" In" conditions" of" moderate" or" intermittent" food"

insecurity" far" from" sources"of" affordable" fish," intake"of" nM3" LCMPUFA" is" likely" to"be"

marginal," it" is" reasonable" to" assume" that" decreases" in" food" security" would" be"

associated" with" reduced" fish" intake" for" both" breastfeeding" mothers" and" their"

children"in"many"circumstances."

"

Prior" to" undertaking" the" work" described" in" Chapter" 6," I" conducted" a" small" crossM

sectional" pilot" study" assessing" PUFA" status" in" children" with" SAM" (unpublished)." I"

recruited"children"with"SAM"(n"="16)"and"nonMacutely"malnourished"hospital"controls"

(n" =" 16)" from"a" rural" hospital" in" Kilifi," Kenya," and"measured"erythrocyte" fatty" acid"

content" by" gas" chromatography." I" found" that" children" with" SAM" had" markedly"

decreased"nM6" and"nM3" PUFA" compared" to" controls,"with" an" elevated"nM6:nM3" ratio"

suggesting"severe"deficiency"in"nM3"PUFA.""

"

! !
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Figure!2.1:!Pilot!work!on!PUFA!in!SAM!

"

"

"

In" this" context," I" hypothesised" that" the" provision" of" RUTF" with" very" high" nM6:nM3"

PUFA"ratio"would,"at"best,"fail"to"adequately"address"underlying"nM3"PUFA"deficiency"

and," at" worst," might" exacerbate" inflammatory" activation" and" adversely" affect"

recovery."Provision"of"differential"PUFA"intake"during"recovery"from"SAM"had"been"

attempted" in" one" previous" trial." Smit"et# al." randomised" 17" Pakistani" children"with"

low"WAZ"to"500"mg/day"of"fish"oil"alongside"standard"care"(n"="10),"which"consisted"

of"multivitamin"provision"and"parental"nutritional"education,"or"standard"care"alone"

(n"="7)"for"up"to"12"weeks.190"They"demonstrated"a"marked"increase"in"erythrocyte"

composition"of"all"nM3"LCMPUFA"in"the"intervention"arm"but"no"change"from"baseline"

Figure!1.8:"Total"nM6"and"nM3"fatty"acids"as"percentage"of"erythrocyte"membrane"phospholipid"

comparing"severely"acutely"malnourished"children"(SM),"to"healthy"controls"(C)"indicates"marked"

association"between"malnutrition"and"PUFA"deficiency."(16"severely"malnourished"children"and"

16"controls,"at"Kilifi"District"Hospital"in"2010,"median"age"22"months"for"both"groups.)"
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in"the"controls."Similarly,"Koletzko"et#al.#demonstrated"an"increase"in"nM3"LCMPUFA"in"

plasma"phospholipids"from"baseline"in"a"cohort"of"8"Nigerian"children"with"SAM"after"

two"weeks"of" followMup,"when"provided"a"rehabilitation"diet" that"contained"fish.179"

No"previous"studies"had"assessed"the"impact"of"RUTF"on"fatty"acid"status,"but"this"is"

especially" important"because"RUTF" is" intended" to"be" the"only" foodstuff" consumed"

apart"from"breast"milk"during"nutritional"rehabilitation"of"SAM,"and"therefore"must"

truly"be"nutritionally"‘complete’."

"

Importantly," generation" of" RUTF" with" elevated" nM3" PUFA" content" is" likely" to" be"

compatible"with" local" production" using"materials" sourced" from"within" East" Africa."

Nile"Perch" (Lates#niloticus),"whose"oil" is" rich" in"nM3"PUFA,"were" introduced" to" Lake"

Victoria,"bordering"Kenya,"Uganda"and"Tanzania,"in"the"1950s.191"They"are"one"of"the"

largest" freshwater" fish" and" a" fierce" predator." Whilst" this" has" had" a" profoundly"

negative"effect"on"the"Lake’s"ecosystem"(causing"the"extinction"or"nearMextinction"of"

more" than"a"hundred"native" species)," it"has" stimulated" fishing"operations"and"Nile"

Perch"is"widely"available.192"A"potential"alternative"source"of"nM3"PUFA"is"flax"seed"oil,"

which" is" very" rich" in" the" short" chain" nM3" PUFA" alphaMlinolenic" acid" (ALA)." Flax" has"

been" successfully" cultivated" in" East" Africa," and" Ethiopia" is" the" fifth" largest" global"

producer"of"flax.193""

#

In#Chapter#6,#I#describe#the#Njugu#Plus#trial#(Njugu#is#the#Swahili#word#for#peanut,#and#

is#the#local#named#used#for#peanut1based#RUTF).#The#objectives#of#this#trial#were#to#

determine# whether# a# formulation# of# RUTF# with# a# lower# n16:n13# PUFA# ratio# is#

practical,#safe#and#acceptable#in#the#management#of#children#with#SAM;#and#whether#
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its#use#has#an#impact#on#children’s#LC1PUFA#status#as#measured#by#erythrocyte#fatty#

acid#composition.#In#order#to#determine#an#absolute#requirement#for#pre1formed#LC1

PUFA,# the# new# formulation#was# tested#with# or#without# fish# oil# supplementation# in#

addition#to#RUTF.#Because#LC1PUFA#are#immunologically#active,#secondary#objectives#

included#assessment#of#impact#on#structure#and#function#of#leukocytes.##

#

2.3 #####Inflammation#and#immunity#
"

Throughout"this"thesis,"the"following"terminologies"are"used:"

• Inflammation" is" a" process" that" is" initiated" by" activation" of" the" innate" immune"

system"and"results"in"the"accumulation"of"fluid,"plasma"proteins"and"leukocytes"

within"tissues"at"a"site"of"local"injury."

• Immunity" refers" to" lymphocyteMmediated" responses" to" particular" proteins" or"

pathogens"and"incorporates"both"primary"and"anamnestic"memory"responses."

• Systemic! inflammation" occurs" when" innate" inflammatory" activation" occurs" in"

the" bloodstream" rather" than" within" tissues." In" extreme" cases" this" may" be"

associated"with"the"systemic"inflammatory"response"syndrome"(SIRS)."Because"of"

crossMtalk" between" the" innate" and" adaptive" immune" systems," this" may" be"

associated" with" polyclonal" T" and/or" B" cell" activation" or"modulation" in" specific"

antigenMresponse" phenotype." The" former" may" also" be" referred" to" as" chronic"

immune"activation.""

• Infection!is"present"where"microbial"replication"in"tissues"or"at"a"mucosal"surface"

leads"to"a"local"inflammatory"response."
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• Mutualism! is" present" at"mucosal" surfaces" (especially" the" gut)"where!microbial"

replication"and"inflammatory"activation"exist"in"homeostatic"balance."

Each" of" the" laboratory" assays" employed" in" the" various" studies" is" designed" to"

interrogate"one"area"of"inflammation/immunity"(see"Box"2,"below)."Where"multiple"

markers" are" used" (e.g." the" large" variety" of" markers" measuring" systemic"

inflammation)," this" is"because" the"character"as"well"as"amplitude"of" response" is"of"

hypothesised" importance." Inflammatory" and" immune" functions" are" interrogated"

through"the"employment"of"sets"of"ex#vivo"or"in#vitro"model"systems"as"described"in"

Chapters"3"and"6."Note"that"many"of"the"systemic" inflammatory"markers"are"often"

used" clinically" as"markers" of" infection," however" in"most" cases" children"with" overt"

infections" at" point" of" presentation" were" not" eligible" for" inclusion" in" the" studies"

presented"herein"(see"specific"inclusion/exclusion"criteria"for"more"details)."



! 59"

"

"

!!Box!2:!Laboratory!assays!Y!hypothesised!domain!of!interest!
#

Inflammation:#tissue#specific#(gut)#

• Faecal"calprotectin"

• Faecal"βMdefensin"2"
"

Inflammation:#systemic##

• CMreactive"protein"

• Soluble"CD14"

• βM2"microglobulin"

• Total"Immunoglobulin"G"

• Erythrocyte"sedimentation"rate"

• Peripheral"white"cell"count"

• Peripheral"platelet"count"

• Peripheral"T"cell"activation/exhaustion"phenotype"

• Cytokines/chemokines" (CXCL10," Eotaxin,"GROα," IFNα," ILM1α," ILM1RA," ILM7,"

ILM8,"ILM10,"ILM15,"ILM17a,"ILM22,"ILM31,"MCPM1,"MIPM1α,"MIPM1β,"SDFM1)"
"

Inflammatory#function#

• Peripheral"whole"blood"cytokine"stimulation"assays"
"

Immune#function#

• T"cell"response"to"PHA"(polyclonal)"stimulation"

• T"cell"response"to"tetanus"Toxoid"(antigenMspecific)"response"
"

Downstream#markers#of#chronic#systemic#inflammatory#activation#

• Anaemia"

• Low"insulinMlike"growth"factorM1"(IGFM1)"
"

Gut#barrier#function#

• Serum"endotoxin"

• AntiMendotoxin"core"IgG"(EndoCAb)"titresα"

!



! 60"

CHAPTER(3!

Innate&pathogen)sensing)and)response)in)severe)acute)
malnutrition:+a+caseYcontrol'observational'study!

#

3.1# METHODS#
"

This" was" a" singleMcentre" caseMcontrol" observational" study." The" study" recruited"

severely" acutely" malnourished" children" from" the" Baraka" Clinic," Mathare" Valley,"

Nairobi," and" controls"without" SAM" from" the" local" community" between"November"

2012"and"April"2013."

"

The" primary" objective" was" to" assess" for" association" between" innate" pathogen"

sensing"and"response"characteristics"(measured"in"wholeMblood"stimulation"models)"

and" either" of" two" independent" axes;" nutritional" status" (measured" using"

anthropometry)," and" chronic" inflammatory" activation" (measured"using" a" variety"of"

laboratory" readouts)." The"hypothesis"was" that" chronic" exposure" to" pathogens" and"

their"products"via" impaired"skin"and"mucosal"barrier" function"would" lead"to" innate"

immune"training"in"the"systemic"circulation:"reduced"PAMP"response"would"be"seen"

with"more"severe"acute"malnutrition"and"greater"systemic"inflammatory"activation.""

"

3.1.1! Study!Setting!
!
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Mathare"Valley"(Mathare)"is"an"informal"settlement,"or"slum*,194"that"is"home"to"an"

estimated" 200,000" people" who" live" in" an" area" of" 0.88" km2," giving" a" population"

density" of" 228,000" people" per" km2," or" 5" m2" per" person," well" short" of" the" 30" m2"

minimum" recommendation" employed" in" the" organisation" of" emergency" refugee"

camps.195,"196"It"is"one"of"the"largest"slums"in"Nairobi,"lying"approximately"3"km"east"

of" the" central" business" district" between" the" affluent" suburb" of" Muthaiga," and"

Eastleigh," which" is" predominantly" inhabited" by" Somali" immigrants." The" average"

monthly"household" income" is" less" than"8,500"KSH" (approximately"$80"USD,"or"£55"

GBP)," and" average" monthly" expenditures" (on" food," water," rent," healthcare,"

education"etc.)"exceed"9,100"KSH.195"By"any"index,"extreme"poverty"is"endemic.196"

"

The" Baraka" Health" Centre" (BHC)" has" been" run" by" “German" Doctors”," a" registered"

nonMgovernmental"organisation,"since"1997.197"BHC"provides"lowMcost"health"care"for"

more" than"65,000"patients"per" year," 22,000"of"whom"are"new"attenders." Children"

aged" underMfive" have" been" treated" for" free" since" 2011," and" more" than" 12,000"

consultations"took"place"in"2013"(Barbara"HüntenMKirsch,"personal"communication)."

Care" is"provided"by"volunteer"clinicians" from"Germany,"supported"(at" the"time"this"

work"was"carried"out)"by"two"fullMtime"resident"German"doctors"and"a"local"support"

team"comprising"clinical"officers,"nurses,"pharmacists," laboratory"technicians,"social"

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*"UNMHABITAT"defines"a"slum"as"a"contiguous"settlement"where"inhabitants"have"inadequate"housing"

and"basic"services,"which"is"often"not"recognised"nor"addressed"by"public"authorities"as"an"integral"or"

equal"part"of"the"city,"and"where"residents"living"under"the"same"roof"lack"one"or"more"of"the"

following:"access"to"safe"water;"access"to"sanitation;"secure"tenure;"durability"of"housing"and"

sufficient"living"area.""

"
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workers," a" nutritionist" and" ancillary" staff." Nutritional" support" is" administered" at" a"

dedicated"outpatient"therapeutic"feeding"programme"(OTP)"that"provides"treatment"

for" more" than" 300" children" with" SAM" annually." In" 2013" cure" rate" was" 79%" and"

mortality" was" 3%," compared" to" internationally" recognised" standards" (from" the"

Sphere" Project)" of" >" 75%" and" <" 10%," respectively.198" Defaulter" rate"was" relatively"

high" at" 16%" (<" 15%" Sphere" standard)," reflecting" a" highly" mobile" population" who"

frequently"travel"between"rural"and"urban"areas"in"search"of"work."The"work"of"the"

OTP" was" complemented" by" treatment" programmes" for" MAM" (although" this" was"

inconsistent"in"2012M13"due"to"irregular"supply"of"fortified"cereals"and"readyMtoMuse"

supplementary"food"(RUSF)"by"central"government)"and"rickets."In"addition,"a"‘wetM

feeding’"programme"provided"shortMterm"free"nutritious"meals"for"the"most"severely"

impoverished" local" families" following" a" needs" assessment" by" the" community" and"

social"work"teams."

"

Prevalence"of"HIVMinfection"in"Mathare"is"not"known."In"2013,"8%"of"almost"20,000"

routine" providerMinitiated" HIV" tests" (for" adults" and" children)" at" BHC"were" positive"

(Barbara"HüntenMKirsch,"personal"communication).""

""

3.1.2!! Study!Participants!
!

Formal"inclusion"and"exclusion"criteria"were"as"follows:"

"

Inclusion"criteria,"CASES:" "

• Children"aged"6"months"to"5"years"old."
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• Provision"of"informed"consent."

• Severe"acute"malnutrition"(either"of"midMupper"arm"circumference"<"11.5cm"

or"bilateral"pedal"oedema" (weightMforMheight/length" zMscore"<" M3"on" its"own"

was"not" an" inclusion" criteria," reflecting" the" fact" that" this"was" a" community"

setting))."

• Eligible" for" outpatient" management" of" SAM" (i.e." no" evidence" of" acute"

infection,"and"passes"‘appetite"test’"according"to"national"guidelines)."

"

Exclusion"criteria,"CASES:" " "

• Known" HIV" disease" or" tuberculosis." (All" participants" received" providerM

initiated"HIV"testing"and"referral"in"the"event"of"a"positive"test).*199"

• Recent"(last"two"months)"treatment"for"SAM."

"

Inclusion"criteria,"CONTROLS:""

• Children"aged"6"months"to"5"years"old."

• Provision"of"informed"consent."

• No"severe"acute"malnutrition"(any"of"midMupper"arm"circumference"<"11.5cm,"

weightMforMheight/length"zMscore"<"M3,"or"bilateral"pedal"oedema)."

"

Exclusion"criteria,"CONTROLS:" " "

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
* Both"HIV"and"active"TB"disease"can"cause"functional"immunosuppression."Their"inclusion"would"have"

compromised" the"power"of" the"study" in"determining"nutrition"and/or"chronic" inflammationMspecific"

effects." National" guidelines" recommend" offering" providerMinitiated" testing" for" HIV" for" all" severely"

acutely"malnourished"children,"with"referral"for"comprehensive"care"in"the"event"of"a"positive"test."
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• Known" HIV" disease" or" tuberculosis." (All" participants" received" providerM

initiated"HIV"testing"and"referral"in"the"event"of"a"positive"test,"as"above.)"

• Recent"(last"two"months)"treatment"for"SAM."

!

3.1.3! Screening!and!enrolment!
!

Participants"with" SAM" (cases)"were" recruited" from"among" those" selfMpresenting" to"

BHC"or"via"a"programme"of"active"caseMfinding"in"the"community"conducted"by"local"

community"health"volunteers"(CHVs)."Information"about"the"study"was"given"to"each"

eligible"child’s"attending"parent"or"carer"and"informed"consent"for"participation"was"

sought."The"research"bleed"was" timed"to"coincide"with"a" routine"providerMinitiated"

HIV" test," participants"who" tested" positive" for" HIV" remained" in" the" study" but" their"

data"was"excluded"from"the"analysis.""

"

Controls"were" identified" via" opportunistic" screening" of" children" attending" BHC" for"

vaccination,"minor" illness," as" sibling" or" child" of" an" attendee," and" via" screening" of"

children" enrolled" in" the"wetMfeeding" programme" (described" above)." Controls"were"

frequency"matched"for"age"and"sex."

"

Baseline" clinical" and" demographic" features" were" recorded," and" routine"

anthropometry" was" performed" according" to" WHO" and" national" guidelines."

Comorbidities" were" defined" according" to" WHO" clinical" syndromic" diagnoses"

(diarrhoea"and"pneumonia)"or"a"positive"blood"film"with"clinically"apparent"disease"

(malaria).""
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"

Blood"was"drawn"by"needle"and"syringe"and"transferred"into"appropriate"tubes"by"a"

member"of"the"study"team"on"the"day"of"recruitment."A"stool"sample"was"taken"on"

either"the"same"or"the"following"day,"transferring"directly"from"the"child’s"nappy"into"

a"sterile"Universal"container.""

"

3.1.4! Laboratory!Methods!
!

3.1.4.i! WholeYblood!stimulation!model!
!

a:# Preparation#of#stimulation#plates#
#

TollMlike" receptor" ligands" and" controls" were" prepared" from" lyophilised" stocks"

according" to" the" manufacturer’s" instructions" and" diluted" to" appropriate"

concentration" (10Mfold" the" concentration" in" Table" 3.1)" in" RPMI" 1640," or" sterile"

RNAseMfree"water"in"the"case"of"poly(I:C)."11"μl"of"the"diluted"stimulants"were"added"

to" wells" of" multiple" individual" polystyrene" 96Mwell" plates" in" triplicate." The" plates"

were"sealed"and"stored"at"M80°C"until"the"day"of"use."Stimulant"concentrations"were"

determined" with" reference" to" previously" published" protocols" and" tested" with"

healthy" adult" donor" blood" to" ensure" that" the" concentrations"were" not" associated"

with"supramaximal"responses.200"

!

! !
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Table!3.1:!WholeYblood!stimulation!conditions!
!

Target! Stimulant! Source! Concentration!

TLR1/2" Pam3CSK4" Synthetic"triacylated"lipoprotein" 1"μg/ml"

TLR2" LTA" Lipoteichoic"acid"from"Staph.#aureus" 10"μg/ml"

TLR3" Poly(I:C)" Synthetic"analog"of"dsRNA" 10"μg/ml"

TLR4" LPS" Lipopolysaccharide"from"E.#coli"K12"strain" 1"μg/ml"

TLR5" FLA" Flagellin"from"S.#typhimurium" 5"μg/ml"

TLR2/6" FSLM1" Synthetic"diacylated"lipoprotein" 5"μg/ml"

TLR7" Gardiquimod" Imidazoquinoline"compound" 10"μg/ml"

TLR7/8" CL075" Thiazoloquinoline"compound" 10"μg/ml"

TLR9" ODN"M362" Type"C"CpG"oligonucleotide" 1"μM"

DectinM1" Zymosan" Hot"alkaliMtreated"cell"wall"from"
Saccharomyces#cerevisiae" 100"μg/ml"

+ve"Control" PMA/Ionomycin" M" 0.1"μg/ml;"1"μg/ml"

–ve"Control" PBS" M" M"

"

"

"

b:## Stimulation#protocol#
#

EndotoxinMfree" heparinised" blood" was" prepared" by" adding" 2" ml" of" whole" blood"

directly"to"preMprepared"BD"falcon"tubes"containing"endotoxinMfree"sodium"heparin"

solution"(final"heparin"concentration">10"USP/ml),"and"mixed"by"inversion."Samples"

were"transported"to"the"joint"laboratories"of"the"Universities"of"Nairobi"(Kenya)"and"

Washington"(USA)"at"the"University"of"Nairobi’s"Kenyatta"National"Hospital"campus"

Table!3.1:"Stimulants"are"listed"with"their"final"stimulation"concentration"(after"addition"of"the"

media/blood"mix).""
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on" the" same" day" in" boxes" cooled" with" ice" packs." Blood" was" diluted" 1" in" 5" in" a"

stimulation"buffer"made"up"of"RPMI" supplemented"with"penicillin/streptomycin," LM

glutamine" (2" mM)," pyruvate" (1" mM)" and" nonMessential" amino" acids." 100" μl"

blood/media"mix"was" added" to" each"well" of" a" freshlyMdefrosted" stimulation" plate,"

and"mixed"by"pipetting."The"plates"were"incubated"at"37°C"in"5%"CO2"for"24"hours."

Following"incubation,"the"plates"were"spun"down"to"pellet"cells."Supernatants"were"

removed"and"replicates"were"pooled"prior"to"freezing"at"M80°C."

"

c:# Stimulation#readout#
#

Production"and"release"of" ILM6," ILM8," ILM10"and" IPM10"(IFNMγMinduced"protein"10)"was"

assessed" by" ELISA" of" cell" culture" supernatants," using" kits" according" to" the"

manufacturers’" specifications." " Where" sample" volume" was" limited," ILM8" and" IPM10"

were" prioritised," as" prototypic" indices" of" MyD88Mdependent" and" Mindependent"

signalling,"respectively."

"

3.1.4.ii!Inflammatory!indices!
!

In" the" diagnostic" laboratory" of" the" University" of" Nairobi’s" Paediatric" Department,"

fresh"stool"was"examined"by"microscopy"(wet"mount)"for"pus"cells"and"ova,"cysts"and"

parasites."The"presence"of" faecal"occult"blood"was"determined"using"a"commercial"

rapid"diagnostic" kit" (Hemoccult" ICT,"Beckman"Coulter)." Full" blood"count" (FBC)"with"

differential"white" count," and"erythrocyte" sedimentation" rate" (ESR)"were"measured"

(Coulter"count"and"Westergren"methods,"respectively)."Aliquots"of"stool"and"plasma"
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were" frozen" at" M80°C," and" all" subsequent" analyses"were" performed" at" the" KEMRIM

Wellcome"Trust"Research"Laboratories,"Kilifi,"Kenya."

"

Calprotectin" and" betaMdefensin" 2" were" measured" in" stool" using" commercial" kits"

(Bühlmann"and"Immunodiagnostik"AG)"following"stool"disruption/homogenisation"by"

30"seconds"TissueLyser"shaking"(QIAGEN,"no"beads)."Plasma"total"IgG,"antiMendotoxin"

core"IgG"(IgG"EndoCAb),"and"betaM2"microglobulin"were"measured"using"commercial"

kits"according"to"manufacturers’"instructions"(ebioscience,"Hycult"biotech,"abcam)."

!

3.1.5! Statistical!Methods!
!

Differences" between" clinical," demographic" and" inflammatory" variables" between"

cases" and" controls" were" assessed" using"MannMWhitney" U" test" for" nonMparametric"

continuous" variables" or" Fishers" exact" for" categorical" variables." SubMgroup" analyses"

were"conducted"throughout"according"to"the"presence"of"oedema"(kwashiorkor)" in"

the"SAM"group.""

"

Associations"between"variables"across"both"cases"and"controls"were"assessed"using"

simple" linear" regression" after" transformation" to" normality," or" by" generation" of"

multivariate" regression" models" via" inclusion" of" all" variables" with" significant"

association"at"P"<"0.05"in"univariate"analyses.""

"

Because" the" whole" blood" stimulation" data" were" expected" to" produce" data" with"

multiple" internal"correlations,"dimensionality"reduction"was"performed"by"principal"
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component" analysis" (PCA)." Verification" of" the" data’s" suitability" for" PCA" was"

performed" as" described" in" the" test.201" The" KaiserMMeyerMOlkin" (KMO)" measure" of"

sampling"adequacy"was"used"to"assess"the"suitability"of"the"sample"size"(where"KMO"

values"are"characterised:"0.00M0.49"(unacceptable);"0.50M0.59"(miserable);"0.60M0.69"

(mediocre);"0.70M0.79"(middling);"0.80M0.89"(meritorious);"0.90M1.00"(marvellous).202"

Batlett’s"test"for"sphericity"(which"should"be"<0.05)"was"assessed"using"the"command"

factortest"in"Stata.203"

"

P" values" are" presented" without" correction" for" multiple" hypotheses." P<0.05" is"

arbitrarily" considered" statistically" ‘significant’," although" all" analyses" are" in" fact"

exploratory," are" not" powered" for" any" particular" outcome," and" are" designed" to" be"

hypothesisMgenerating." Any" positive" results" would" need" to" be" confirmed" in"

subsequent"studies."Throughout,"analysis"was"performed"in"Stata"(version"12.0)"and"

graphs"were"drawn"with"GraphPad"Prism"(version"6.0)"(except"Figures"3.6"and"3.10,"

which"were" drawn" in" Stata)." Anthropometric" zMscores"were" calculated" using"WHO"

standards"(2006).""

"

! #
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3.2# RESULTS#
!

3.2.1! Clinical!and!demographic!characteristics!
"

FortyMone" children" were" recruited" to" the" study." Two" were" diagnosed" with" HIVM

infection" following" screening" and" were" referred" for" comprehensive" care." Results"

from" 39" participants" were" analysed" in" the" study." Clinical" and" demographic"

characteristics"are"summarised"in"Table"3.2."

"

"
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Table&3.2:&Clinical&and&demographic&characteristics&

& Kwashiorkor& Severe&Wasting& Total&SAM& Controls& P&(SAM:C)&

n# 8# 16# 24# 15# *#

Age#(months)# 19#(15#to#24)**# 11#(8#to#16)**# 15#(10#to#18)# 17#(11#to#18)# 0.86#

Male#sex## 1#(13)# 8#(50)# 9#(38)# 6#(40)# 1.00#

MUAC#(mm)# *# 107#(105#to#112)# 107#(105#to#112)# 135#(130#to#144)# <0.001#

WHZ/WLZ# *# *2.9#(*3.8#to#*2.5)# *2.9#(*3.8#to#*2.5)# *0.8#(*1.1#to#0.3)# <0.001#

Oedema# 8#(100)# 0#(0)# 8#(33)# 0#(0)# *#

HAZ/LAZ# *3.5#(*3.9#to#*3.0)# *2.6#(*3.2#to#*1.5)# *3.0#(*3.6#to#*1.9)# *2.3#(*2.9#to#*0.9)# 0.04#

Breastfeeding# 2#(25)*# 12#(75)*# 14#(58)# 12#(80)# 0.30#

Monthly#h/h#income#<4000#KES#($40#USD)# 4#(50)# 4#(25)# 8#(33)# 0#(0)# 0.14#

Monthly#h/h#income#<10000#KES#($100#USD)# 7#(88)# 13#(81)# 20#(83)# 13#(87)# 1.00#

Number#of#people#living#in#house# 6#(3#to#7)# 5#(3#to#7)# 5#(3#to#7)# 4#(3#to#9)# 0.45#

Toilet#in#house/compound# 3#(38)# 8#(50)# 11#(46)# 1#(7)# 0.013#

Water#in#house/compound# 2#(25)# 3#(19)# 5#(21)# 0#(0)# 0.38#

Mother#owns#a#mobile#phone# 5#(63)# 14#(88)# 19#(79)# 12#(80)# 1.00#

Fever# 6#(75)# 12#(75)# 18#(75)# 0#(0)# <0.001#

Cough# 3#(38)# 11#(69)# 10#(42)# 0#(0)# <0.001#

Diarrhoea# 1#(13)# 5#(31)# 6#(25)# 1#(7)# 0.22#

!
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!

#

Children# with# kwashiorkor# were# older# than# those# with# severe# wasting# and# were#

consequently# more# stunted# (see# below)# and# less# likely# to# still# be# breastfeeding.#

Although#participants#were# recruited# on#markers# of# acute#malnutrition,# they#were#

also#extremely#stunted,#suggesting#longBterm#nutritional#inadequacy#or#ill#health.#The#

control#group#was#relatively#well#matched#in#terms#of#age#and#demographic#features.#

Although# almost# all# participants# were# living# below# the# international# poverty#

threshold#(currently#$1.25#USD#per#person#per#day),#the#number#of#children#living#in#

the#most#extreme#poverty#was#lower#in#the#controls.
204

#Interestingly,#percentage#of#

participants#with#access#to#inBhouse#toilet#and#drinking#water#facilities#was#lower#in#

the# control# group# compared# to# those#with# SAM.#Most# of# the# controls# came# from#

Mathare# 4A,# the# area# (or# ‘village’)# immediately# adjacent# to# BHC# (Figure# 3.1).# In#

Mathare#4A# there# is#no# infrastructure# for# single#dwelling/compoundBlevel#water#or#

sanitation#provision.#It#is#likely#that#many#of#the#children#with#SAM#travelled#further#

for# their# care# from# areas# (still,# without# exception,# within#Mathare)# with# different#

local#infrastructure.#In#Mabatini#village,#for#example,#some#of#the#poorest#people#live#

in# roughlyBbuilt# tower# blocks.# Although# these# provide# compoundBlevel# water# and#

sanitation# facilities,# the# living# area# and# conditions# are# exceptionally# poor# and#

insecure.##

Table!3.2:#Clinical#and#demographic#characteristics#of#the#participants.#Tabulated#P#values#are#

between#total#SAM#and#control#groups#by#MannBWhitney#U#tests#or#Fishers#exact.#Data#are#

median#(interBquartile#range)#or#number#(percentage).#*#P<0.05#between#kwashiorkor#and#severe#

wasting#subBgroups.#**#P<0.01#between#kwashiorkor#and#severe#wasting#subBgroups.#MUAC##(midB

upper#arm#circumference)#WHZ/WLZ#(weightBforBheight/length#z#score);#HAZ/LAZ#(height/lengthB

forBage#z#score);#h/h#(household).#
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Figure!3.1:!Map!showing!location!of!Mathare!4A!and!BHC!

#

#

!

3.2.2! Relationship!between!inflammatory!indices!
!

Sequential#pairwise#regression#analyses#showed#no,#or#weak,#relationships#between#

most# of# the# measurements# designated# as# potential# chronic# inflammatory# indices.#

Exceptions# were# relationships# between# total# IgG# and# ESR# (P<0.001),# and# IgG# and#

haemoglobin# (Hb)# (P=0.01).# There#was# a#modest# positive# correlation# between# the#

two# faecal# inflammatory# markers,# calprotectin# and# betaBdefensin# 2# (P=0.07),# see#

Figure#3.2.#There#were#no#significant#relationships#between#ILB8#in#plasma#(a#putative#

marker# of# acute# inflammatory# activation)# and# any# of# the# chronic# inflammatory#

markers.#

! !

Figure!3.1:#Map#shows#boundary#of#Mathare#(white#line),#Mathare#4A#(yellow#shaded#area),#and#

location# of# BHC# (white# circle).# Nairobi# river# shown# in# blue.# Mabatini# is# south# of# the# river# just#

opposite# BHC.# Satellite# imagery# downloaded# from# Google# Maps# (www.google.co.uk/maps),#

boundary#data#adapted#from#content#supplied#by#Map#Kibera#(www.mapkibera.org).#
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Figure!3.2:!Relationship!between!chronic!inflammatory!indices!

#

#
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Figure!3.2:#Relationship#between#chronic#inflammatory#indices#(all#in#plasma#save#for#calprotectin#

and#BD2#in#stool)#by#pairwise#regression#of#transformed#(if#necessary)#values.#In#the#table,#+#or#–#

indicates#the#direction#of#the#correlation#and#colour#indicates#its#statistical#significance#where#red#

(P<0.001),#orange#(P<0.01),#yellow#(P<0.05),#white#(P<0.10).#Hb#(haemoglobin);#WCC#(white#cell#

count);#ESR#(erythrocyte#sedimentation#rate);#IgG#(immunoglobulin#G);#EndoCAb#(IgG#antiB

endotoxin#core#antibodies);#B2M#(betaB2#microglobulin);#BD2#(betaBdefensin#2).##
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3.2.3! Relationship!between!inflammatory!and!anthropometric!indices!
#

Comparison# of# inflammatory# indices# between# the# two# SAM# groups# and# controls#

revealed#minimal#differences.#Children#with#severe#wasting,#and#the#SAM#group#as#a#

whole,#had#lower#platelet#counts#than#controls#(Figure#3.3).#Additionally,#sequential#

univariate# analyses# regressing# inflammatory# indices# (and# age)# against# MUAC,#

WHZ/WLZ,# presence# of# kwashiorkor,# or# HAZ/LAZ# were# performed.# Where# the#

relationships#were#significant#at#P<0.05#the#inflammatory#indices#were#combined#in#a#

multivariate#model.#For#MUAC,#only#platelet#count#was#predictive#in#the#multivariate#

model# (ESR#was#positively# associated# at# P=0.03# in# univariate# analysis)# and#platelet#

count#was#the#only#significant#univariate#association#for#WHZ/WLZ.#For#oedema,#only#

age#was#significantly#associated#as#described,#above.#For#HAZ/LAZ,#both#age#and#Hb#

were#associated#in#the#multivariate#model#(total#IgG#was#inversely#related#at#P=0.04#

in#the#univariate#analyses)#(Figure#3.4).#

#

! !



! 76#

Figure!3.3:!Relationship!between!SAM!and!inflammation!
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!

!

Figure!3.4:!Associations!between!inflammatory!and!anthropometric!variables!

#

#

#

3.2.4!! Whole!blood!stimulation!data!processing!
!

As# described# in# the#methods# section,# I# excluded# stimulation# conditions#where# the#

median#stimulated#cytokine#concentration#was#not#more#than#tenBfold#the#negativeB

control# concentration.#Crude#cytokine#concentrations#are# shown# in#Figure#3.5,# and#

the#panel#of# cytokine# responses# taken# forward# for#analysis# is# summarised# in#Table#

3.3.#Negative#control#cytokine#concentrations#were#subtracted#from#their#equivalent#

stimulatedBcondition# concentrations# and# the# absolute# stimulantBinduced# cytokine#

concentrations#were#used#in#all#subsequent#analyses.#

!
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Figure!3.3:#MannBWhitney#U#tests#were#used#to#assess#for#significant#differences#between#either#

of#the#two#SAM#phenotypes,#or#the#SAM#group#as#a#whole,# and#control# children# (C).#They#were#

also# used# to# investigate# for# differences# between# kwashiorkor# (K)# and# severe# wasting# (SW)#

themselves.# Differences#were# only# apparent# for# platelet# count,#which#was# lower# in# SW,# and# in#

SAM#as#a#whole,#than#in#C#(P<0.05#for#both#tests).#Hb#(haemoglobin);#WCC#(white#cell#count);#ESR#

(erythrocyte# sedimentation# rate);# IgG# (immunoglobulin# G);# EndoCAb# (IgG# antiBendotoxin# core#

antibodies);#B2M#(betaB2#microglobulin);#BD2#(betaBdefensin#2).#

Figure! 3.4:# Inflammatory# variables# that# were# associated# with# anthropometry# in# multivariate#

regression#analyses.#MUAC#(midBupper#arm#circumference)#WHZ/WLZ#(weightBforBheight/length#z#

score);#HAZ/LAZ#(height/lengthBforBage#z#score).#
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Figure!3.5:!Crude!cytokine!concentrations!in!stimulated/unstimulated!conditions!
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Figure! 3.5:# Cytokine# concentrations# measured# in# tissueBculture# supernatant# by# ELISA.# PCSK#

(Pam3CSK4);# PIC# (Poly(I:C));# Gar# (gardiquimod);# Zy# (zymosan).# Dashed# line:# 10Bfold# median#

cytokine#concentration#in#–ve#control#wells.#Hatched#area:#below#lower#limit#of#detection##
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Table!3.3:!Stimulant/cytokine!pairs!taken!forward!for!further!analysis!
!

Target! Stimulant! Cytokine!output!!

TLR1/2# Pam3CSK4# ILB8;#ILB6;#ILB10#

TLR2# LTA# ILB8;#ILB6#

TLR3# Poly(I:C)# IPB10#

TLR4# LPS# ILB8;#IPB10;#ILB6;#ILB10#

TLR5# FLA# ILB8;#IPB10;#ILB6;#ILB10#

TLR2/6# FSLB1# ILB8#

TLR7# Gardiquimod# IPB10;#ILB6#

TLR7/8# CL075# IPB10;#ILB6;#ILB10#

TLR9# ODN#M362# B#

DectinB1# Zymosan# ILB8#

+ve#Control# PMA/Ionomycin# ILB8;#IPB10;#ILB6#

!

Suitability# of# the# data# for# PCA# was# ascertained# via# inspection# of# the# scatter# plot#

matrix# for# linearity# (a# subsection#of#which# is# provided# in# Figure# 3.6).# Although# the#

ratio# of# cases# per# variable# was# very# low,# the# KaiserBMeyerBOlkin# Measure# of#

Sampling#Adequacy#was#0.68#(‘mediocre’).#Bartlett’s#Test#of#Sphericity#gave#P<0.001,#

indicating#that#the#data#were#suitable#for#reduction.#Outlier#was#not#attempted#due#

to# the# small# number# of# datapoints,#meaning# that# the# results#must# be# regarded# as#

preliminary.# The# first# PC# (PC1)# explained#57%#of# the# variance# in# the#data,# and# the#

second#PC#(PC2)#explained#15%#(cumulative#72%,#see#scree#plot#Figure#3.7).#

#
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Inspection#of#the#PCA#loading#plot#reveals#that#explanation#of#the#variance#of#most#of#

the# stimulation#conditions# is#provided#mainly#by#PC1.#PC2#accounts#mainly# for# ILB8#

release#(Figure#3.8).#

!

Figure!3.6:!Subsection!of!the!scatter!plot!matrix!
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Figure! 3.6:# Inspection# of# the# scatter# plot# matrix# reveals# multiple# mostly# linear# relationships#

between#the#variables,#indicating#their#suitability#for#PCA#reduction.###
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Figure!3.7:!Scree!plot!

!

#

!

!

!

Figure!3.8:!PCA!loading!plot!
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Figure!3.7:#Inspection#of#the#scree#plot#provides#justification#for#the#analytic#focus#on#the#first#two#

principal#components,#after#which#the#contribution#to#variance#explanation#tails#of#markedly.###
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3.2.4!! Whole!blood!stimulation!results!
!

Overall,#stimulated#cytokine#release#was#very#similar#between#children#with#SAM#and#

controls.#Release#by#children#with#kwashiorkor#was#frequently#less#than#in#the#other#

two# groups# (Figure# 3.9).# SAM# was# associated# with# reduced# ILB8# production# in#

response#to#LTA#(P=0.047)#and#increased#ILB6#production#in#response#to#gardiquimod#

(P=0.040).# In#subgroup#analyses,#kwashiorkor#was#associated#with#reduced#ILB8#and#

ILB6#production#in#response#to#LTA#compared#to#controls,#and#reduced#ILB6#response#

to# LTA# compared# to# children# with# severe# wasting.# Severe# wasting# was# associated#

with#increased#ILB6#production#in#response#to#gardiquimod#(Figure#3.9).##

#
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Figure!3.9:!Stimulated!cytokine!release:!impact!of!SAM!
!
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Figure!3.9:#Stimulated#cytokine#release#matrix.#K#(kwashiorkor);#SW#(severe#wasting);#C#(control),#

other#abbreviations#as#previous.#*#P<0.05#by#Mann#Whitney.##
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Figure! 3.9! (cont.):# Stimulated# cytokine# release#matrix.# K# (kwashiorkor);# SW# (severe#wasting);# C#

(control),#other#abbreviations#as#previous.#*#P<0.05#by#Mann#Whitney.##
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Sequential# regression# analyses# were# performed# against# results# from# each# of# the#

stimulation#condition#and#the#first#two#principal#components#of#the#reduced#data#in#

order# to# assess# for# association# with# inflammatory# and# anthropometric# variables#

(Table#3.4).#The#univariate#analyses#provided#strong#evidence#of#a#consistent#impact#

of#white#cell#count#on#cytokine#release.#Unfortunately#due#to#gaps#in#the#data#it#was#

not#possible#to#resolve#this#further#using#differential#white#counts.#Additionally,#ILB8#

concentration#was#consistently#significantly#associated#with#stimulated#ILB8#release.#

Therefore#a#multivariate#analysis#was#performed,#controlling#for#white#cell#count#and#

ILB8# concentration# in# plasma# (only# for# ILB8# release# variables# and# the# principal#

components)# (Table# 3.5).# This# revealed# a# highly# consistent# positive# association#

between#cytokine#release#(including#PC1)#and#plasma#IgG#EndoCAb,#and#a#negative#

association# between# cytokine# release# (also# including# PC1)# and# faecal# calprotectin#

(PC1# results# illustrated# in# the# componentBplusBresidual# plots,# Figure# 3.10).#

Kwashiorkor#was#significantly#negatively#associated#with#cytokine#release# in#several#

conditions,#and#with#PC2#(Figure#3.11).###

# #
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Table!3.4:!Univariate!regression!analyses!against!cytokine!release!
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Table!3.5:!Multivariate!regression!analyses!against!cytokine!release!
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Figure!3.10:!EndoCAb/calprotectin!and!PC1!–!componentWplusWresidual!plots!
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Figure! 3.10:# ComponentBplusBresidual# plots# give# a# graphical# representation# of# the# association#

between#PC1#and#EndoCAb#(top,#P=0.03),#or#calprotectin#(bottom,#P=0.03)#after#adjustment#in#the#

regression#models#detailed#above.#
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Figure!3.11:!SAM!and!cytokine!response!to!PAMP!challenge!
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Figure! 3.11:# PC1#and#PC2#are#similar# in# severe#wasting#(SW)#compared# to# controls# (C).#PC2#was#

reduced# in# children#with#kwashiorkor# (K)# compared# to#C# (P=0.024)#and#SW# (P=0.053)#by#MannB

Whitney.# The# PC2/1# identity# plot# highlights# the# presence# of# a# major# outlier# in# the# K# group,#

discussed#later.#There#is#no#immediately#apparent#spatial#clustering#according#to#group.#
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3.3# Discussion#
#

This# study# was# designed# to# address# the# hypothesis# that# children# with# SAM# have#

chronic# enteric# and# systemic# inflammatory# activation,# that# this# may# have# a#

training/tolerising# effect# on# innate# immune# response# to# pathogens,# and# that#

consequent# immune#hyporesponsiveness#might# account# for# their# greatly# increased#

infectionBmediated# morbidity# and# mortality.# The# study# utilised# ex# vivo# PAMP#

challenges# to# investigate# stimulated# cytokine# production# as# a# primary# functional#

readout.#The#results#do#not#support#the#primary#hypothesis:#SAM#had#no#consistent#

impact#on#gutBspecific#or#systemic#inflammatory#markers,#and#no#impact#on#release.#

A# possible# association# between# simulated# cytokine# release# and# gut#

functional/inflammatory#markers#deserves#further#study##

#

In# subgroup# analyses# there# was# a# possible# negative# impact# of# kwashiorkor# on#

stimulated#cytokine#release.#This#was#seen#in#several#of#the#experimental#conditions#

and#was#statistically#significant#for#PC2.#Most#of#the#children#with#kwashiorkor#also#

had# low#PC1# scores,# apart# from#one# outlier,#who# had# the# highest# PC1# score# of# all#

participants.# This# child# had# a# very# distinctive# inflammatory# profile:# In# the# wholeB

blood# stimulation# conditions# they# produced# the# highest# concentration# of# cytokine#

amongst#children#amongst#children#with#kwashiorkor#22/24# times,#and# the#highest#

concentration#of#cytokine#amongst#all#participants#13/24#times.#They#had#the#lowest#

platelet#count#and#second# lowest# faecal#calprotectin#of#all#participants,# the#highest#

total# IgG,# secondBhighest# ESR,# and# fourthBhighest# EndoCAb.#They#were#also#one#of#

the# more# anaemic# children# in# the# study,# with# Hb# of# 6.0# g/dL.# It# is# tempting# to#
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speculate# that# they#may# have# had# some# other# unique# intrinsic# or# extrinsic# factor#

affecting# their# immune# response.# The# combination# of# fever,# anaemia# and# relative#

thrombocytopenia# is# suggestive# of# malaria,# which# has# been# previously# shown# to#

dysregulate# TLRBdependent# cytokine# responses.205,# 206# Although# Nairobi# itself# is#

considered# free# of# malaria# transmission,# frequent# travel# back# and# forth# to#

hyperendemic#areas#in#Western#Kenya#is#not#uncommon#for#Mathare#residents#and#

‘imported’# malaria# is# sometimes# seen# at# BHC.207# Unfortunately# this# child# was# not#

tested# for#malaria# at# enrolment.# They#went# on# to#make# a# full# recovery# from# their#

kwashiorkor#without#having#been#prescribed#antimalarial#treatment#at#BHC,#though#

such#treatments#are#very#widely#available#in#the#informal#sector.#In#the#absence#of#a#

definitive#explanation#of# their#unusual# immune#phenotype,# their# results#have#been#

included#in#all#analyses.#

#

The#findings#for#children#with#kwashiorkor#are#of#particular# interest,#because# it#has#

been# postulated# that# this# condition# may# be# partly# related# to# a# dysregulated# and#

exaggerated# inflammatory# response# to# infection.208B210# Evidence# supporting# this#

theory# include# the# fact# that# kwashiorkor# is# comparatively# rare# amongst# younger#

children#with#SAM#or# those#who#are#HIVBinfected,# suggesting#a# requirement# for#“a#

degree# of# immunocompetence”# for# its# development,211,# 212# that# kwashiorkor# may#

(rarely)# be# precipitated# by# antiretroviral# treatment# of# very# immunosuppressed#

children# with# AIDS,# potentially# as# a# manifestation# of# immuneBreconstitution#

inflammatory#syndrome,213#and# that# it#been# found#to#be#associated#with# increased#

circulating# inflammatory#mediators# compared# to# severe#wasting.54# In# contrast,# the#

present# data# have# suggested# that# children# with# kwashiorkor# may# have# a# broadly#
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attenuated# cytokine# response# to# innate# pathogen# challenge,# and# have# found# the#

balance#between#proB#and#antiBinflammatory#mediators#(e.g.#ILB6#and#ILB8#versus#ILB

10)# to# be# preserved.# Therefore# while# the# capacity# to# mount# an# inflammatory#

response#might#be#a#necessary#condition#to#the#development#of#kwashiorkor,#these#

data# do# not# support# the# concept# of# a# dysregulated# and# overBexuberant# innate#

inflammatory#response#as#being#a#primary#cause#of#the#condition.##

#

The# inverse# associations# of# faecal# calprotectin# and# plasma# IgG# EndoCAb# with#

cytokine#release#are#difficult#to#reconcile.#Calprotectin#is#neutrophil#cytosolic#protein#

whose# presence# in# stool# is# indicative# of# neutrophilBassociated# enteric# mural#

inflammation#arising#from#one#of#a#number#of#infectious#or#‘inflammatory’#(e.g.#IBD,#

graftBversusBhost# disease)# causes.214B216# IgG# EndoCAb# is# thought# to# be# produced# in#

response#to#intestinal#microbial#translocation,#and#higher#levels#are#taken#to#signify#

greater#intestinal#permeability.72,#79,#217#A#correlation#between#faecal#calprotectin#and#

EndoCAb# was# anticipated,# but# was# not# apparent.# Intestinal# lamina# propria#

inflammation# can#be# induced# in#model# systems# through#diverse# immune#and#nonB

immune# pathways,# and# clinically# relevant# inflammatory# enteropathies# can# have#

different# immunophenotypes.218# It# is#plausible# that#both#neutrophilBassociated#and#

nonBneutrophilBassociated#enteropathies#may#occur#in#the#context#of#SAM,#and#that#

they# have# different# impacts# on# local# and# systemic# immune# function.# Adults# with#

Crohn’s# disease# have# defective# cytokine# secretion# by# peripheral# bloodBderived#

macrophages# while# those# with# ulcerative# colitis# do# not.152# The# characteristics# of#

inflammatory# inflammation# may# be# affected# by# such# factors# as# age,# dysbiosis# or#

intestinal#protozoal#infection.219,#220#Although#the#current#study#is#too#small#to#allow#
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for# a# detailed# exploration# of# the# potential# diversity# in# enteric/systemic#

immunophenotypes,# it# provides# a# clear# rationale# for# further# study.# An# alternative#

explanation# for# these# observations# makes# reference# to# the# fact# that# although#

elevated# EndoCAb# has# been# considered# a# result# of# chronic# translocation,# there# is#

some#evidence#that#severe#illness#or#other#causes#of#highBlevel#translocation#may#–#

at# least# transiently# –# lead# to#depletion# in#detectable# EndoCAb# (presumably#due# to#

utilisation#in#phagocytosis#etc.).221,#222# It# is#possible#that#elevated#faecal#calprotectin#

and# low# EndoCab# define# an# acute# enteropathy# with# translocation,# and# that# this#

profile# is#broadly#associated#with#PAMP#tolerance.#Such#an#explanation# is#post#hoc#

and#should#be#investigated#in#further#prospective#studies.#

#

Despite#the#fact#that#pattern#recognition#receptors#have#been#recognised#since#the#

1990s# and# their# status# as# critical# players# in# the# immune# response# to# infection# and#

injury# is# undisputed,# only# a# few#previous# studies# have# addressed#PAMP# sensing# in#

malnourished# children,# and# investigations# have# mainly# been# restricted# to# LPS#

response.# Doherty#et# al.,#working# in# Jamaica,# found# that# release# of# TNFα# and# ILB6#

following#wholeBblood#stimulation#for#2B24#hours#LPS#10#μg/ml# increased#following#

nutritional#rehabilitation#but#did#not#compare#children#with#SAM#to#healthy#controls,#

which# is# particularly# important# when# it# is# well# recognised# that# improvement# in#

resilience# to# infection# lags# behind# anthropometric# recovery.223# Muñoz# et# al.#

performed# a# similar# uncontrolled# experiment# that# demonstrated# increasing# ILB1β#

and#TNFα#response#to#18#hour#PBMC#stimulation#with#1#μg/ml#LPS#during#nutritional#

rehabilitation.224###Palacio#et#al.,#working#in#Chile,#found#no#difference#in#release#of#ILB

1,# TNFα,# and# ILB6# following# 18# hour# PBMC# culture# with# LPS# 1# μg/ml# between#
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malnourished#children#and#healthy#controls,#although# the#mean#WHZ/WLZ#of# their#

cases#was#B1.3#so#they#mostly#did#not#even#meet#current#criteria#for#moderate#acute#

malnutrition,# let#alone#SAM.225#Azevedo#et#al.# found# increased#TNFα#production#by#

malnourished# children# compared# to# controls# in# a#24#hour#wholeBblood# stimulation#

model#across#a#range#of#LPS#concentrations,#though#their#cases#were#also#relatively#

well#nourished,#with#mean#WHZ/WLZ#of#B1.49.226#Malavé#et#al.#found#no#difference#in#

ILB6# production# between# malnourished# children# and# controls# following# 48# hour#

PBMC#stimulation#with#5#μg/ml# LPS.227#Work# in#animal#models#of#malnutrition#has#

produced#similarly#contradictory#results.#Monk#et#al.#demonstrated#reduced# in#vivo#

ILB10#production# in# response# to# LPS# challenge# in# two#metabolically#distinct#murine#

models#of#undernutrition.228#Fock#et#al.#found#the#opposite#result#in#a#similar#system,#

demonstrated#increased#ILB10#alongside#reduced#in#vivo#ILB1β#and#TNFα#production,#

with#decreased#NFBκB#activation# in#vitro.229B232#Anstead#et#al.#showed#increased#ILB6#

production# by# peritoneal#macrophages# following# in# vitro# stimulation#with# LPS# and#

IFNγ,# similar# ILB1b# production# but# decreased# nitric# oxide,# TNFα# and# ILB10,# with#

reduced#early#(<#16#hour)#NFBκB#activation.233#Reynolds#et#al.#showed#decreased#ILB

1β# production# by# macrophages# from# malnourished# mice# in# an# in# vitro# system.234#

Therefore# while# there# is# some# evidence# of# increasing# proBinflammatory# cytokine#

release#following#LPS#challenge#during#nutritional#rehabilitation#in#humans,# in#caseB

control#and#animal#studies# there#has#variously#been#evidence#of#positive,#negative,#

or#null#impact#of#malnutrition#on#response#to#PAMP#challenge.##

#

The#current#study#has#a#number#of#limitations.#The#relatively#small#sample#size#limits#

statistical#power#to#detect#subtle#differences#between#cases#and#controls,#and#means#
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that#results#from#subgroup#analyses,#in#particular,#should#be#considered#preliminary.#

Positive# results# should# also# be# treated# with# caution# because# the# large# number# of#

hypotheses#under# investigation# renders# the# risk#of# Type#1# error,# high.#Methods# to#

formally# correct# for# multiple# comparisons# have# not# been# applied,# and# post# hoc#

hypotheses#will# need# to# be# tested# in# future# studies.#However,# the# use# of# PCA#has#

allowed# effective# integration# of# the# highly# correlated# data# and# increased# the#

effective#power#to#detect#differences#in#PAMP#response#in#a#small#sample#size.##

#

Participants# in# the# control# group# were# living# in# poverty# and# most# were# stunted#

(HAZ/LAZ# <# B2),# suggesting# chronic# illBhealth.# They# were# therefore# relatively# well#

matched#for#the#SAM#participants#in#all#but#acute#nutritional#status,#but#should#not#

be# considered# ‘healthy’# controls.# The# temporal,# mechanistic# and# aetiologic#

relationships# between# wasting# and# stunting# are# incompletely# defined.# Abnormal#

inflammatory# function# and# PAMP# response# might# be# common# to# both# groups.#

Certainly,# 53%# of# control# children# had# faecal# calprotectin# ># 100# μg/g,# indicating#

clinicallyBrelevant# intestinal# inflammation,#and#suggesting#a#high#prevalence#of#EED#

in#this#setting.235#Cellular#immune#function#in#EED#has#not#been#investigated#before,#

and# is# worthy# of# future# study.# Finally,# structural# and# functional# diversity# in# the#

mammalian# immune# system# means# that# responses# in# blood# may# be# qualitatively#

different#to#those#at#mucosal#surfaces,#where#hostBPAMP#interactions#occur.# In#the#

gut,# for#example,#epithelial# cells#play#a# role# in#pathogen# sensing,#and#nonBantigenB

restricted# tissueBresident# innate# lymphoid# cells# direct# immune# responses.236B238#

Ethical# and# logistic# difficulties# inherent# in# accessing# mucosal# specimens# from#

malnourished#children#for#study#mean#that#the#overwhelming#majority#of#work#done#
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on# understanding# their# immune# function# has# relied# on# peripheral# blood# cells# and#

plasma,#and#it#is#unlikely#that#this#will#change#in#the#near#future.#Understanding#the#

relationship# between# tissueBspecific# and# systemic# inflammation# in# model# systems#

should#be#a#research#priority.#

#

In# summary,# the# current# study# has# demonstrated# that# chronic# inflammatory#

activation# and#ex# vivo# response# of#whole# blood# to# a# range# of# PAMP# inflammatory#

stimuli#was#equal#between#wellBcharacterised#children#with#uncomplicated#SAM#and#

community# controls.# There# was# a# possible# signal# of# decreased# inflammatory#

response#in#kwashiorkor#that#should#be#investigated#in#future#studies.!

! !



! 97#

CHAPTER(4!

Mesalazine)in)the)initial)management)of)severely)acutely)
malnourished-children"with"environmental"enteric#
dysfunction:,a,pilot,randomised#controlled#trial!

#

This#chapter#contains#data#that#have#been#reported#previously:##

Jones KDJ, Hünten-Kirsch B, Laving AMR, Munyi CW, Ngari M, Mikusa J, Mulongo 

MM, Odera D, Nassir HS, Timbwa M, Owino M, Fegan G, Murch SH, Sullivan PB, 

Warner JO, Berkley JA. Mesalazine in the initial management of severely acutely 

malnourished children with environmental enteric dysfunction: a pilot randomized 

controlled trial. BMC Medicine (2014) 12(1): 133#

!

4.1# METHODS#
!

This#was#a#singleBcentre#doubleBblind#randomised#placeboBcontrolled#trial#of#the#use#

of# mesalazine# alongside# standard#medical# and# nutritional# care# in# severely# acutely#

malnourished# children.# Randomisation#was# balanced# 1:1.# The# hypothesis#was# that#

mesalazine# might# safely# reduce# enteric# and# systemic# host# inflammatory# drive#

suggesting# that# the# inflammatory# component#of#EED# is# functionally# redundant#and#

may#worsen#growth#(analogous#to#IBD).#

#

4.1.1! Participants!and!setting!
!

The# study# took# place# between# June# and#November# 2013# at# the# nutrition# clinic# of#

Baraka# Health# Centre# (BHC),#Mathare,# Nairobi.# Further# information# on# the# setting#

has#been#provided#in#Chapter#3.195##
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#

Participants# were# recruited# from# among# those# selfBpresenting# to# BHC# or# via# a#

programme#of#active#caseBfinding# in#the#community#conducted#by# local#community#

health#volunteers# (CHVs).#Eligible#participants#were#children#aged#12# to#60#months#

with#SAM,#defined# for# the#purposes#of# this# study#as#midBupper#arm#circumference#

(MUAC)#<#11.5cm#or#bilateral#pedal#oedema.#They#had#uncomplicated#SAM#(i.e.#good#

appetite# and# no# severe# clinical# illness)# and# were# therefore# eligible# for# outpatient#

management# according# to# WHO# guidelines.11# EED# was# inferred# on# the# basis# of#

stunting# (HAZ/LAZ# <# B2# using# the# WHO# 2006# growth# standards)# and# chronic#

inflammation# (erythrocyte# sedimentation# rate# (ESR)# ># 20#mm/hour).# Full# inclusion#

and#exclusion#criteria#were#as#follows:#

#

Inclusion#criteria:#

• Children#aged#12#to#60#months#old.#

• Provision#of#informed#consent#by#parent#or#guardian.#

• Stunting#(HAZ/LAZ#<#B2)#

• SAM#(one#or#both#of#MUAC#<#11.5cm#and#bilateral#pedal#oedema).#

• Eligible# for# outpatient# management# of# SAM# (i.e.# no# evidence# of# acute#

infection,#and#passes#‘appetite#test’#according#to#national#guidelines).#

• Evidence# of# chronic# inflammation# (ESR# ># 20# mm/hr)# on# screening# blood#

tests.239#

#

#

#
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Exclusion#criteria:# #

• Known#HIV#disease#or#tuberculosis*.240#

• Known#previous#renal#disease#or#asthma†.#

• Recent#(previous#two#weeks)#bloody#diarrhoea.#

• Acute#infection#requiring#treatment#(e.g.# lower#respiratory#tract# infection#or#

malaria).#

• Medical#condition#precluding#normal#feeding#(e.g.#severe#cerebral#palsy).##

• Already#receiving#treatment#for#SAM#from#another#centre.#

• Biochemical# evidence# of# acute# renal# or# hepatic# impairment# on# screening#

blood#tests:#Creatinine#>#70#μM,241#or#abnormal#aspartate#aminotransferase#

(AST)# or# alanine# transaminase# (ALT)# according# to# KEMRIBWellcome# Trust#

Clinical#Trial#Laboratory#reference#ranges.#

• Thrombocytopenia#(platelets#<#50x109/L).#

• Known#allergy#or#hypersensitivity#to#mesalazine,#other#salicylate#drugs,#or#any#

of#the#product#ingredients.#

• Concurrent# medication# known# to# interact# with# the# study# drug# (e.g.# nonB

steroidal# antiBinflammatory# drugs,# H2# (histamine# receptor# 2)# antagonists,#

protonBpump#inhibitors)#

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
* The#medication# regimens# used# to# treat# HIV# and# tuberculosis# are# frequently# complicated# by# drug#

interactions,# the# likelihood# or# frequency# of# which# would# be# difficult# to# predict# and# would# require#

separate,#dedicated# investigation.#National#guidelines#recommend#offering#providerBinitiated#testing#

for#HIV# for#all# severely#malnourished#children,#and# referral# for# comprehensive#care# in# the#case#of#a#

positive#test.#

† Renal#problems#and#asthma#are#recognised#contraindication#to#the#provision#of#this#class#of#drug.#

!
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• Other#reason#at#the#discretion#of#the#attending#clinician#(independent#of#the#

trial#team).#

#

Exclusion# criteria# were# decided# on# the# basis# of# contraindications# listed# in# the#

Summary# of# Product# Characteristics,# preBexisting# conditions# that# the# investigator#

group# felt# increased# the# risk# to# participants# (e.g.# HIV# infection,# bloody# diarrhoea,#

other#overt# infection#requiring#hospital#admission),#or# likely#futility#of#the#approach#

in# the#presence#of#other#major#medical#problems#(e.g.# tuberculosis,#cerebral#palsy)#

242.#Concurrent#or#recent#viral#infection,#or#administration#of#a#live#viral#vaccine,#were#

not#considered#to#be#contraindications#to#enrolment:#although#Reye’s#syndrome#has#

historically# been# associated# with# salicylate# (mainly# aspirin)# use# in# these#

circumstances,# the# investigator# group#were# unable# to# find# even# a# single# report# of#

Reye’s#associated#with#mesalazine,#and#such#cautions#are#not#advised#when#it#is#used#

in#the#context#of#IBD.####

!

4.1.2! Screening,!enrolment!and!randomisation!!
#

Children#aged#12#to#60#months#old#with#SAM#were#referred#to#the#study#team#at#BHC#

for# clinical# screening.# If# clinical# eligibility#was# confirmed# and# informed# consent# for#

participation#was#provided#by#the#child’s#parent#or#guardian,#venous#blood#was#taken#

for# HIV# testing,# full# blood# count,# ESR,# creatinine,# liver# function# tests,# and# film# for#

malaria#parasites#if#required.#HIV#testing#was#via#pointBofBcare#tests#provided#by#the#

Ministry# of# Health# (UniBgold#with# Determine# confirmation).240# Final# screening#with#

blood# results# took# place# the# following# day,# after# which# eligible# children# were#
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enrolled# by# assigning# the# next# consecutive# study# number.# In# order# to# minimise#

unnecessary#blood#draws,#additional#blood#was#taken#alongside#the#screening#blood#

tests# for# later# investigation# of# baseline# inflammatory#markers# of# EED# as# described#

later#in#this#chapter.#Children#who#were#ineligible#due#to#abnormal#screening#blood#

tests# were# followed# up# locally# (free# of# charge)# or# referred# to# Mbagathi# District#

Hospital# (MDH)#for#ongoing#care# if# required.#Costs# (including#fares)#related#to#their#

first#consultation#at#MDH#were#met#by#the#study.#

#

! !
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Figure!4.1:!Screening!and!enrolment!procedures!

#
#

#
#
#

A#randomisation#schedule#was#developed#in#STATA#(version#12.0)#with#variable#block#

sizes#(2,#4#and#6)#using#the#following#code:#“ralloc#blknum#blksiz#Rx,#nsubj(44)#osize(3)#

ntreat(2)#saving(mys)#table”#243.#Allocations#were#assigned#to#study#numbers#by#the#

trial#statistician#(Greg#Fegan).#Sachets#of#mesalazine#(Pentasa)#granules#and#matched#

placebo#were#purchased#from#Ferring#Pharmaceuticals#(SaintBPrex,#Switzerland)#in#2#

g#foil#sachets#that#were#identical#apart#from#labelling.#Prior#to#initiation#of#the#trial,#

sachets#were# disguised# by# application# of# opaque# ‘blackBout’# labels# (Avery)# and# reB

Figure!4.1:#FlowBchart#outlining#screening#and#enrolment#procedures.##
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labelled# (with# study# number)# by# pharmacy# staff# independent# of# the# trial# team,#

according#to#the#randomisation#schedule.##

#

Dosing#of#drug#and#placebo#was#performed#on#the#basis#of#weight,#which#required#

the# contents# of# the# 2# g# sachets# to# be# separated# into# smaller# individual# doses.#

Pharmacy#technicians#at#BHC#were#trained#to#dispense#study#drug#using#an#electronic#

fineBscale# balance# (TXB323L,# Shimadzu).# Doses# were# packed# in# foil# pouches#

(purchased# locally),# heatBsealed# to# render# them# impermeable# to# light# and# air# and#

labelled# with# the# participant’s# initials,# study# number# and# date.# Study# drug# was#

dispensed#weekly# in# order# to#minimise# deterioration# of# the# active# product# due# to#

repackaging#and#to#account#for#changes# in#participants’#weight.#Active#and#placebo#

granules#were#indistinguishable.#

#

4.1.3! Treatment!
!

Participants#were#prescribed#30#mg/kg#day#of#mesalazine#or#placebo#in#three#divided#

doses#for#the#first#7#days.#Then,#if#tolerated#(see#below),#the#dosage#was#increased#to#

45#mg/kg/day# for# a# further# 21# days.# They#were# followed# up# for# a# further# 28# days#

after# stopping# the# study# drug# (56# days# total).# Blood# and# stool# specimens# were#

collected# at# days# 7,# 28# and# 56.# To# account# for# excipients# the# dose# of# granules#

prescribed#was#11#mg/kg#three#times#daily#for#the#first#week,#followed#by#16.5#mg/kg#

three#times#daily.#Because#dispensing#exactly#to#the#milligram#was#not#possible#with#

a# granular# product,# technicians# dispensed# in# the# range# of# the# prescribed# dose# to#

prescribed#dose#+5#mg.##
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#

If#recognised#sideBeffects#of#mesalazine#occurred#in#the#first#week#or#the#day#7#blood#

tests#indicated#deterioration#in#renal#or#hepatic#function#or#blood#dyscrasia#(Grade#1B

2# toxicity),# the# dosage#was#maintained# at# 30#mg/kg/day#without# unblinding.# Such#

children#were#reBassessed#on#a#weekly#basis#and#their#dose#was#escalated#if#or#when#

it#appeared#to#be#safe#to#do#so.#The#study#drug#was#to#be#discontinued#in#the#event#

of#Grade#3B4#toxicity.#Toxicity#grades#for#biochemical#indices#were#defined#according#

to#the#US#Division#of#Microbiology#and#Infectious#Diseases’#Pediatric#Toxicity#Tables,#

2007,#and#are#detailed#later.244#Carers#were#asked#to#withhold#the#study#drug#if#the#

child#developed#diarrhoea,#blood#in#stools#or#unexplained#bruising,#and#to#bring#the#

child# for# assessment# as# soon# as# possible.# Study# drug#was# suspended# during# acute#

watery#diarrhoeal#episodes,#until#they#had#resolved.#

#

All# children# received# nutritional# rehabilitation#with# readyBtoBuse# therapeutic# foods#

(RUTF)#conforming#to#WHO/UNICEF#standards#until#they#were#nutritionally#cured#of#

SAM#(MUAC#>#11.5#cm#and#no#oedema#at#two#consecutive#weekly#visits),#alongside#a#

sevenBday# course# of# amoxicillin# and# deworming#with#mebendazole# or# albendazole#

according#to#Kenyan#national#guidelines.240##

#

4.1.4! Monitoring!
!

Children#were#to#be#brought#for#clinical#review#after#7#days#(day#8).#They#were#seen#

by# the# study# clinician# and# assessed# for# the# development# of# any# new# symptoms#

potentially# related# to# the# study# drug.# Routine# blood# tests# were# taken# to# monitor#
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renal,#hepatic,#and#bone#marrow#function.##Children#were#to#be#brought#each#week#

thereafter# for# clinical#monitoring# and# anthropometry.#Drug#was#dispensed# at# each#

visit,# and# delivered# to# the# participant’s# homestead# the# same#day# if# they#were# not#

able# to#wait# for# it.# In#children#with#new#symptoms#potentially# related# to# the#study#

drug# the# drug# was# to# be# discontinued,# but# the# child# would# stay# in# followBup# as#

described#below.#

#

After#28#days,#within#3#days#of#completion#of#the#study#drug,#the#child#was#reviewed#

again#by#clinical#staff,#had#anthropometry#performed,#and#a#blood#test#taken#for#the#

same# set# of# monitoring# tests# as# at# day# 8.# Plasma# was# stored# for# evaluation# of#

EED/inflammatory#markers#as#detailed# later,#and#stool#was#collected.#Children#who#

still#required#treatment#for#malnutrition#continued#to#receive#full#normal#clinical#care#

as#per#national#guidelines.#A#followBup#appointment#was#scheduled#at#56#days#after#

randomisation,#when#a#final#review#by#clinical#staff,#anthropometry#and#blood#tests#

were#performed.#

#

At#all#times,#any# intercurrent# illnesses#(including#recurrence#of#severe#malnutrition)#

were#treated#according#to#Kenyan#national#and#international#guidelines.10,#11##

#

The#blood#volumes#removed#at#each#time#point#were#no#more#than#1#ml/kg#(up#to#a#

maximum# of# 7# mls)# and# less# than# 3# ml/kg# in# any# 28# day# period# –# well# within#

internationally# established# limits# for# research# blood# draw# volume.245# Volumes# at#

each#visit#were#as#follows:#

#
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Day#0:# # 5.0#–#7.0#mls#blood##

Day#8:# # 2.0#mls#blood#

Day#28:# 5.0#–#7.0#mls#blood#

Day#56:# 5.0#–#7.0#mls#blood#

!

In#the#event#of#unscheduled#visits,#participants#received#a#full#clinical#evaluation#by#

study# staff,# which# was# to# include# blood# tests# for# clinical# care# only# if# clinically#

indicated.#In#the#event#of#any#concern#regarding#potential#medication#reactions#the#

child#was#to#be#discussed#with#the#local#safety#monitor#who#may#have#recommended#

unblinding# (described# later),# after# discussion#with# the# data,# safety# and#monitoring#

board.# All# intercurrent# illnesses# were# treated# according# to# Kenyan# national#

guidelines.#

#

4.1.5! Safety!and!reporting!
!

All# adverse#events# (AE)#occurring# in#participants#during# the# trial#were#documented#

and#reported#as#described#below.#

!

4.1.5.i!!! Adverse!Event!(AE)!
!

An# AE#was# considered# to# be# any# untoward#medical# occurrence,# which#may# occur#

during#or#after#administration#of#the#investigational#product.#The#AE#may#or#may#not#

have#a#causal#relationship#with#the#product#as#indicated#by#physical#signs,#symptoms,#

and/or# clinically# significant# laboratory# abnormalities# that# occur.# The# definition#

included# any# intercurrent# illnesses,# injuries# or# exacerbation# of# preBexisting#
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conditions.##

#

4.1.5.ii!!!!! Serious!Adverse!Event!(SAE)!
!

Any# AE# (whether# or# not# considered# related# to# the# investigational# product)# that#

resulted#in#any#of#the#following#outcomes#was#defined#as#an#SAE.#

#

• Death#(i.e.,#results#in#death#from#any#cause#at#any#time)#

• LifeBthreatening# event# (i.e.,# the# subject#was,# in# the# view#of# the# investigator,# at#

immediate#risk#of#death#from#the#event#that#occurred).#This#was#not#to# include#

an#AE#that,#if#it#occurred#in#a#more#serious#form,#might#have#caused#death.#

• Persistent# or# significant# disability# or# incapacity# (i.e.,# substantial# disruption# of#

one’s#ability#to#carry#out#normal#life#functions).#

• Hospitalisation:# regardless# of# length# of# stay,# even# if# the# hospitalisation# is# a#

precautionary# measure# for# continued# observation.# Hospitalisation# (including#

inpatient# or# outpatient# hospitalisation# for# an# elective# procedure)# for# a# preB

existing# condition# that# had# not# worsened# unexpectedly# did# not# constitute# an#

SAE.#

• An# important#medical# event# (that#may#not# cause#death,# be# life# threatening,# or#

require# hospitalisation)# that# may,# based# upon# appropriate# medical# judgment,#

have#jeopardised#the#subject#and/or#required#medical#or#surgical#intervention#to#

prevent# one# of# the# outcomes# listed# above.# Examples# of# such# medical# events#

would# have# included# allergic# reaction# requiring# intensive# treatment# in# an#

emergency#department#but#not#resulting#in#inpatient#admission.#
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#

4.1.5.iii!!! Suspected!Unexpected!Serious!Adverse!Reaction!(SUSAR)!
!

These# were# reactions# that# are# serious# (as# defined# above)# but# not# expected# and#

considered#to#be#related#to#the#investigational#product.#This#definition#captures#the#

important#events#that#are#attributed#to#the#product#but#do#not#follow#known#pattern#

of#response#to#study#product.#

!

4.1.5.iv!!! Toxicity!
!

Grade# 3# and# 4# clinical# and# laboratory# toxicities# were# preBspecified# for# renal# and#

hepatic#dysfunction,#haematological#abnormality,#allergy#and#for#gastrointestinal#and#

central# nervous# system# symptoms,# as# these# are# the#most# commonly# encountered#

features#based#on#experience#using#mesalazine# in#children#with# IBD.#A#change# in#a#

laboratory#variable#alone#was#reported#as#an#AE#if#classified#as#grade#3#or#4#toxicity.#

A#clinical#toxicity#may#have#been#an#AE#or#an#SAE#depending#on#severity.##

!
! !
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Toxicity# Grade#3# Grade#4#

Renal#dysfunction244# Creatinine#1.2B1.5x#upper#limit#
of#normal#(ULN)#if#6#monthsB2#
years#(84B105uM)#

Creatinine#1.7B2.0x#ULN#if#
>2years#(119B140uM)#

Creatinine#>1.5x#ULN#if#6#
monthsB2#years#(>105uM)#

#

Creatinine#>2.0x#ULN#if#
>2years#(>140uM)#

Liver#dysfunction11# Transaminases#or#gammaB
glutamyl#transferase#(GGT)#
3B8x#ULN#

Bilirubin#1.5B1.75#xULN#if#any#
other#LFT#derangement,#or#2B
3x#ULN#if#other#LFTs#normal.#

Transaminases#or#gammaB
glutamyl#transferase#(GGT)##
>8x#ULN##

Bilirubin#>1.75#xULN#if#any#
other#LFT#derangement,#or#
>3x#ULN#if#other#LFTs#
normal.##

Haematologic:#

Anaemia10#

#

#

###

Thrombocytopenia11#

#

Haemoglobin#4#to#5g/dl,#
not#transfused.#

#

#

Platelets#25#B50#x#109#/L#

#

Haemoglobin#<4#g/dl#or##
Haemoglobin#<5#g/dl#with#
shock,#respiratory#distress#or#
cardiac#failure.#

Platelets#<25#x#109#/L#

Allergy/Cutaneous11# Generalised#urticaria# Anaphylaxis,#angioedema#

Neurologic11# Moderate#to#severe#headache#
(responding#to#narcotic#
analgesia)#

Intractable#headache#

#

Gastrointestinal10,#11# Diarrhoea#with#‘some#
dehydration’#(based#on#
clinical#features#from#WHO)#

#

Bloody#diarrhoea#

#
#

Moderate#abdominal#pain#
requiring#treatment#

#

Severe#nausea#

4B6#episodes#of#vomiting/24h##

Diarrhoea#with#‘severe#
dehydration’#(based#on#
clinical#features#from#WHO)#

#

Colitis#requiring#
gastrointestinal#surgery#

#

Severe#abdominal#pain#
requiring#hospitalisation#

#

Unable#to#ingest#fluid#>24h#

>6#episodes#vomiting/24h#
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#
4.1.5.v!!! Adverse!events!assessment!of!causality!
!

An# assessment# of# the# relationship# of# the# event# to# the# study# drug# was# to# be#

undertaken#by#the#senior#clinical#investigators#(Kelsey#Jones#and#James#Berkley)#who#

would#remain#blinded#to#study#allocation.#This#interpretation#was#to#be#based#on#the#

type#of#event,# the# relationship#of# the#event# to# the# time#of#administration,#and# the#

known#biology#of# the# intervention.#The# following#were#guidelines# for#assessing# the#

relationship#of#administration#of#to#the#product#to#the#AE:#

#

Relationship! Is!there!a!reasonable!possibility!that!the!AE!may!have!been!
caused!by!the!investigational!product?!

No! The#AE#is#not#causally#related#to#administration#of#the#study#drug.#
There#are#other,#more#likely#causes.##

Yes! The#AE#is#most#likely#to#be#causally#related#to#the#study#drug.#

!

4.1.5.vi!! Practical!handling!of!adverse!events!
!

In# the#event#of#an#abnormal#clinical#or# laboratory# finding,#children#were#to# receive#

appropriate# treatment# according# to# Kenya# national# or# WHO# clinical# guidelines,#

including# admission# for# assessment# and/or# treatment# where# appropriate.# Usual#

clinical#practice# for# suspected# reactions# to#mesalazine#was# to#be# followed.# #Where#

necessary# for#patient# safety,# this#may#have# included#unblinding#by# the# local# safety#

monitor# (LSM),# in# communication# with# the# data,# safety# and# monitoring# board#

(DSMB)#(Chair’s#action#was#sufficient#for#emergency#unblinding)#

#
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All# SAEs# and# SUSARs#were# to# be# reported# to# the# LSM,#DSMB,# Sponsor# and# ethical#

review#committees#by#email#as# soon#as# they#occur,#and#a# formal# report#was# to#be#

provided#to#the#above#agencies#and#the#Kenya#National#Pharmacy#and#Poisons#Board#

within#10#days.##

#

4.1.6! Outcomes!!
!

Primary# outcomes# were# frequency# of# adverse# events# and# compliance# with# the#

intervention#assessed#via#interview#with#the#carer#and#weekly#counting#of#full/empty#

sachets.# Stool# frequency# and# consistency#was# assessed# at# each# study# visit# using# a#

Kiswahili# translation# of# the# Bristol# Stool# Form# Scale# (Figure# 4.2).246# Secondary#

outcomes#were#time#to#recovery,#growth#and#a#panel#of#inflammatory#markers#(see#

below).#

#

! !
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Figure!4.2:!Choo!Chart!

!
!

#
!
!

4.1.7! Laboratory!methods!
!

Blood# tests# designated# for# safety# (full# blood# count# (FBC),# ESR,# CBreactive# protein#

(CRP),# creatinine,# alanine# transaminase# (ALT),# aspartate# aminotransferase# (AST),#

gammaBglutamyl# transpeptidase# (GGT),# bilirubin)# and# stool# for# microscopy# were#

!
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Figure! 4.2:# Swahili# translation# of# the# Bristol# Stool# Form#Chart.# Developed#with# the# help# of# the#

Community#Health#Worker#Team#at#Baraka#Health#Centre.#Adapted#from#a#representation#by#Kyle#

Thompson#available#at:#http://commons.wikimedia.org/wiki/File:Bristol_stool_chart.svg#
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processed# in# a# commercial# GCLPBaccredited# laboratory# in# Nairobi# (Pathologists#

Lancet#Kenya)#and#results#were#provided#the#following#day.##

#

Plasma,#serum#and#stool#were#kept#on#ice#prior#to#freezing#at#B80°C#pending#batched#

enzymeBlinked# immunosorbent#assay# (ELISA)#processing.#The# following#were#tested#

by#ELISA#following#manufacturers’#recommendations:#faecal#calprotectin#(Bühlmann#

kits# on# stool# following# disruption# by# 30# seconds# TissueLyser# shaking# (QIAGEN,# no#

beads)),#plasma#IgG#EndoCAb#(Hycult#Biotech),#plasma#interferonBγ#(Ebioscience)#and#

serum#insulinBlike#growth#factorB1#(R&D#Systems).#Muliplex#ELISA#(Luminex#MAGPIX#

system)#was#performed#against#the#following#targets#in#plasma:#Eotaxin#(chemokine#

(CBC#motif)#ligand#(CCL)B11),#GROα#(growth#regulated#oncogeneBα,#chemokine#(CBXBC#

motif)#ligand#(CXCL)B1),#InterferonBα,#Interleukin#(IL)B1α,#ILB1#receptor#antagonist#(ILB

1RA),# ILB7,# ILB8,# ILB10,# ILB15,# ILB17a,# ILB22,# ILB31,# IPB10#(interferonBγ# induced#proteinB

10,#CXCL10),#MCPB1# (monocyte#chemotactic#proteinB1,#CCL2),#MIPB1α# (macrophage#

inflammatory#proteinB1α,#CCL3),#MIPB1β#(CCL4),#SDFB1#(stromal#cellBderived#factorB1,#

CXCL12),# tumour#necrosis# factorBβ# (TNFβ)# (Ebioscience).# Soluble#CD14# (sCD14)#was#

measured#using#an# inBhouse#ELISA#(capture#clone#55B3,#detection#clone#3BC39#both#

from#BD,#recombinant#standard#from#Sigma).#Serum#endotoxin#was#measured#using#

HEKBBlue#Endotoxin#Detection#Kit# (Invivogen):#This# test# relies#on#a#HEK293#cell# line#

that#has#been#stably#transfected#with#TLR4#pathway#genes#and#a#secretory#alkaline#

phosphatase#that#is#transcriptionally#regulated#by#NFBκB.#HeatBinactivated#sera#(90°C#

for#30#minutes)#were#incubated#in#duplicate#with#cells#for#24#hours#in#the#presence#of#

a#detection#reagent.#Absorption#at#620#nm#was#read#against#a#standard#curve.##

#
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4.1.8! Statistical!methods!!
!

Analysis#was#performed#in#Stata#Version#12.0.#I#performed#MannBWhitney#U#tests#or#

tBtests# on# logBtransformed# data# between# the# arms# at# each# time# point.# Growth# in#

height# and# MUAC# across# the# trial# was# calculated# for# individual# participants# in#

mm/day#and#compared#using#MannBWhitney#U#tests.#Fisher’s#exact#test#was#used#to#

compare#grouped#variables.#Comparison#of# the# timing#of#adverse#events#was#done#

using# logrank.#Raw#ELISA#data#was#analysed# in#Graphpad#Prism#6.0#prior# to# import#

into# Stata# and# zBscores# were# calculated# using# WHO# Anthro# Version# 3.2.2# Stata#

macros.#Analyses#were#performed#by# intention#to#treat,#except#for#blood#and#stool#

laboratory#analyses,#which#were#performed#using#data#from#all#available#specimens#

(i.e.# not# including#data#missed#due# to#withdrawal#or# failure# to# get# specimens).# For#

this#pilot#study,#no#cutBoff#was#considered#to#indicate#‘statistical#significance’,#and#PB

values#are#provided#throughout.#Because#the#secondary#analyses#were# intended#to#

be# exploratory# and# hypothesisBgenerating,# postDhoc# correction# for# multiple#

comparisons#was#not#performed.#

#

Sample#size#was#set#at#22#in#each#arm#with#reference#to#norms#in#Phase#I#and#early#

Phase#II#research.#No#sample#size#calculation#was#performed,#and#the#study#was#not#

powered#to#formally#address#any#outcomes#at#any#given#significance#level.#

#

4.1.9! Study!oversight!
!

All# participants# enrolled# in# the# study# had# individual# written# informed# consent#

provided# by# a# parent# or# guardian.# The# study#was# approved# by# the# Kenya#Medical#
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Research#Institute#(KEMRI)#Ethical#Review#Committee,#the#Imperial#College,#London#

Ethical# Review# Committee,# and# the# Kenya# Pharmacy# &# Poisons# Board# prior# to#

initiation.# Imperial# College,# London#was# the# sponsor.# Clinical# trials#monitoring#was#

performed#by#staff#from#the#Clinical#Trials#Facility,#KEMRIBWellcome#Trust#Research#

Programme.# An# independent# Data# Safety# and# Monitoring# Board# (DSMB)# was#

established# and# an# independent# consultant# paediatrician# acted# as# local# safety#

monitor# (LSM).# Neither# the# sponsor# nor# any# other# party# except# the# named#

investigators#had#any# role# in# the#design#of# the# study,# interpretation#of# the# results,#

content# of# manuscripts# or# decision# to# publish.# The# trial# was# registered# at#

http://clinicaltrials.gov/ct2/show/NCT01841099.#

!

4.1.10!Specific!ethical!issues!!
#

The# study# was# conducted# according# to# guidelines# set# out# in# the# World# Medical#

Association’s#Declaration#of#Helsinki.247#There#were# two#particular#aspects#of# study#

design#that#I#considered#carefully#in#the#development#of#the#protocol:#the#enrolment#

of#children#with#SAM#as#well#as#stunting,#and#the#age#range#of#children#screened#for#

potential#enrolment.#

#

While# the# histologic# lesion# of# EED# has# been# most# comprehensively# described# in#

children#with#SAM,# it#appears# to#be#highly#prevalent# in#children#with#stunting#who#

are# not# acutely# malnourished.# The# reason# for# choosing# to# conduct# the# trial# with#

children#who#were#both#stunted#and#had#SAM#was#twofold:#

#



! 116#

1. The#Declaration#of#Helsinki#states#that#“medical#research#is#only#justified#if#there#

is#a#reasonable#likelihood#that#the#populations#in#which#the#research#is#carried#out#

stand#to#benefit#from#the#results#of#the#research.”247#I#reasoned#that#a#novel#(for#

this# indication)# pharmacologic# treatment# like# mesalazine# would# be# most#

practically# and# safely# administered# alongside# a# course# of# antimicrobials,# with#

nutritional#support#and#close#clinical#monitoring.#Children#with#SAM#receive#all#of#

these#as#part#of#routine#care,#and#SAM#is#managed#according#to#a#medical#model.#

It# therefore# seemed# likely# that# any# future# routine# clinical# use# of# mesalazine#

would#most#pragmatically#occur#in#the#context#of#SAM.#

#

2. Where#a#clinical#trial#potentially#involves#risk#to#the#participant,#it#is#equitable#to#

ensure#that#the#population#involved#in#the#trial#represent#those#with#the#most#to#

gain# from# the# approach.# Because# longBterm# survival# from# SAM# is# so# poor# (as#

described#in#Chapter#1)#it#stands#to#reason#that#children#with#SAM#and#stunting#

have#more# to#gain# from#enhancements# in# care# than# those#with# stunting#alone.#

Again,#this#balance#may#change#as#more#evidence#accumulates.#

#

In#the#UK,#mesalazine#is#only#licensed#for#children#aged#6#years#and#older.#I#believed#

that#it#was#key#to#include#children#as#young#as#1#year#old#for#the#following#reasons:#

#

1. The#youngest# children#have#by# far# the#greatest#prevalence#of#SAM# (figure#4.3),#

and# the# greatest# mortality# as# a# result# of# it.111# Therefore# they# represent# the#

population#with#most#to#gain#from#the#intervention,#as#described#above.#

#
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2. An# analysis# of# anthropometric# data# from# 54# crossBsectional# surveys#worldwide#

indicates#that#stunting#overwhelmingly#occurs#prior#to#two#years#of#age,#and#that#

after#two#years#there#is#no#overall#decline#in#HAZ/LAZ.#It#is#therefore#key#that#any#

intervention#that#aims#to# improve#linear#growth#is#targeted#at#children#younger#

than#2#years#of#age,#because#this#is#the#key#period#of#vulnerability.24#

#
Figure!4.3:!Age!distribution!of!SAM!at!BHC!
!
!

#
#

#

#

Children#aged#6#to#11#months#were#excluded#on#the#basis#that#I#had#previously#found#

a#positive#association#between#ESR#and#age,#such#that#very#few#children#in#this#age#

group# would# have# met# the# ESR# requirement# for# enrolment# (data# not# shown).# I#

Figure! 4.3:# Histogram# showing# age# distribution# of# children# aged# 6B60# months# admitted# for#

outpatient#therapeutic# feeding#at#Baraka#Health#Centre#for# calendar#year#2011.#86%#of#children#

were#younger#than#24#months.#Routine#data#collection#by#Mrs.#Caroline#Munyi,#Nurse#in#Charge,#

Baraka#Health#Centre#Feeding#Programme.#
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reasoned#that#the#requirement#for#additional#blood#tests#and#a#visit#to#clinic#the#next#

day#could#not#be#justified#if#the#preBtest#likelihood#of#meeting#the#enrolment#criteria#

was#very#low.#Therefore#children#aged#12#to#60#months#were#targeted#for#enrolment.##

#

4.1.11!Community!engagement!!
#

A# community# engagement# plan#was# agreed#with# the# Community# Liaison#Group# at#

KEMRIBWellcome# Trust# Research# Programme# and# Social# Services/Community#

Outreach# staff# at# the# Baraka# Clinic,# at# a# meeting# held# at# the# Baraka# Clinic# in#

September# 2012.# It# involved# holding# three# separate# meetings# for# community#

leaders,#community#healthworkers,#and#other#stakeholders#identified#by#the#Baraka#

team.#The#first#of#these#meetings#took#place#at#the#Baraka#Clinic#in#September#2012#

with#the#following#discussion#points:##

#

• Who#are#KEMRI,#who#are# the#Wellcome#Trust,# personal# introduction# to# clinical#

researchers.#

• The#idea#of#‘clinical#research’,#why#it#is#done,#and#what#the#benefits#may#be.#

• Concepts# around# informed# consent# and# ethical# issues:# autonomy,# justice# and#

beneficence.#

• The#importance#of#maintaining#confidentiality#in#clinical#research.#

• What# it#means# in#practical# terms# to#be# involved# in# clinical# research# (screening,#

additional#blood#tests,#home#visits,#provision#of#stool).#

• Personal#and#community#risks#and#benefits#of#being#involved#in#research.#
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• What# is# Severe# Acute# Malnutrition,# why# is# it# important,# and# why# is# it# an#

important#topic#for#research.#

#

The#meeting#was# successful,# and# those# attending#were# positive# about# the# idea# of#

doing# research# at# BHC# and# in# Mathare# more# generally.# The# meeting# gave# an#

affirmative#informal#‘vote’#as#to#whether#research#work#should#begin.#

#

The# next#meeting#was# scheduled# to# take# place# before# the# initiation# of# the# trial# in#

May#2013.#The#objectives#of#this#meeting#were#to#discuss#the#following#issues:#

#

• Results#and#insights#gained#from#work#already#carried#out#at#Baraka#

• Scientific#rationale#for#the#study#

• Eligibility#criteria#for#the#study#

• StudyBspecific#procedures#

o A#description#of#the#packs#of#study#drug#that#will#be#used#

o Schedule#of#followBup#appointments#

o Individual#riskBbenefit#profile#for#participants#

o What#happens#if#a#child#becomes#unwell#during#the#study#

o LongerBterm#followBup#

• Description#of#randomisation#and#blinding#

#

Community#consent#was#given#to#begin#the#trial.#

#

The#final#meeting#took#place#in#June#2014,#where#results#of#the#trial#were#presented.#
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#

An# additional# aspect# of# community# engagement# was# to# involve# local# Ministry# of#

Public#Health#&#Sanitation/Medical#Services#staff.#Dr.#Moses#Owino,#the#local#District#

Minister# of# Health,# was# aware# and# supportive# of# the# study,# and# is# a# named#

collaborator#on#other#studies#within#our#group.#The#proposed#work#was#presented#to#

the# two# major# local# NGOs,# Concern# Worldwide# and# UNICEF,# and# to# Division# of#

Nutrition#(Ministry#of#Health)#staff.#All#were#supportive#of#the#study.##

#
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4.2# RESULTS#
!

From#June#to#September#2013,#133#children#with#SAM#and#stunting#were#screened#

for# eligibility.# 44# completed# screening# procedures# and# were# eligible,# all# of# whom#

were# enrolled# (Figure# 4.4).# The# arms# were# well# balanced# in# terms# of# clinical,#

anthropometric#and#demographic#characteristics#at#baseline#(Table#4.1).##

#

Figure!4.4:!Trial!flow!diagram!

!
!

!

! !

133 Children aged 1-5 years with Severe Acute Malnutrition, stunting and 
without known HIV infection were screened for eligibility 

89 were ineligible: 
•  83 Did not meeting inclusion criteria  

•  2 Not stunted when rechecked  
•  3 Bloody diarrhoea  
•  3 Severe cerebral palsy  
•  7 Required admission  
•  1 Already receiving RUTF  
•  3 Diagnosed with HIV  
•  1 Started TB treatment  
•  10 Malaria  
•  11 Hepatic dysfunction  
•  49 ESR<20mm/h  

•  3 Declined to participate  
•  3 Absconded during screening 

22 Were randomised to mesalazine 22 Were randomised to placebo 

44 Were randomised 

21 Completed follow-up as planned 
•  1 Voluntary withdrawal 

3 Discontinued study drug early 
•  1 Voluntary parental request 
•  1 Parent not able to give drug safely 
•  1 Child taken into care 

19 Completed follow-up as planned 
•  1 Death 
•  1 Loss to follow-up 
•  1 Voluntary withdrawal 

0 Discontinued study drug early 

22 were included in intention-to-treat analysis 22 were included in intention-to-treat analysis 

Figure!4.4:#Trial#flow#diagram.#*Some#participants#failed#to#meet#the#inclusion#criteria#on#several#

separate#counts.#
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Table!4.1:!Baseline!characteristics!
!

Baseline Characteristics  Mesalazine Arm Placebo Arm 

Number enrolled 22 22 

Age (months) 19 (14 – 32) 19 (15 – 29) 

Sex: Male 

        Female 

10 (45) 

12 (55) 

11 (50) 

11 (50) 

Household income category (USD/day)* $2-4 $2-4 

Number of people living in the house 5 (4 – 7) 5 (4 – 5) 

Access to Improved drinking water source† 100% 100% 

Access to Improved toilet facility 50% 41% 

MUAC (cm) 12.9 (11.2 – 14.4) 12.7 (11.2 – 13.8) 

Height/length-for-age z-score -3.13 (-3.83 – -2.71) -3.73 (-4.60 – -2.81) 

Nutritional oedema 15 (68) 17 (77) 

Current breastfeeding‡ 11 (50) 5 (23) 

Symptoms: Fever 

                   Cough  

                   Diarrhoea 

10 (45) 

9 (41) 

5 (23) 

8 (36) 

6 (27) 

5 (23) 

Biochemistry: Creatinine (umol/L) 

                       AST (IU/L) 

                       ALT (IU/L) 

                       CRP (mg/L) 

18 (17 – 23) 

37 (27 – 52) 

24 (12 – 31) 

6.0 (1.3 – 10.8) 

19 (17 – 22) 

40 (32 – 49) 

17 (15 – 30) 

6.8 (1.6 – 42.2) 

Haematology:  Haemoglobin (g/dL) 

                        WBC count (x109/L) 

                        Platelet count (x109/L) 

                        ESR (mm/hour) 

10.3 (7.9 – 11.2) 

12.0 (9.9 – 15.1) 

555 (423 – 666) 

32 (24 – 38) 

9.6 (8.2 – 10.6) 

11.8 (9.3 – 13.6) 

536 (282 – 692) 

33 (28 – 44) 

#

!

Table! 4.1:# Baseline# characteristics.# Data# are# medians# (interBquartile# range)# or# numbers# (%).#

*Median#and# IQR# for#both#arms#all# fell#within# the#$2B4# category.#†Mostly# communal# taps# from#

which#water#must#be#purchased.#Lack#of#resources#was#reported#to#limit#access.#‡P=0.06#
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4.2.1! FollowWup!and!Compliance! 
#

Following#completion#of#the#interventional#phase#of#the#study#at#day#28,#one#child#in#

each# arm#was# voluntarily# withdrawn# from# the# study# by# their# carer# (in# both# cases#

because#the#family#planned#to#travel#away#from#Nairobi)#and#one#child#in#each#arm#

was#lost#to#followBup.#Compliance#with#the#study#drug#administration#schedule#was#

high# in# both# arms# (Table# 4.2).# Early# discontinuation# of# the# study# drug# occurred# in#

three# children,# in# each# case# for# reasons# unrelated# to# the# drug# itself# and# all# three#

remained# in# followBup:# one# discontinuation# at# day# 14# was# at# parental# request,#

another#at#day#14#was#initiated#by#the#study#team#because#the#parent#was#unable#to#

give#the#drug#as#prescribed,#and#the#third#at#day#22#was#because#the#participant#was#

taken#into#protective#custody.#All#three#were#in#the#mesalazine#arm.##

! !
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Table!4.2:!Outcomes!
!
 Mesalazine Arm Placebo Arm P 

Safety and Compliance    

Deaths 0 1 0.32 

Hospitalisations* 0 2 0.15 

Total adverse events 35 27 0.53 

     Acute watery diarrhoea 7 8 0.53 

     Bloody diarrhoea 0 2 0.32 

     Chronic diarrhoea 1 1 1.00 

     Gastroenteritis (with vomiting) 5 1 0.15 

     Giardiasis 6 6 1.00 

     Oral candidiasis 3 0 0.08 

     Upper respiratory tract infection 3 5 0.64 

     Lower respiratory tract infection 3 1 0.30 

     Tuberculosis 1 1 1.00 

     Malaria/non-specific febrile illness  4 3 0.43 

     Rash 2 2 1.00 

Total gastrointestinal adverse events 23 16 0.27 

Total diarrhoeal adverse events 8 11 0.65 

Unable to dose-escalate at day 7 1 (5) 7 (32) 0.05 

Compliance (%) 93 (71 – 98) 97 (82 – 99) 0.44 

Anthropometry and Recovery    

Recovery: Nutritionally cured at d56 13 12 1.00 

Recovery: RUTF-free days at d56 9 (0 – 21) 9.5 (0 – 21) 0.94 

Nutritional oedema: baseline 

                                d28 

                                d56† 

15/22 (68) 

7/22 (32) 

3/20 (15) 

17/22 (77) 

6/22 (27) 

2/19 (11) 

0.72 

1.00 

1.00 

MUAC (mm): baseline 

                      d28 

12.9 (11.2 – 14.4) 

13.7 (11.8 – 14.7) 

12.7 (11.2 – 13.8) 

13.2 (12.2 – 14.6) 

0.56 

0.82 



! 125#

                      d56 13.9 (12.5 – 14.8) 13.6 (13.0 – 15.1) 0.59 

MUAC growth rate (mm/day): to d28 

                                                to d56 

0.23 (0.06 – 0.37) 

0.12 (0.08 – 0.21) 

0.31 (0.18 – 0.61) 

0.23 (0.14 – 0.33) 

0.15 

0.01 

Height growth rate (mm/day) to d56 0.31 (0.19 – 0.38) 0.32 (0.21 – 0.38) 0.94 

Height-for-age z-score: baseline 

                                      d28 

                                      d56 

-3.13 (-3.83 – -2.71) 

-3.17 (-4.04 – -2.61) 

-3.24 (-4.10 – -2.68) 

-3.73 (-4.60 – -2.71)  

-3.70 (-4.20 – -2.73) 

-3.46 (-4.14 – -2.68) 

0.29 

0.42 

0.79 

 

 

!

4.2.2! Adverse!events!and!toxicity!
#

Two# children# required# hospitalisation# during# the# course# of# the# study,# both# with#

diarrhoea,#dehydration#and#sepsis,#one#of#whom#died.#Both#were#in#the#placebo#arm.#

One#child#in#each#arm#was#started#on#tuberculosis#treatment#on#the#basis#of#clinical#

score#and#poor#response#to#nutritional#rehabilitation.#One#child# in#the#placebo#arm#

was#newly#diagnosed#with#sickle#cell#disease.#

#

NonBsevere#adverse#events#and# illness#episodes#were#common,#as#expected# in# this#

vulnerable#patient#population,#but#there#was#no#suggestion#of#excess#risk#associated#

with#mesalazine# treatment#either# in# total#adverse#events,#adverse#events# involving#

the# gastrointestinal# tract,# or# those# associated# with# diarrhoea# (Table# 4.2# &# Figure#

4.5).# At# day# 7# children# in# the#mesalazine# arm#had# firmer# stool# consistency# (Figure#

4.6).##

! !

Table! 4.2:# Outcomes.#Data#are#medians# (interBquartile# range)#or#numbers# (%)# unless# otherwise#

stated.#*Includes#the#one#child#who#died#in#hospital.#†Excluding#children#who#were#unable#to#be#

assessed.#
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Figure!4.5:!Timing!of!adverse!events!
!

#
#
#

#

#
#
Figure!4.6:!Stool!frequency!and!consistency!

#

#
#
#

#

#

The# most# common# previously# reported# sideBeffects# of# mesalazine,# apart# from#

gastrointestinal# problems,# are# headache# and# rash.# Most# children# were# preBverbal#
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Figure!4.6:#Stool#frequency#(A)#and#consistency#(B)#between#the#arms.#Stool#was#more#formed#in#

the#mesalazine# arm# at# day# 7,# but# overall# there# were# no#major# differences# between# the# arms.#

Mean#and#standard#deviations#are#plotted#but#significance#tested#using#MannBWhitney#U#tests.#

Figure! 4.5:# Timing# of# adverse# events# in# the# trial:# There# was# no# evidence# of# accumulation# of#

adverse#events#during#the#intervention#period#(the#first#28#days).#
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and#would#have#been#unable#to#report#headache#but#there#were#no#concerns#from#

carers#around#irritability,#restlessness,#or#problems#with#sleeping.#Four#children#had#

an#infectious#rash#during#the#course#of#the#study#but#none#were#considered#related#

to# treatment:# two# had# impetigo# (both# mesalazine# arm),# one# had# chickenpox#

(placebo)#and#one#had#scabies#(placebo).#

#

Dose# escalation# at# day# 7# was# delayed# in# eight# participants:# seven# had# developed#

elevated# transaminases# compared# to# their# enrolment# results# and# one# child# was#

admitted#to#hospital#on#the#day#of#their#scheduled#visit.#Of#these#eight#participants,#

seven# were# in# the# placebo# arm# and# one# was# in# the# mesalazine# arm.# Transient#

elevation#of# liver#enzymes#compared# to#enrolment#was#common#at#day#7#and#was#

more#pronounced# in# the#placebo#arm#(Figure#4.7).#No#Grade#3#or#4# toxicities#were#

encountered#in#the#study.##

! !



! 128#

Figure!4.7:!Hepatic!toxicity!
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Figure! 4.7:# Hepatic# toxicity:# Alanine# transaminase# (ALT),# aspartate# aminotransferase# (AST),#

gammaBglutamyl# transferase# (GGT)# and# bilirubin# by# arm# during# the# trial.# Bottom# left# shows#

participantBlevel# differences# between# the# liver# enzymes# at# enrolment# and# day# 7,# revealing#

reduced#enzyme#induction#in#the#mesalazine#arm.#

!
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Creatinine#concentrations#across#the#trial#were#low.#A#single#elevated#concentration#

occurred# at# day# 56# in# a# child# in# the#mesalazine# arm#who#had# achieved# nutritional#

recovery#(Figure#4.8).#The#child#remained#well#and#when#tested#three#months# later#

their#creatinine#concentration#was#27#µmol/l.##

#

Figure!4.8:!Creatinine!
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Figure! 4.8:# Creatinine# concentration:# Differences# by# arm# (left)# and# individual# participantBlevel#

differences#(right)#are#shown#in#order#to#highlight#the#single#participant#who#developed#elevated#

creatinine#after#having#finished#treatment#with#mesalazine.#

!
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ThirtyBfour# (77%)# children# were# anaemic# (Hb# <# 11.0# g/dL)# at# enrolment.# Rates# of#

resolution#were#similar#in#the#two#arms#(Figure#4.9).##

#

Figure!4.9:!Haemoglobin!

!

!
!
!

4.2.3! Growth!and!Recovery!
!

At# completion# of# the# 56Bday# followBup# period,# nineteen# children# (34%)# had# not#

recovered,#died,#or#were#not#remaining#in#followBup,#nine#in#the#mesalazine#arm#and#

ten# in# the#placebo#arm.#At#day#56,# there#were#no#differences# in#RUTFBfree#days#or#

resolution#of# oedema#between# the# arms# (Table#4.2).# There#were#no#differences# in#

linear# growth# rate# or# change# in# HAZ/LAZ# (Table# 4.2# and# Figure# 4.10).# The# rate# of#

increase#in#MUAC#was#higher#in#the#placebo#than#in#the#mesalazine#arm,#though#this#

was# less# pronounced# amongst# those# children#who#were# enrolled#without# oedema#

(Figure#4.11).##

! !
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Figure!4.9:#Haemoglobin#concentration#between#the#arms.###
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Figure!4.10:!Anthropometry!
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Figure! 4.10:# Height/lengthBforBage# zBscore# (HAZ),# midBupper# arm# circumference# (MUAC)# and#

weightBforBheight/length# zBscore# (WHZ)# by# arm.# P# ># 0.05# (by# Mann# Whitney# U# test)# at# all#

timepoints.#Boxes#enclose#interBquartile#range,#whiskers#enclose#range,#median#is#plotted.#Dotted#

lines# at# 0# and# B3# (HAZ# –# indicating# normal# and# severe# stunting,# respectively);# 11.5# (MUAC# –#

indicating# severe# acute#malnutrition);# 0# and# B3# (WHZ# 0# indicating# normal# and# severe#wasting).#

Although#WHZ#increases#during#the#course#of#the#study,#this#is#partly#due#to#the#fact#that#children#

with#kwashiorkor,#who#sometimes#do#not#have#(very)#low#lean#mass#are#included#only#once#their#

oedema# resolves.# Separating# the# WHZ# data# down# to# individual# participants# reveals# how# few#

datapoints#make#up#the#earlier#timepoints#(smaller#graphs,#bottom#right).###

!
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Figure!4.11:!MUAC!in!kwashiorkor!
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Figure!4.11:#MUAC#over#the#course#of#the#study#stratified#by#whether#or#not#the#participants#were#

oedematous# at# enrolment# and# allocation# arm.# Amongst# those# who# were# not# oedematous# (i.e.#

who#were#enrolled#on#the#basis#of#low#MUAC),#most#had#satisfactory#improvements#in#MUAC#by#

day#28.# Individual#participant# level# increases# in#MUAC# in#oedematous# children#were#particularly#

pronounced#in#the#placebo#arm,#but#this#is#difficult#to#interpret#because#the#presence#of#oedema#

fluid#artificially#increases#MUAC.#

!
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IGFB1#increased#from#enrolment#to#day#28#in#both#arms,#and#was#maintained#to#day#

56# (Figure# 4.12).# IGFB1# concentrations# at# day# 28# correlated# with# rate# of# height#

growth#both#to#day#28#and#day#56#(Figure#4.12).#

#

Figure!4.12:!InsulinWlike!growth!factorW1!
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Figure! 4.12:# InsulinBlike# growth# factorB1# (IGFB1)# increased# over# the# course# of# the# study.# IGFB1#

concentrations#at#day#28# correlated#with# linear#growth# rate# from#enrolment# to#day#28# (bottom#

left),#and#from#enrolment#to#day#56#(bottom#right).#

!
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Enrolment# IGFB1# concentration# had# strong# inverse# correlation# with# a# number# of#

inflammatory#mediators# (e.g.# CRP,# P=0.008),# which#was# less# apparent# at# the# later#

time#points#(Figure#4.13).##

#

! !
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Figure!4.13:!IGFW1!and!inflammation!
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Figure!4.13:#Chart#shows#participantBlevel#correlations#between#InsulinBlike#growth#factorB1#(IGFB

1)#and# inflammatory/immunologic# indices# at#each#of# the# three# timepoints.# Three# examples#are#

provided# (right),# showing# inverse# correlation# at# enrolment.# CRP# (CBreactive# protein),# ESR#

(erythrocyte# sedimentation# rate),# EndoCAb# (IgG# antiBendotoxin# core# antibodies)# sCD14# (soluble#

CD14),#GROa#(growth#regulated#oncogeneBα),#IFN#(Interferon),#IL#(Interleukin),#ILB1ra#(InterleukinB

1# receptor# antagonist),# IPB10# (interferonBγ# induced# proteinB10),# MCP# (monocyte# chemotactic#

protein),# MIP# (macrophage# inflammatory# proteinB1α),# SDF# (stromal# cellBderived# factor),# TNF#

(tumour#necrosis#factor).#
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!
!
4.2.4! Inflammatory!indices!
!

Intestinal# inflammation#was# evident# in#most# children# at# enrolment,#with# 43# (97%)#

having#faecal#calprotectin#higher#than#100#µg/g#235.#Systemic#inflammatory#activation#

was#evident,#which#declined#during#the#course#of#the#trial.#Point#estimates#of#most#of#

the# clinically# important# or# gutBspecific# inflammatory# markers# were# lower# in# the#

mesalazine# arm# on# completion# of# treatment# at# day# 28# (Figure# 4.14).# Differences#

between#the#arms#were#not#sustained#to#day#56.#Cytokine#concentrations#in#plasma#

were#similar#between#the#arms#at#all#time#points#(Figure#4.15).#

! !
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Figure!4.14:!Inflammatory!indices!
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Figure! 4.14:! Important# inflammatory# indices# by# arm.# EndoCAb# (IgG# antiBendotoxin# core#

antibodies)#sCD14#(soluble#CD14)###
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Figure!4.15:!Cytokines/chemokines!
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Figure! 4.15:! Cytokines# by# arm.# CCL# (chemokine# (CBC# motif)# ligand),# GRO# (growth# regulated#

oncogene),# CXCL# (chemokine# (CBXBC# motif)# ligand),# IL# (Interleukin),# ILB1RA# (ILB1# receptor#

antagonist)!
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Figure! 4.15! (continued):! Cytokines# by#arm.# IL# (Interleukin),# CCL# (chemokine# (CBC#motif)# ligand),#

CXCL#(chemokine#(CBXBC#motif)# ligand),#MCP#(monocyte#chemotactic#protein),#MIP# (macrophage#

inflammatory#proteinB1α),#SDF#(stromal#cellBderived#factor).#
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4.3# DISCUSSION#
!

This#study#represents#the#first#controlled#trial#of#a#directly#immunomodulatory#agent#

in# severe# acute# malnutrition# (SAM).# Despite# being# well# enough# to# be# eligible# for#

outpatient#management,# intestinal# and# systemic# inflammatory# activation#was# very#

common# amongst# participants.# Levels# of# faecal# calprotectin# at# enrolment# were#

higher# than# those# reported# from# healthy# populations# living# in# either# highBincome#

countries#or#subBSaharan#Africa.#They#approached#those#seen#in#active#inflammatory#

bowel#disease#(IBD).116,#248#Treatment#with#mesalazine#was#demonstrated#to#be#safe.#

The#frequency#of#acute#illness#episodes#was#similar#between#the#interventional#arm#

and#placebo,# and# there#was#no#excess#gastrointestinal#morbidity#or#diarrhoea# that#

might#suggest#a#disadvantageous#effect#on#gut#mucosal#homeostasis.#The# trial#was#

not# designed# to# have# sufficient# power# to# detect# an# impact# of# the# intervention# on#

resolution# of# oedema,# normalisation# of# acute# malnutrition# or# linear# growth.#

Individual#growth#trajectories#revealed#greater#MUAC#growth#in#the#placebo#arm#to#

day# 56.# However,# because# oedema# alters#MUAC# and#most# of# the# children# in# this#

study# were# oedematous# at# enrolment,# the# clinical# significance# of# this# finding# is#

unclear.#

#

In# paediatric# IBD,# linear# growth# impairment# correlates# with# cytokineBmediated#

depression# of# the# GHBIGFB1# axis.249B251! A# similar# effect# was# evident# amongst#

participants# in# this# trial,# where# baseline# inflammatory# variables# were# inversely#

associated# with# IGFB1.# Children# in# the# mesalazine# arm# experienced# modest#

reductions# in# several# clinicallyBrelevant# and# gutBspecific# biomarkers# compared# to#
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those# receiving# placebo.# If# EED# represented# an# essential# level# of# inflammatory#

activation#and#immuneBsurveillance#in#the#face#of#high#pathogen#burden,#we#would#

have#expected#the#opposite#result:#that#mesalazine#would#have#been#associated#with#

a# loss# of# control# at# the# gut# mucosal# surface# with# increased# levels# of# bacterial#

translocation# and# systemic# immune# activation# and# the# development# or#

intensification#of#gastrointestinal#symptoms.#Instead,#these#data#have#demonstrated#

that#pharmacologicallyBmediated#reduction#in#enteric#inflammation#is#well#tolerated,#

thereby# providing# the# first# clear# evidence# that# EED# is# likely# to# be# at# least# partly#

maladaptive#and#consequently#a#potential#direct# target# for# therapy.#New#therapies#

are# urgently# required# because# trials# of# nutritional# support,# hygieneBbased#

interventions,# probiotics,# and# empiric# treatment# for# small# intestinal# bacterial#

overgrowth# or# specific# pathogens# have# failed# to# show# clinically# significant#

improvements#in#linear#growth#or#EED#activity#in#children.67,#75,#119,#252#I#propose#that#

failure# to# control# hostBdriven# inflammatory# activation#may# have# been# a# barrier# to#

efficacy#of#these#interventions.##

#

An#important#limitation#of#this#study#is#that#enteric#inflammation#was#inferred#on#the#

basis# of# indirect# blood# or# faecal# markers,# rather# than# direct# measurement# of#

intestinal#structure#or#function.#In#2013,#an#expert#working#group#concluded#that#on#

the# basis# of# myriad# ethical# and# logistical# challenges# inherent# in# performing#

gastrointestinal# endoscopy# on# young# children# living# in# poverty,# that# “definition# of#

environmental# enteric# dysfunction# will# need# to# rely# on# biomarkers# alone,# without#

biopsy# data# to# connect# functional# and# structural# changes”.61# The# current# ‘goldB

standard’#for#definition#and#stratification#of#EED#is#the#lactuloseBmannitol#dual#sugar#
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absorption#test.#Because#this#test#takes#several#hours#to#complete,#I#considered#that#

administering# it# would# represent# an# excessive# burden# for# patients# and# carers,#

especially# since# the# schedule#of# visits#was#already# relatively# intensive.#Most#of# the#

parents#of#acutely#malnourished#children#in#Mathare#engage#in#casual#work#and#the#

prospect#of# losing#a#morning#or#day’s#wage#may#have#compromised#attendance#for#

followBup#visits.#Since#the#primary#outcome#of#this#trial#was#assessment#of#safety,#the#

risk# of# a# functional# assessment# of# EED# jeopardising# timely# clinical# review#was# not#

considered# acceptable.# Faecal# calprotectin,# haemoglobin,# white# cell# and# platelet#

counts,#CBreactive#protein#and#erythrocyte#sedimentation#rate#were#preBdefined#as#

key# biomarkers# because# of# their# role# in# IBD# activity#monitoring.# EndoCAb,# plasma#

endotoxin#and#sCD14#were#chosen#as#markers#of#bacterial#translocation;#a#key#part#

of#EED’s#pathobiology.#

#

Although#the#EED#has#been#conceived#of#primarily#as#a#small#intestinal#enteropathy,#

the# high# levels# of# faecal# calprotectin# and# systemic# inflammatory# activation#

demonstrated#in#this#study#are#redolent#of#colonic#inflammation.253B255#Biopsy#studies#

of#colonic#architecture#in#children#at#risk#of#EED#have#not#been#reported.#In#view#of#

the# fact# that# sigmoidoscopy# can# be# achieved# more# easily# than# either# upperBGI#

endoscopy# or# ileocolonoscopy,# without# the# need# for# either# bowel# preparation# or#

deep# sedation,# if# colonic# inflammation#were#a# component#of#EED# then# it#might#be#

amenable#to#serial#biopsyBbased#monitoring#in#clinical#trial#settings.##

#

The# enrolment# of# children# who# were# severely# acutely# was# appropriate# because#

children# with# SAM# are# at# high# risk# of# continued# growth# disturbance,# illness# and#
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death,#despite#provision#of#medical#and#nutritional#care,#which#means#that#they#have#

the# most# to# gain# from# any# new# intervention.# However,# it# may# be# that# ensuring#

optimal# capacity# to# respond# to# a# new# pathogen# challenge# takes# precedence# over#

optimising#growth# in# the# context#of# SAM,#where#vulnerability# to#major# infection# is#

intense.# Targeting# those# EED# in# the# context# of#moderate# acute#malnutrition# or# in#

nonBacutely# malnourished# children# would# be# likely# to# increase# the# chances# of#

detecting# any# nascent# IGFB1Bmediated# linear# growth# benefit.# In# this# regard,# a#

limitation#of# the# study# is# that# the# inflammatory# enteropathy# found# in# kwashiorkor#

(which#was#present# in#73%#of#those#enrolled)#may#be#qualitatively#different#to#that#

present# in# the#context#of#other# forms#of#acute#malnutrition,#which#may# in# turn#be#

different#to#‘EED’#where#it#occurs#without#acute#malnutrition.#Results#of#the#current#

trial# should# not# be# considered# generalisable# either# to# children# with# stunting# but#

without# acute# malnutrition# or# to# populations# of# moderately# or# severely#

malnourished#children#without#high#prevalence#of#kwashiorkor,#and#future#studies#in#

such# groups# will# need# to# take# a# similarly# cautious# and# thorough# approach# as#

exemplified#here.
77
#That#said,#such#studies#should#consider#the#use#of#more#intensive#

treatment# schedules# because# although# mesalazine# is# a# reasonable# agent# for#

maintenance# of# remission# in# IBD,# it# is# less# effective# in# induction.# Difficulty# in#

diagnosing# tuberculosis# in# acutely#malnourished# children#may# preclude# the# use# of#

systemic# immunosuppressants,# but# longer# courses# or# higher# doses# of# mesalazine#

could# reasonably# be# trialled.# Furthermore,# although# EED# occurs# in# all# age# groups,#

irreversible# stunting#mainly# occurs# in# the# first# two# years# of# life,# and#may# even# be#

apparent# at# birth.
24,# 79

# Treatment# prior# to# the# development# of# clear# evidence# of#

growth#failure#may#be#optimal,#but#this#requires#the#development#and#refinement#of#
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pointBofBcare# biomarkers# for# EED.# Faecal# calprotectin# may# be# a# suitable# marker:#

pointBofBcare#tests#already#exist,#and#evaluation#against#dual#sugar#absorption#tests#

should# be# a# research# priority.# The# possibility# of# targeting# shortBterm# medical#

treatments# towards# this# key#early#window#of# vulnerability# to# linear#growth# failure,#

which# is# also# the# peak# period# for# development# of# acute# malnutrition# and# major#

infectious# diseases,# means# that# clinical# benefit# for# individual# children# might# be#

possible# even# if# modification# of# environmental# determinants# was# minimal.# This#

reflects#social#and#political#realities#in#many#of#the#settings#where#EED#is#endemic.##

#

These# results# have# highlighted# that# hepatic# parenchymal# damage# is# reasonably#

common#in#uncomplicated#SAM#(8%#of#those#screened#had#elevated#liver#enzymes#in#

plasma)#and#that#current#management#strategies#may#be#associated#with#a#transient#

exacerbation.# Fatty# infiltration# of# the# liver# is# a# recognised# feature# of# kwashiorkor,#

and#could#be#exacerbated#by#a#sudden#switch#onto#a#highBtriglyceride#diet.256#That#

RUTF#is#safe#and#effective#for#use#in#the#community#is#partly#a#factor#of#its#high#lipid#

content#(which#gives#low#water#activity#and#therefore#restricts#bacterial#growth)#and#

it# is# likely# that# any# risk# associated#with# a#modest# shortBterm# exacerbation# of# liver#

damage# is#outweighed#by#the#proven#benefits#of#communityBbased#care.#However,#

there# may# be# a# subset# of# patients# in# whom# this# presents# a# particular# problem,#

especially#as#RUTF#is#starting#to#be#used#more#commonly#in#the#moreBunwell#group#

of#hospitalised#children#with#complicated#SAM.##

#

The#participants#involved#in#this#trial#represented#a#uniquely#vulnerable#population.#

Detection#of#a#severely#acutely#malnourished#child#during#community#screening#was#
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frequently#an#indicator#of#multiple#social,#nutritional#and#medical#problems#affecting#

the# whole# family.# The# provision# of# appropriate# ancillary# support# was# an# essential#

component#of#our#trial#methodologies,#made#possible#because#of#the#comprehensive#

integration# of# medical# and# social# services# and# long# history# of# community#

engagement#in#Mathare#by#“German#Doctors”,#which#made#this#setting#a#particularly#

appropriate#one#in#which#to#conduct#the#trial.#Where#required,#parents#and#siblings#

were# provided# with# a# daily# food# ration,# free# medical# care# and# access# to# social#

support# and# advice.# Study# visits# took# place# at# participants’# home# to#minimise# the#

opportunity# cost#of# attending# the# clinic# and# community#health#workers#performed#

regular#home#visits#in#order#to#provide#support#and#assess#for#additional#needs.#The#

same# benefits# were# afforded# to# all# children# screened# for# enrolment# regardless# of#

their#eligibility.##

#

In#summary,#this#is#the#first#controlled#trial#directly#targeting#the#host#inflammatory#

response#in#children#with#SAM.#The#trial#is#conceptually#novel#in#considering#EED#as#a#

maladaptive# host# response# to# environmental# challenge,# and# has# provided# pilot#

evidence#of#safety.#Larger#trials#will#be#needed#to#assess#efficacy.#The#trend#towards#

reduction#in#a#range#of#inflammatory#markers#with#mesalazine#treatment#encourages#

the#design#of#such#studies.##

#
! !
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CHAPTER(5!

Relationship,between,nW3"polyunsaturated-fatty-acid-status-
and$anthropometric$indices$in!Kenyan&children:&a&multiWcentre!

caseWcontrol'observational'study!
#

5.1# METHODS#
#

This#was#a#multiBcentre#case#control#observational#study.#The#primary#objective#was#

to#assess# for#differences# in#nB3#polyunsaturated# fatty#acid# status#between#children#

with# SAM# and# controls.# The# study# recruited# children# from# two# settings# in# three#

phases.# The# first# phase# involved# recruitment# of# children# with# SAM# and# hospital#

inpatient#controls#from#Kilifi#District#(now#County)#Hospital#(KCH)#between#May#and#

September#2010.#The#second#phase#involved#recruitment#of#children#with#SAM#into#

the# Njugu# Plus# trial# (described# in# Chapter# 6)# at# KCH# between# June# 2012# and# July#

2013.# Baseline# data# from# the# trial# have# been# included# in# this# analysis.# The# third#

phase#involved#recruitment#of#hospitalised#SAM#cases#and#outpatient#controls#from#

Mbagathi#Hospital#(MH)#in#Nairobi,#between#March#and#September#2012.#

#

5.1.1! Study!Settings!!
!

Kilifi# County# comprises# a#mostly# rural# subsistenceBfarming# community# and# at# least#

60%#of#residents#live#below#the#national#poverty#line.257!KCH#is#a#government#referral#

facility#with#more#than#5000#paediatric#admissions#per#year#to#either#a#54Bbed#ward#

or#10Bbed#high#dependency#unit#where#clinical#care#is#supported#by#staff#and#funding#

from# the# Kenya# Medical# Research# Institute# (KEMRI)BWellcome# Trust# Research#

Programme.#Children#with#SAM#are# cared# for# in#a#dedicated#bay#where# integrated#
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nutritional# and# medical# management# is# provided.# # Uncomplicated# SAM# cases# are#

managed#at#KCH’s#onBsite#outpatient#therapeutic#feeding#program#(OTP).#

#

Mbagathi#Hospital# is#a#district#generalBequivalent#facility#(at#the#time#this#work#was#

carried# out,# the# only# one)# in# central# Nairobi.# It# lies# near# to# Kenyatta# National#

Hospital,#the#country’s# largest#referral#centre,#but#because#of#cheaper#fees# it# is#the#

main# hospital# utilised# by# most# of# the# city’s# poor.# Mbagathi# has# a# 38Bbedded#

paediatric# ward# that# admits# 4000# children# under# 5,# annually,# 30%# of# whom# have#

SAM.##

#

5.1.2!! Study!Participants!
!

Formal#inclusion#and#exclusion#criteria#were#as#follows:#

#

Inclusion#criteria,#CASES:# #

• Children#aged#6#months#to#5#years#old.#

• Provision#of#informed#consent.#

• SAM# (one# or#more# of#MUAC# <# 11.5# cm,#WHZ/WLZ# <# B3,# or# bilateral# pedal#

oedema).#

• Completed#‘stabilisation’#phase#of#nutritional#rehabilitation#(if#required).#

#

#

#

#
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Exclusion#criteria,#CASES:# # #

• Known# HIV# disease# or# tuberculosis* .# (All# participants# received# providerB

initiated#HIV#testing#and#referral#in#the#event#of#a#positive#test.)#

• Requiring#highBdependency#level#of#care.##

• Children# being# screened# for# enrolment# to# the# Njugu# Plus# study# were# also#

ineligible#if#they#had#know#allergy#or#hypersensitivity#to#ingredients#found#in#

RUTF#or#fish.#

#

Inclusion#criteria,#CONTROLS:##

• Children#aged#6#months#to#5#years#old.#

• Provision#of#informed#consent.#

• No# severe# acute#malnutrition# (any# of#MUAC# <# 11.5# cm,# HHZ/WLZ# <# B3,# or#

bilateral#pedal#oedema).#

• Attending#hospital# for#routine#surgery,#outpatient#clinic#appointment,#minor#

illness#or#injury.##

#

Exclusion#criteria,#CONTROLS:# # #

• Known# HIV# disease# or# tuberculosis.# (All# participants# received# providerB

initiated#HIV#testing#and#referral#in#the#event#of#a#positive#test,#as#above.)#

• Requiring#highBdependency#level#of#care.##

#
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
* #Chronic# infections,# such# as# HIV# and# TB,# and# the# drugs# used# to# treat# them,# may# alter# lipid#

metabolism.#Children#with#either#of# these#conditions#were#excluded# in#order# to# limit#heterogeneity#

and# maximise# statistical# power.# National# guidelines# recommend# offering# providerBinitiated# testing#

and#counseling#for#HIV#in#all#cases#of#SAM.##
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5.1.3! Screening!and!enrolment!
!

Cases#were#identified#by#routine#daily#screening#of#all#new#admissions#(to#either#KCH#

or#MH)#by#a#member#of#the#study#team.# Information#about#the#study#was#given#to#

each#eligible#child’s#attending#parent#or#carer#and#informed#consent#for#participation#

was#sought.#Where#consent#was#provided,#cases#were#discussed#with#the#attending#

clinical# tem# in# order# to# establish# a#mutually# convenient# time# for# venepuncture# (in#

order# that# clinically# required#blood# tests# could#be#performed#at# the# same# time,# to#

minimise#discomfort#to#the#participant).#Cases#who#were#enrolled#in#the#Njugu#Plus#

trial#had#venepuncture#performed#on#the#first#day#that#they#were#ready#to#start#for#

RUTF,#as#described#in#Chapter#6.##

#

Controls#were#identified#by#opportunistic#screening.#In#Kilifi,#children#being#admitted#

to#the#hospital#for#routine#surgery#(e.g.#hernia#repair),#injury#(e.g.#fracture)#or#illness#

without#any#WHOBindicated# features#of# severity#were#given# information#about# the#

study# by# KEMRIBWellcome# Trust# Research# Programme# Clinical# Officers# as# part# of#

their#routine#admission#procedure.#They#were#then#approached#by#a#member#of#the#

study# team# in# order# that# informed# consent# could# be# sought.# In# Nairobi,# children#

attending# the# outpatient# childBhealth# clinic#were# screened# for# eligibility# by# Clinical#

Officers,# and# referred# to# the# study# team# who# provided# information# and# sought#

informed#consent.##

#

Where# consent# was# provided,# participants# were# enrolled# and# venepuncture# was#

performed#at#a#convenient#time#in#the#next#24#hours#(or,#for#those#enrolled#to#Njugu#
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Plus,# once# they#were# ready# to# start# RUTF).# 2# to# 4#ml# of# blood#was# taken# into# BD#

vacutainers#using#a#needle#and#syringe.#Where#HIV#status#had#not#been#previously#

documented,# consent# for# testing# was# sought# via# a# providerBinitiated# testing# and#

counselling#strategy#endorsed#by#the#WHO#and#Kenyan#Ministry#of#Health,#and#the#

same#sample#was#used#for#this#purpose.#

#

Baseline# clinical# and# demographic# features# were# recorded,# and# routine#

anthropometry# was# performed# according# to# WHO# and# national# guidelines.#

Comorbidities# were# defined# according# to# WHO# clinical# syndromic# diagnoses#

(diarrhoea#and#pneumonia)#or#a#positive#blood#film#with#clinically#apparent#disease#

(malaria).# A# simple# dietary# recall# questionnaire# was# administered# (excluding#

participants# enrolled# in#Njugu#Plus),#where# carers#were# asked# to# estimate#on#how#

many# days# in# an# ordinary#week# the# family# consumed# cows’#milk,# eggs,#meat,# and#

fish.#

#

5.1.4! Laboratory!Methods!
!

5.1.4.i! Separation!of!blood!components!for!lipidomic!analysis!!
!
Plasma#and#leukocyte#fractions#were#extracted#from#whole#blood#by#separation#over#

a# discontinuous# density# gradient# created# by# layering# Histopaque# 1077# on# top# of#

Histopaque# 1119# (SigmaBAldrich# Limited# (Gillingham,# UK)).# After# centrifugation# at#

700# g# for# 30#minutes,# peripheral# blood#mononuclear# cells# (PBMCs)#were# reserved#

(and#processed#further#in#Njugu#Plus,#see#Chapter#6),#plasma#was#stored#directly#at#B
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80°C,#and#the#red#cell#pellet#(free#of#granulocyte#contamination)#was#washed#twice#in#

phosphate#buffered#saline#(PBS)#and#stored#at#B80°C.##

!

5.1.4.ii!! Lipidomic!analysis!
!
Total#lipid#was#extracted#from#the#stored#samples#according#to#the#method#of#Bligh#

&#Dyer# (with# dichloromethane# replacing# chloroform),# and# dried# under# nitrogen.258#

Plasma# phosphatidylcholine# was# isolated# using# solid# phase# extraction# on#

aminopropylsilica#cartridges#(Agilent#Technologies#(Santa#Clara,#USA)).#Methyl#esters#

were# generated# by# incubation# with# methanol# containing# 2%# H2SO4# and# extracted#

into# hexane# following# neutralisation# as# described# previously.259# Analysis# was#

performed# on# a# Hewlett# Packard# 6890# gas# chromatograph# fitted# with# a# BPXB70#

column.# Fatty# acid# methyl# esters# were# identified# using# HPChemStation# (Hewlett#

Packard#(Palo#Alto,#USA))#by#retention#time#compared#to#standard#samples.##

#

5.1.4.iii! Other!methods!
!
Full#blood#count#was#processed#by#clinical#laboratories#at#the#KEMRIBWellcome#Trust#

Research# Programme# in# Kilifi,# or# at# the# University# of# Nairobi’s# Kenyatta# Hospital#

Campus#in#Nairobi.#

#

5.1.5! Statistical!Methods!
!

Heterogeneity# in# clinical# and# demographic# characteristics# of# the# population# was#

assessed#by#grouping#according#to#recruitment#strata#(case#or#control),#and#location#

(Kilifi#or#Nairobi).#MannBWhitney#UBtests#and#ANOVA#(where#number#of#groups#>2)#
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were# employed# for# analysis# of# continuous# data,# and# Fisher’s# exact# test# for#

categorical#data.##

#

The#primary#objective#was#to#assess#for#differences#in#nB3#polyunsaturated#fatty#acid#

status#between#children#with#SAM#and#controls,#with#DHA#status#in#the#erythrocyte#

fraction#as#the#nominal#primary#outcome.#Secondary#outcomes#were#differences# in#

other#lipids#and#in#both#erythrocyte#and#plasma#fractions,#and#secondary#objectives#

were#to#assess#for#relationships#between#the#raw#compositional#and#anthropometric#

variables#(including#for#HAZ/LAZ).#In#view#of#the#fact#that#SAM#comprises#two#distinct#

clinical# syndromes# (kwashiorkor# and# severe#wasting)# I# also# assessed# for# significant#

differences#between#them,#and#between#each#syndrome#and#controls.#

#

Differences# in# fatty# acid# composition# of# erythrocyte# and# plasma# phospholipid#

fractions#were#assessed#at#the#individual#species#level#using#MannBWhitney#UBtests.##

For# linear# regression# analyses,# initial# univariate# analysis# was# performed# with#

recruitment#location,#age,#sex,#current#breastfeeding#status#(yes#or#no),#haemoglobin#

concentration,# white# cell# and# platelet# counts,# MUAC,# presence# of# oedema,#

WHZ/WLZ#(only#if#nonBoedematous),#and#HAZ/LAZ#as#independent#variables#and#the#

individual#fatty#acid#species#as#dependent#variables.#Where#the#univariate#regression#

showed#a#significant#relationship#with#P<0.05,#that#variable#was#taken#forward#to#a#

multivariate# model.# An# exception# was# where# oedema# and# WHZ/WLZ# were# both#

significant,#when#only#WHZ/WLZ#was#included#in#the#model#(in#view#of#the#fact#that#

measurement#of#WHZ/WLZ#specifically#excludes#children#with#oedema).#Z#scores#for#

fatty#acid#compositional#indices#were#calculated#for#children#with#oedema#where#the#
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reference# data# (mean# and# standard# deviation# for# normalisation# equation)# was#

calculated# from# all# nonBoedematous# participants.# Statistical# significance# of#

differences#from#the#reference#was#assessed#using#MannBWhitney#U#tests.#

#

Throughout,#analysis#was#performed#in#Stata#(version#12.0)#and#graphs#were#drawn#

with#GraphPad#Prism# (version# 6.0).# Anthropometric# zBscores#were# calculated#using#

WHO#standards#(2006).##

#

! #
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5.2# RESULTS#
!

5.2.1! Clinical!and!demographic!characteristics!
!

A#total#of#124#children#were#recruited#to#the#study,#92#of#whom#had#SAM.#89#were#

recruited#from#Kilifi#and#35,#from#Nairobi.#Baseline#characteristics#are#summarised#in#

Table#5.1.#

#
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Table&5.1:&Baseline&characteristics&of&the&participants&

& Kilifi&Case& Kilifi&Control& Nairobi&Case& Nairobi&Control& P&(Group)& P&(SAMAC)& P&(Loc.)&

n& 77# 12# 15# 20# '# '# '#

Age&(months)& 18#(13#to#26)# 23#(10#to#33)# 13#(11#to#19)# 25#(9#to#36)# 0.19# 0.26# 0.74#

Male&sex&(%)& 41# 5# 7# 12# 0.75# 1.00# 0.84#

& # # # # # # #
MUAC&(mm)& 112#(106#to#119)# 128#(124#to#138)# 108#(100#to#114)# 138#(130#to#143)# <0.001# <0.001# '#

WHZ/WLZ*& '3.4#('4.1#to#'2.8)# '2.1#('2.7#to#'0.5)# '4.0#('4.5#to#'2.5)# '1.1#('1.6#to#'0.4)# <0.001# <0.001# '#

Oedema#(%)& 13#(17)# 0#(0)# 5#(33)# 0#(0)# '# '# '#

HAZ/LAZ& '3.3#('4.3#to#'2.2)# '1.8#('2.4#to#'1.1)# '2.8#('4.5#to#'1.3)# '1.2#('1.7#to#'0.4)# <0.001# <0.001# <0.001#

& # # # # # # #
Diarrhoea& 25#(37)# 6#(50)# 4#(27)# 4#(20)# 0.29# 0.83# 0.13#

Pneumonia& 7#(10)# 2#(17)# 7#(15)# 4#(20)# 0.01# 0.79# 0.02#

Malaria& 2#(12)**# 4#(33)# 1#(7)# 0#(0)# 0.02# 1.00# 0.04#

& # # # # # # #
Hb&(g/dL)& 9.1#(7.5#to#10.4)# 8.9#(7.4#to#10.2)# 10.0#(9.5#to#10.4)# 11.0#(9.6#to#11.8)# 0.05# 0.18# 0.01#

WCC&(x109/L)& 10.8#(9.0#to#14.5)# 12.4#(10.1#to#18.7)# 9.4#(7.6#to#11.8)# 9.7#(7.9#to#18.9)# <0.01# 0.36# 0.29#

PMN&(x109/L)& 3.3#(2.1#to#4.2)# 4.5#(3.2#to#9.8)# 2.9#(2.2#to#4.9)# 3.7#(2.5#to#5.7)# <0.01# 0.03# 0.80#

Platelets&(x109/L)& 373#(203#to#513)# 322#(197#to#570)# 243#(111#to#317)# 323#(258#to#669)# 0.32# 0.61# 0.90#

!
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!

$

The$difference$in$acute$nutritional$status$(MUAC$and$WHZ/WLZ)$between$cases$and$

controls$was$more$exaggerated$in$Nairobi$than$Kilifi.$All$of$the$Kilifi$control$children$

had$ one$ of$ diarrhoea,$ pneumonia$ or$ malaria$ compared$ to$ just$ 40%$ of$ Nairobi$

controls,$reflecting$recruitment$from$mainly$inpatient$versus$outpatient$populations,$

respectively.$ Children$ from$ Kilifi$ were$ generally$ more$ anaemic$ than$ those$ from$

Nairobi,$and$oedema$was$less$common.$

$

Despite$ major$ differences$ in$ acute$ nutritional$ status,$ there$ were$ no$ significant$

differences$ in$ familyPlevel$ frequency$ of$ consumption$ of$ cows’$milk,$ eggs,$meat$ or$

fish$between$children$with$SAM$and$controls$(Figure$5.1)$

!

Table!5.1:$Baseline$characteristics$of$the$participants.$Statistical$significance$tests$were$conducted$

between$all$four$groups$(by$ANOVA$or$Fisher’s$exact;$P(Group)),$between$children$with$SAM$and$

controls$(by$MannPWhitney$U$test$or$Fisher’s$exact;$P(SAMPC)),$and$by$location$in$Kilifi$or$Nairobi$

(by$MannPWhitney$U$test$or$Fisher’s$exact;$P(Loc.)).$Because$the$proportion$of$cases$and$controls$

differed$by$location,$significance$of$differences$in$indices$of$acute$malnutrition$between$the$

locations$were$not$assessed.$*Excludes$children$with$oedema;$**of$17$children$who$had$a$blood$

film.$MUAC$(midPupper$arm$circumference);$WHZ/WLZ$(weightPforPheight/length$z$score);$

HAZ/LAZ$(height/lengthPforPage$z$score);$Hb$(haemoglobin);$WCC$(white$cell$count);$PMN$

(neutrophils).$
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Figure!5.1:!Family2level!consumption!of!food!items!between!cases!and!controls!

$

$

!

5.2.2! Fatty!acid!composition!in!SAM!!
!

The$pattern$of$abundance$of$individual$fatty$acid$species$in$erythrocyte$and$plasma$

phospholipid$ compartments$ was$ broadly$ similar$ between$ children$ with$ SAM$ and$

controls,$ though$ a$ number$ of$ significant$ point$ differences$ in$ abundance$ were$

evident$(Table$5.2$and$Figure$5.2).$
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Figure!5.1:$Histograms$show$no$significant$differences$in$familyPlevel$consumption$of$cows’$milk$

(top$left),$eggs$(top$right),$meat$(bottom$left)$and$fish$(bottom$right)$between$children$with$SAM$

and$controls$(P>0.1$for$all$foods$by$Fisher’s$Exact).$XPaxes$are$estimated$usual$number$of$days$per$

week$on$which$the$foodstuff$is$consumed$by$the$family.$N=32$for$each$group.$$
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Table&5.2:&Percentage&of&fatty&acid&species&in&erythrocyte&fractions&and&plasma&phospholipid&between&children&with&SAM&and&controls&

$ Erythrocyte$ Significance&tests$ Plasma$ Significance&tests$

Species&(%)$ SAM$ Control$ SAMCC$ SWCK$ SWCC$ KCC$ SAM$ Control$ SAMCC$ SWCK$ SWCC$ KCC$

14:0$ 0.50$(0.36$to$0.77)$ 0.53$(0.35$to$1.04$ $ 0.03$ $ 0.09$ 0.38$(0.27$to$0.61)$ 0.44$(0.24$to$6.39)$ $ <0.001$ 0.05$ $

16:0$ 25.9$(24.2$to$27.3)$ 26.0$(22.2$to$26.9)$ $ 0.02$ $ $ 32.9$(30.0$to$34.6)$ 31.8$(30.1$to$34.6)$ $ <0.001$ $ <0.01$

16:1(nC7)$ 0.65$(0.42$to$0.96)$ 0.45$(0.31$to$0.65)$ <0.01$ $ <0.01$ <0.01$ 0.57$(0.33$to$0.97)$ 0.58$(0.39$to$0.86)$ $ <0.01$ $ 0.03$

18:0$ 13.1$(12.3$to$14.5)$ 15.5$(13.7$to$18.0)$ <0.001$ $ <0.001$ <0.001$ 13.2$(11.6$to$14.6)$ 13.9$(12.4$to$15.0)$ 0.09$ $ 0.08$ $

18:1(nC9)$ 15.8$(13.9$to$17.3)$ 15.3$(11.6$to$16.9)$ 0.08$ $ 0.05$ $ 14.7$(12.0$to$16.8)$ 12.2$(10.3$to$13.7)$ <0.001$ $ <0.001$ 0.02$

18:1(nC7)$ 1.35$(1.14$to$1.55)$ 1.14$(1.01$to$1.44)$ 0.03$ $ 0.02$ $ 1.74$(1.32$to$2.16)$ 1.65$(1.32$to$1.91)$ $ <0.01$ $ $

18:2(nC6)$ 11.6$(9.71$to$12.5)$ 9.87$(7.90$to$11.4)$ <0.001$ <0.001$ <0.01$ <0.001$ 20.5$(16.5$to$22.3)$ 15.5$(13.0$to$19.4)$ <0.001$ 0.02$ <0.001$ $

18:3(nC6)$ 0.10$(0.06$to$0.14)$ 0.08$(0.06$to$0.11)$ 0.08$ $ 0.04$ $ 0.10$(0.07$to$0.19)$ 0.09$(0.04$to$0.22)$ $ <0.001$ $ <0.01$

18:3(nC3)$ 0.42$(0.23$to$0.69)$ 0.28$(0.17$to$0.48)$ 0.06$ <0.001$ <0.01$ $ 0.22$(0.11$to$0.50)$ 0.18$(0.08$to$0.55)$ $ <0.001$ $ 0.02$

20:0$ 0.76$(0.22$to$1.35)$ 0.38$(0.13$to$1.15)$ 0.07$ 0.08$ 0.02$ $ 0.16$(0.10$to$0.27)$ 0.25$(0.11$to$0.33)$ $ <0.01$ 0.05$ $

20:1(nC9)$ 0.20$$(0.16$to$0.25)$ 0.17$(0.12$to$0.25)$ $ $ $ <0.01$ 0.19$(0.15$to$0.32)$ 0.17$(0.09$to$0.39)$ $ <0.01$ $ 0.07$

20:2(nC6)$ 0.35$(0.27$to$0.42)$ 0.28$(0.24$to$0.33)$ <0.01$ <0.01$ <0.001$ $ 0.30$(0.23$to$0.39)$ 0.32$(0.22$to$0.38)$ $ $ $ $

20:3(nC9)$ 0.08$(0.06$to$0.12)$*$ 0.07$(0.06$to$0.09)$*$ $ $ 0.09$ $ 0.12$(0.08$to$0.21)$*$ 0.16$(0.09$to$0.21)$*$ $ $ $ $

20:3(nC6)$ 1.27$(1.06$to$1.48)$ 1.39$(1.21$to$1.81)$ <0.01$ 0.04$ 0.03$ <0.01$ 1.58$(1.21$to$2.08)$ 1.97$(1.32$to$2.61)$ 0.07$ <0.01$ $ <0.01$

20:4(nC6)$ 13.6$(11.9$to$15.2)$ 14.6$(11.6$to$16.1)$ $ <0.01$ $ 0.02$ 6.83$(5.06$to$8.84)$ 9.56$(6.93$to$11.8)$ <0.001$ $ <0.001$ 0.01$

20:4(nC3)$ 0.10$(0.06$to$0.16)$ 0.09$(0.05$to$0.21)$ $ <0.001$ $ 0.08$ 0.09$(0.06$to$0.14)$ 0.09$(0.07$to$0.13)$ $ <0.01$ $ $

20:5(nC3)$ 0.32$(0.26$to$0.48)$ 0.36$(0.29$to$0.39)$ $ $ $ 0.03$ 0.38$(0.27$to$0.63)$ 0.45$(0.31$to$0.64)$ $ $ $ $

22:5(nC3)$ 1.65$(1.41$to$2.00)$ 1.61$(1.47$to$1.92)$ $ $ $ $ 0.67$(0.46$to$0.89)$ 0.71$(0.56$to$0.90)$ $ <0.01$ $ <0.01$

22:6(nC3)$ 4.97$(3.65$to$6.66)$ 4.47$(3.74$to$6.23)$ $ $ $ $ 2.41$(1.19$to$3.51)$ 2.91$(2.29$to$4.05)$ 0.04$ $ $ <0.001$

24:0$ 1.04$(0.87$to$1.29)*$ 1.20$(1.03$to$1.43)*$ 0.04$ $ 0.04$ $ 0.25$(0.17$to$0.37)$ 0.42$(0.24$to$0.49)$ <0.01$ $ <0.01$ 0.08$

24:1(nC9)$ 0.33$(0.27$to$0.40)*$ 0.31$(0.23$to$0.45)*$ $ $ $ $ 0.12$(0.09$to$0.19)$ 0.13$(0.11$to$0.19)$ $ <0.01$ 0.07$ $
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!
!

!

Table!5.2:$Percentage$of$individual$fatty$acid$species$in$erythrocytes$and$plasma$phospholipid$

extracts$between$children$with$SAM$and$controls.$Statistical$significance$tests$were$conducted$

between$children$with$SAM$and$controls$(SAMAC);$between$children$with$SAM$defined$on$the$

basis$of$severe$wasting$without$oedema$and$those$defined$on$the$basis$of$oedema$(SWAK);$

between$children$with$SAM$defined$on$the$basis$of$severe$wasting$without$oedema$and$controls$

(SWAC);$and$between$children$with$SAM$defined$on$the$basis$of$oedema$and$controls$(KAC).$All$

testing$was$via$MannAWhitney$U$tests,$and$P$values$are$only$displayed$if$P<0.1.$*n=75$(SAM)$and$

20$(control).$



! 160$

Figure!5.2:!Fatty!acid!composition!according!to!SAM!syndrome!

!
!
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Figure! 5.2:$ Percentage$ of$ individual$ fatty$ acid$ species$ in$ erythrocytes$ and$ plasma$ phospholipid$

extracts$ between$ children$ with$ severe$ wasting$ (SAM$ defined$ on$ the$ basis$ of$ severe$ wasting$

without$oedema),$kwashiorkor$(SAM$defined$on$the$basis$of$oedema)$and$controls.$$
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Lower$levels$some$of$the$saturated$fatty$acid$species$were$seen$in$children$with$SAM$

(18:0$and$24:0$in$erythrocytes,$24:0$in$plasma$phospholipid),$while$unsaturated$fatty$

acids$tended$to$be$more$abundant:$In$the$nA6$series,$children$with$SAM$had$higher$

levels$ of$ 18:2(nA6)$ and$ 20:2(nA6)$ but$ lower$ 20:3(nA6)$ in$ erythrocyte$ fractions,$ and$

higher$18:2(nA6)$in$plasma$phospholipid$than$controls.$They$had$higher$16:1(nA7)$and$

18:1(nA7)$ in$ erythrocytes,$ and$ higher$ 18:1(nA9)$ in$ plasma$ phospholipid.$ The$ nA3$

species$ were$ similar$ between$ the$ groups,$ though$ lower$ 22:6(nA3)$ was$ evident$ in$

plasma$phospholipid$from$children$with$SAM.$

$

A$large$number$of$statistically$significant$differences$in$fatty$acid$composition$were$

evident$ between$ the$ two$ different$ SAM$ syndromes$ of$ severe$ wasting$ and$

kwashiorkor.$The$biological$significance$of$these$differences$is$unclear$because$there$

was$ inconsistency$ both$ within$ fatty$ acid$ series$ and$ between$ the$ erythrocyte$ and$

plasma$ phospholipid$ compartments.$ For$ example,$ for$ children$ with$ kwashiorkor,$

18:2(nA6)$was$more$relatively$abundant$in$erythrocytes$but$less$relatively$abundant$

in$ plasma$ phospholipid$ compared$ to$ children$ with$ severe$ wasting.$ The$ opposite$

relationship$existed$for$20:3(nA6).$$

$

Differences$ in$ both$ the$ control$ and$ SAM$ populations$ between$ Kilifi$ and$ Nairobi$

further$complicate$the$interpretation$of$these$results$(Figure$5.3).$$

$

! !
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Figure!5.3:!Fatty!acid!composition!according!to!SAM/control!and!location!
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Figure! 5.3:$ Percentage$ of$ individual$ fatty$ acid$ species$ in$ erythrocytes$ and$ plasma$ phospholipid$

extracts$between$children$with$SAM$and$controls$recruited$from$Kilifi$or$Nairobi.$$
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5.2.3! Desaturase!and!elongase!enzyme!activity!in!SAM!
!

Desaturase$ and$ elongase$ enzyme$ activity$ was$ calculated$ on$ the$ basis$ of$

product/substrate$ ratios.$ Enzyme$ activity$ was$ similar$ between$ children$ with$ SAM$

and$controls.$Children$with$SAM$had$increased$Δ5$desaturase$activity$and$decreased$

elongase$ activity$ in$ the$ erythrocyte$ fraction,$ but$ there$ were$ no$ such$ differences$

evident$in$plasma$phospholipid$(Figure$5.4).$

$

Figure!5.4:!Desaturase!and!elongase!enzyme!activity!in!SAM!

!

!

!

! !
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Figure!5.4:$Δ6$desaturase$calculated$as$18:3(nA6)/18:2(nA6);$Δ5$desaturase$calculated$as$20:4(nA

6)/20:3(nA6);$elongase$calculated$as$20:3(nA6)/18:3(nA6).$Data$shown$for$erythrocyte$(E)$and$

plasma$(P)$fractions.$**P<0.01,$all$others$P>0.05$
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5.2.4! Predictors!of!fatty!acid!composition:!regression!analyses!
!

In$ order$ to$ account$ for$ systematic$ differences$ between$ the$ two$ locations,$ and$ to$

resolve$the$potentially$confounding$impact$of$markedly$different$kwashiorkor$rates$

between$ Kilifi$ and$ Nairobi,$ multiple$ linear$ regression$ analyses$ were$ performed$ to$

determine$the$predicting$variables$of$individual$fatty$acids’$relative$abundance.$The$

results$ are$ summarised$ in$ Table$ 5.3$ (erythrocyte)$ and$ Table$ 5.4$ (plasma$

phosphatidylcholine)$

$

! !
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Table!5.3:!Predictors!of!individual!fatty!acids’!relative!abundance!in!erythrocytes!

Species!
(Erythrocyte)$ Variable$

Univariate$ Multivariate$

Coefficient$ P$ Coefficient$ P$ aR2$

14:0$

Age$ A0.000$ 0.03$ A0.000$ 0.49$

7.3$Breastfeeding$ 0.190$ <0.01$ 0.140$ 0.07$

Oedema$ A0.220$ 0.02$ A0.170$ 0.07$

16:0$ Location$ A1.590$ <0.01! A$ A$ A$

16:1(nA7)$

Age$ 0.003$ <0.01$ 0.000$ 0.07$

31.7$

Breastfeeding$ A0.190$ 0.01$ A0.118$ 0.25$

Hb$ A0.039$ 0.03$ A0.023$ 0.23$

Platelets$ A0.001$ <0.001$ A0.000$ 0.03!

MUAC$ A0.053$ 0.03$ A0.055$ 0.34$

WHZ/WLZ$ A0.570$ 0.02$ A0.030$ 0.44$

HAZ/LAZ$ A0.093$ <0.001$ A0.053$ 0.11$

Location$ 0.165$ 0.04$ 0.020$ 0.89$

18:0$

MUAC$ 0.405$ 0.02$ A0.052$ 0.85$

9.2$WHZ/WLZ$ 0.573$ <0.01$ 0.509$ 0.05$

Location$ A1.350$ 0.02$ A1.040$ 0.13$

18:1(nA9)$

Breastfeeding$ A1.000$ 0.03$ A0.713$ 0.12$

12.3$HAZ/LAZ$ A0.250$ 0.04$ A0.359$ <0.01!

Location$ A1.490$ <0.01$ A1.590$ <0.01!

18:1(nA7)$

Hb$ A0.053$ 0.01$ A0.042$ 0.06$

5.1$HAZ/LAZ$ A0.047$ 0.05$ A0.026$ 0.35$

Location$ 0.216$ 0.02$ 0.132$ 0.33$

18:2(nA6)$

Age$ 0.001$ 0.02$ 0.001$ 0.20$

23.4$
WCC$ A0.101$ <0.001$ A0.830$ <0.01!

Oedema$ 2.110$ <0.001$ 1.770$ <0.01!

HAZ/LAZ$ A0.256$ 0.02$ A0.170$ 0.10$

18:3(nA6)$

Hb$ A0.005$ 0.03$ A0.005$ 0.10$

10.2$
MUAC$ A0.009$ <0.01$ A0.011$ 0.03$

HAZ/LAZ$ A0.007$ 0.01$ A0.001$ 0.74$

Location$ 0.023$ 0.04$ 0.001$ 0.98$

18:3(nA3)$

Age$ A0.000$ 0.04$ A0.000$ 0.25$

4.0$MUAC$ A0.055$ 0.03$ A0.042$ 0.12$

Oedema$ A0.219$ 0.03! A$ A$

20:0$
Age$ A0.000$ 0.02$ A0.003$ 0.16$

3.9$
MUAC$ A0.095$ 0.04$ A0.065$ 0.21$
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20:1(nA9)$
WCC$ 0.003$ <0.01$ 0.003$ <0.01!

11.1$
Platelets$ A0.000$ 0.03$ A0.000$ 0.01!

20:2(nA6)$

MUAC$ A0.022$ <0.01$ A0.022$ 0.06$

8.4$Oedema$ A0.089$ <0.01! A$ A$

WHZ/WLZ$ A0.021$ <0.01$ A0.005$ 0.63$

20:3(nA6)$ Oedema$ A0.213$ 0.01! A$ A$ A$

20:4(nA6)$

Platelets$ 0.004$ <0.01$ 0.003$ 0.02!

16.0$Oedema$ A1.340$ 0.05$ A1.381$ 0.03!

HAZ/LAZ$ 0.422$ <0.01$ 0.326$ 0.02!

20:4(nA3)$

Hb$ A0.009$ 0.02$ A0.002$ 0.49$

28.8$
WCC$ 0.005$ <0.001$ 0.005$ <0.001!

Oedema$ 0.057$ 0.01$ 0.069$ <0.01!

Location$ 0.053$ <0.01$ 0.064$ <0.01!

20:5(nA3)$

Age$ A0.000$ <0.01$ A0.000$ 0.08$

9.6$Sex$ A0.128$ 0.01$ A0.107$ 0.07$

MUAC$ A0.453$ 0.02$ A0.027$ 0.18$

22:6(nA3)$

Age$ A0.002$ <0.001$ A0.001$ 0.02!

28.9$
Breastfeeding$ 1.290$ <0.001$ 0.781$ 0.04!

Platelets$ 0.003$ <0.001$ 0.002$ 0.04!

HAZ/LAZ$ 0.300$ <0.01$ 0.232$ 0.01!

24:0$

Age$ 0.003$ <0.001$ 0.000$ 0.03!

21.7$

Sex$ 0.132$ 0.04$ 0.075$ 0.22$

Breastfeeding$ A0.216$ <0.01$ A0.131$ 0.06$

MUAC$ 0.049$ 0.02$ A0.038$ 0.14$

Location$ A0.187$ <0.01$ A0.235$ <0.01!

24:1(nA9)$ HAZ/LAZ$ 0.018$ 0.01! A$ A$ A$

$

$

! !

Table!5.3:$Predictors$of$fatty$acid$abundance$in$erythrocyte$compartment$are$listed$if$P<0.05$in$

univariate$analyses.$Multivariate$analyses$were$P<0.05$are$listed$in$bold.$Adjusted$R2$for$the$

multivariate$analyses$is$provided.$Note$that$where$oedema$and$WHZ/WLZ$were$both$predictors$

in$the$univariate$analyses,$oedema$was$not$taken$forward$to$the$multivariate$model$because$

WHZ/WLZ$specifically$excluded$those$participants$with$oedema.$MUAC$(midAupper$arm$

circumference);$WHZ/WLZ$(weightAforAheight/length$z$score);$HAZ/LAZ$(height/lengthAforAage$z$

score);$Hb$(haemoglobin);$WCC$(white$cell$count);$PMN$(neutrophils).$



! 167$

Table!5.4:!Predictors!of!individual!fatty!acids’!relative!abundance!in!plasma!PL!

Species$
(Plasma)$

Variable$
Univariate$ Multivariate$

Coefficient$ P$ Coefficient$ P$ aR2$

14:0$

WCC$ 0.106$ <0.01$ 0.110$ <0.01!

21.8$Oedema$ 2.450$ <0.01$ 2.800$ <0.001!

Location$ 2.080$ <0.001$ 2.210$ <0.01!

16:0$
Oedema$ A5.790$ <0.001$ A5.780$ <0.001!

32.5$
Location$ A2.430$ <0.01$ A2.410$ <0.001!

16:1(nA7)$

Age$ 0.000$ 0.04$ 0.000$ 0.12$

19.1$

Hb$ A0.050$ <0.01$ A0.039$ 0.03!

Platelets$ A0.000$ 0.01$ A0.000$ 0.06$

Oedema$ 0.336$ <0.01$ 0.329$ <0.01!

Location$ 0.220$ <0.01$ 0.159$ 0.15$

18:0$

Age$ 0.002$ 0.02$ 0.001$ 0.20$

8.1$Platelets$ A0.003$ 0.03$ A0.001$ 0.23$

WHZ/WLZ$ 0.366$ <0.01$ 0.334$ 0.02!

18:1(nA9)$

Age$ 0.002$ 0.02$ 0.001$ 0.41$

30.6$

Breastfeeding$ A2.420$ <0.001$ A2.910$ <0.01!

WCC$ A0.099$ 0.03$ A0.043$ 0.31$

Platelets$ A0.004$ 0.03$ A0.002$ 0.25$

MUAC$ A0.680$ <0.01$ A1.094$ 0.03!

WHZ/WLZ$ A0.662$ <0.01$ A0.090$ 0.80$

HAZ/LAZ$ A0.655$ <0.001$ A0.173$ 0.54$

18:1(nA7)$
Oedema$ A0.355$ <0.01! A$ A$

A$
WHZ/WLZ$ A0.102$ <0.01! A$ A$

18:2(nA6)$
WCC$ A0.144$ 0.03$ A0.118$ 0.06$

6.2$
HAZ/LAZ$ A0.555$ 0.02$ A0.517$ 0.06$

18:3(nA6)$
Oedema$ 0.455$ <0.001$ 0.454$ <0.001!

21.1$
Location$ 0.176$ 0.02$ 0.174$ 0.01!

18:3(nA3)$
Oedema$ 1.090$ <0.001$ 1.090$ <0.001!

23.8$
Location$ 0.550$ <0.01$ 0.550$ <0.01!

20:1(nA9)$
Oedema$ 0.149$ 0.03$ 0.150$ 0.03!

6.6$
Location$ 0.124$ 0.02$ 0.120$ 0.02!

20:2(nA6)$
Age$ A0.000$ <0.01$ A0.000$ <0.01!

12.7$
Location$ A0.101$ <0.01$ A0.100$ <0.01!

20:3(nA6)$
Platelets$ 0.001$ 0.02$ 0.000$ 0.27$

45.3$
MUAC$ 0.097$ 0.03$ A0.110$ 0.10$
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Oedema$ A0.488$ <0.01$ A$ A$

WHZ/WLZ$ 0.113$ <0.01$ 0.082$ 0.16$

Location$ A0.553$ <0.001$ A0.452$ 0.03!

20:4(nA6)$

Age$ A0.002$ 0.03$ A0.001$ 0.37$

20.5$

WCC$ 0.116$ <0.01$ 0.084$ 0.02!

Platelets$ 0.004$ 0.01$ 0.002$ 0.25$

MUAC$ 0.509$ <0.01$ 0.310$ 0.28$

HAZ/LAZ$ 0.612$ <0.001$ 0.440$ 0.06$

20:4(nA3)$ Oedema$ 0.091$ <0.01! A$ A$ A$

20:5(nA3)$
HAZ/LAZ$ 0.047$ <0.01$ 0.036$ 0.03!

8.7$
Location$ A0.188$ <0.01$ A0.150$ 0.03!

22:5(nA3)$

Platelets$ 0.000$ 0.01$ 0.000$ 0.08$

16.8$
Oedema$ A0.277$ <0.01$ A0.217$ 0.02!

HAZ/LAZ$ 0.055$ <0.01$ 0.020$ 0.34$

Location$ A0.260$ <0.01$ A0.290$ <0.01!

22:6(nA3)$

Age$ A0.002$ <0.001$ A0.001$ 0.08$

38.8$

Breastfeeding$ 1.190$ <0.001$ 0.761$ 0.01!

WCC$ 0.054$ <0.01$ 0.031$ 0.05$

Platelets$ 0.002$ <0.01$ 0.001$ 0.20$

Oedema$ A0.867$ 0.02$ A0.430$ 0.21$

HAZ/LAZ$ 0.309$ <0.001$ 0.240$ <0.01!

24:0$

MUAC$ 0.038$ <0.001$ 0.005$ 0.77$

14.0$WHZ/WLZ$ 0.041$ <0.001$ 0.036$ 0.01!

HAZ/LAZ$ 0.021$ 0.01$ 0.008$ 0.41$

24:1(nA9)$
Oedema$ 0.081$ <0.001$ 0.081$ <0.001!

13.5$
Location$ 0.040$ 0.02$ 0.040$ 0.02!

$

$
$
$ $

Table!5.4:$Predictors$of$fatty$acid$abundance$in$plasma$phospholipid$(PL)$compartment$are$listed$

if$P<0.05$in$univariate$analyses.$Multivariate$analyses$were$P<0.05$are$listed$in$bold.$Adjusted$R2$

for$the$multivariate$analyses$is$provided.$Note$that$where$oedema$and$WHZ/WLZ$were$both$

predictors$in$the$univariate$analyses,$oedema$was$not$taken$forward$to$the$multivariate$model$

because$WHZ/WLZ$specifically$excluded$those$participants$with$oedema.$MUAC$(midAupper$arm$

circumference);$WHZ/WLZ$(weightAforAheight/length$z$score);$HAZ/LAZ$(height/lengthAforAage$z$

score);$Hb$(haemoglobin);$WCC$(white$cell$count);$PMN$(neutrophils).$
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Overall,$ presence$ of$ oedema$ and$ location$ of$ recruitment$ were$ the$ variables$ that$

were$most$frequently$associated$(to$statistical$significance$at$P<0.05)$with$fatty$acid$

content$ in$the$multivariate$analyses.$Oedema$was$associated$with$decreased$levels$

of$ the$ longest$and$most$extensively$unsaturated$nA6$and$nA3$ family$members$with$

corresponding$increases$in$the$other$family$members,$with$the$exception$of$18:3(nA

3),$which$was$lower$for$oedematous$children$in$the$erythrocyte$fraction$(Figure$5.4).$

$

Figure!5.5:!Fatty!acid!composition!for!oedematous!participants!compared!to!others!
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Figure! 5.5:$ Data$were$ normalised$ to$ individual$ speciesAlevel$ mean/standard$ deviation$ for$ nonA

oedematous$participants$and$are$presented$as$z$scores$for$oedematous$children$compared$to$this$

reference.$*P<0.05;$**P<0.01$by$MannAWhitney$U$tests$
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WHZ/WLZ$ and$ MUAC,$ the$ other$ indices$ of$ acute$ nutritional$ status$ along$ with$

presence$of$oedema,$were$associated$with$fatty$acid$content$much$ less$frequency.$

There$ were$ no$ significant$ associations$ on$ multivariate$ analysis$ in$ the$ erythrocyte$

pool.$ In$ the$ plasma$ phospholipid,$ moreAnegative$ WHZ/WLZ$ was$ associated$ with$

lower$ 18:0$ and$ 24:0$ saturated$ fatty$ acids,$ and$ higher$ 18:1(nA7).$ Low$ MUAC$ was$

associated$with$higher$18:1(nA9).$

$

Recruitment$of$children$across$a$range$of$HAZ/LAZ$allowed$me$to$assess$the$impact$

of$ stunting$ on$ fatty$ acid$ composition.$ In$ both$ the$ erythrocyte$ and$ plasma$

compartments,$ a$ greater$ degree$ of$ stunting$ was$ associated$ with$ lower$ 22:6(nA3)$

(Figure$ 5.5).$ In$ erythrocytes$ it$ was$ also$ associated$with$ lower$ 20:4(nA6),$ 18:1(nA9)$

and$24:1(nA9);$and$in$plasma$it$was$also$associated$with$lower$20:5(nA3).$

$

$ $
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Figure!5.6:!Association!of!HAZ/LAZ!with!fatty!acid!content!
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Figure! 5.6:$ Relationship$between$ fatty$acid$ content$and$HAZ/LAZ.$All$ fatty$acids$with$P<0.05$ in$

multivariate$ analyses$ are$ shown.$ P$ values$ are$ the$ output$ of$ multivariate$ analysis$ but$ the$

uncorrected$datapoints$are$plotted.$
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5.3$$ Discussion$
$

This$study$is$the$largest$to$date$to$address$fatty$acid$status$in$children$with$SAM,$and$

one$of$the$only$studies$to$measure$fatty$acids$in$more$than$one$compartment.$The$

underlying$ hypothesis$ that$ children$ with$ SAM$were$ likely$ to$ be$ deficient$ in$ longA

chain$polyunsaturated$fatty$acids$(LCAPUFA)$has$not$been$proven.$Whilst$the$key$LCA

PUFA,$ 20:4(nA6)$ (arachidonic$ acid,$ AA)$ and$22:6(nA3)$ (docosahexaenoic$ acid,$DHA),$

were$ lower$ in$ plasma$ phospholipid,$ they$ were$ maintained$ in$ the$ erythrocyte$

compartment.$ LCAPUFA$ precursors,$ 18:2(nA6)$ and$ 18:3(nA3)$ were$ increased$ as$ a$

percentage$of$erythrocyte$FA$in$children$with$SAM$compared$to$controls.$Since$the$

definition$ of$ SAM$ imposes$ an$ arbitrarilyAdefined$binary$ classification$ on$WHZ/WLZ$

and$ MUAC,$ which$ are$ continuous$ variables,$ regression$ was$ used$ to$ increase$ the$

power$to$detect$linear$associations.$MUAC$was$not$associated$with$levels$of$any$FA$

either$in$plasma$PL$or$erythrocytes$in$multivariate$analyses,$and$WHZ/WLZ$was$only$

associated$with$levels$of$two$saturated$FA$(18:0$and$20:0)$in$plasma.$However,$there$

were$ several$ strong$ and$ consistent$ correlations$ between$ LCAPUFA$ status$ and$

HAZ/LAZ$that$suggest$an$association$between$LCAPUFA$deficiency$and$stunting$that$

may$be$of$biological$and$publicAhealth$relevance.$

$

A$ number$ of$ previous$ caseAcontrol$ studies$ have$ measured$ fatty$ acid$ status$ in$

malnourished$ children$ (Table$ 5.5$ and$ Figure$ 5.7).178A185,$ 260A263$ Results$ have$ been$

heterogeneous,$likely$reflecting$differences$in$the$definition$of$‘severe$malnutrition’,$

in$the$clinical$characteristics$of$cases$and$controls,$and$in$local$dietary,$breastfeeding$

and$weaning$practices.$
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Table!5.5:!Fatty!acids!in!SAM:!research!context!&!study!characteristics!

Study$ Setting$ Participants$ Substrate$ Notes$

Taylor$1972$ Nigeria$
SM:$29$(all$K)$

C:$30$

Serum$

total$FA$
No$data$on$setting/recruitment$

Naismith$

1973$

Nigeria$

Hospital$

setting$

SM:$20$(all$K)$

C:$20$

(‘healthy’)$

Plasma$

total$FA$
No$data$on$control$recruitment$

Holman$

1981$

Argentina$

Hospital$

setting$

SM:$40$

C:$48$

(hospital$

controls)$

Plasma$PL,$

CE,$TG$

Reduced$Δ5$desaturase$activity.$Δ6$desaturase$and$elongase$

normal$$

(Conventional$P/S$ratios$not$reported)$

Wolff$1984$

Peru$

Hospital$

setting$

SM:$44$(22$

M,$22$K)$

C:$11$

(recovered$

SM)$$

Erythrocyte$

FA,$serum$

total$FA$

Increased$$Δ5$desaturase$and$Δ6$desaturase$activity.$Decreased$

elongation$$

(Statistical$significance$testing$not$reported)$

Chen$1985$

Honduras$

Hospital$

setting$

SM:$10$(all$M)$

C:$20$

(community$

controls)$

Serum$

total$FA$ $

Koletzko$

1986$

Nigeria$

Hospital$

setting$

SM:$17$(8$M,$

9$K)$

C:$8$(hospital$

controls)$

Plasma$CE,$

TG$&$PL$

No$significant$differences$between$Marasmus$and$Kwashiorkor$

Large$(nonAsignificant)$decrease$in$Δ6$desaturase$activity.$Δ5$

desaturase.$and$elongase$normal$

Vajreswari$

1990$

India$

Hospital$

setting$

SM:$10$(4$M,$

6$K)$

C:$17$

Erythrocyte$

FA$
Decrease$in$total$desaturation/elongation$pathway$in$SM$

Leischenring$

1992$

Sudan$

Hospital$

setting$

SM:$18$(10$

M,$8$K)$$

C:$20$

(community$

controls)$$

Plasma$CE$

&$PL$
Impaired$Δ5$desaturase$and$Δ6$desaturase$activities$

Desci$1995$

Romania$

Orphanage$

setting$

SM:$35$(all$M)$

C:$25$

(community$

controls)$

Plasma$PL$

19$of$SM$were$HIV$+ve$

Impaired$Δ5$desaturase$(Δ6$desaturase$and$elongase$results$not$

provided)$

Smit$1997$

Pakistan$

Hospital$

setting$

SM:$21$(20$

M,$1$K)$

C:$26$

(hospital$

controls)$

Erythrocyte$

FA$
Δ5$desaturase,$Δ6$desaturase$and$elongase$activities$normal$

Franco$1999$

Brazil$

Hospital$

setting$

SM:$15$(5$M,$

10$K)$

C:$8$(hospital$

controls)$

Plasma$

total$FA$ $

Houssaini$

1999$

Morocco$

Hospital$

setting$

SM:$18$(all$M)$

C:$15$

(hospital$

controls)$

Total$

plasma$FA$
Δ6$desaturase$activity$normal.$Elongase$increased$

Jones$2015$

Kenya$

Hospital$

setting$

SM:$92$(74$

M,$17$K)$

C:$32$

(hospital$

controls)$$

Erythrocyte$

FA,$plasma$

PL$

Δ6$desaturase$normal,$Δ5$desaturase$decreased$and$elongase$

decreased$(erythrocyte);$all$normal$in$plasma$

$
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$

$

Figure!5.7:!Fatty!acids!in!SAM:!research!context!&!study!results!
!

$

$

$

$

The$most$commonly$reported$differences$between$children$with$SAM$and$controls$

are$a$relatively$increased$18:1(nA9),$and$decreased$18:2(nA6),$20:3(nA6)$and$AA.$Low$

DHA$was$also$reported$in$half$of$those$studies$that$measured$it.$$
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Figure!5.7:$Previous$studies$on$fatty$acid$status$ in$severely$malnourished$children:$study$results.$

Considered$ ‘high’$ or$ ‘low’$ in$ comparison$ to$ controls$ (see$ Table$ 5.6)$ only$ where$ P<0.05$ (if$

documented).$Blank$cells$indicate$results$not$measured/reported.$

Table! 5.6:$ Previous$ studies$ on$ fatty$ acid$ status$ in$ severely$ malnourished$ children:$ study$

characteristics.$ C$ (control);$ CE$ (cholesterol$ esters);$ FA$ (fatty$ acids);$ K$ (kwashiorkor);$ M$

(marasmus);$PL$(phospholipid);$SM$(severe$malnutrition);$TG$(triglyceride);$$
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18:1(nA9)$(oleic$acid)$ is$the$most$abundant$fatty$acid$in$human$adipose$tissue.264$In$

the$ fasted$ state,$ fatty$ acids$ are$ released$ from$ adipose$ tissue$ triglyceride$ into$ the$

circulation$ as$ nonAesterified$ fatty$ acids$ (NEFA),$ under$ the$ control$ of$ hormoneA

sensitive$ lipase.$ NEFA$ can$ be$ metabolised$ to$ produce$ energy$ or$ utilised$ in$ the$

generation$ of$ structurally$ integral$ lipid$ moieties$ such$ as$ phospholipid.$ Under$

conditions$of$prolonged$fasting$and$starvation,$NEFA$content$of$plasma$rises$as$they$

represent$ an$ increasingly$ important$ energy$ source.265A267$ FA$ release$ from$ adipose$

tissue$ TAG$ into$ plasma$ NEFA$ is$ selective,$ favouring$ shorter$ chain$ and$ more$

unsaturated$FA.268$18:1(nA9),$being$relatively$long$and$only$monounsaturated,$is$not$

preferentially$ released$ and$ in$ basal$ conditions$ the$ proportional$ NEFA$ content$ is$

lower$ than$ that$ in$ adipose$ tissue$ TAG.$ However,$ during$ progressive$ starvation$ in$

experimental$ models,$ exhaustion$ of$ more$ preferentiallyAreleased$ FA$ in$ adipose$

tissue$ leads$ to$ an$ increase$ in$ 18:1(nA9)$ content$ of$ NEFA,$ which,$ in$ turn,$ leads$ to$

enrichment$ in$ other$ compartments.269$ Such$ effects$ are$ also$ seen$ in$ humans,$ for$

example$ in$ the$ context$ of$ anorexia$ nervosa,$ where$ elevated$ 18:1(nA9)$ content$ of$

plasma$and$erythrocyte$lipids$is$well$documented.270,$271$In$the$current$study,$18:1(nA

9)$ was$ elevated$ in$ plasma$ phospholipid$ in$ the$ context$ of$ SAM,$ and$ had$ a$ strong$

inverse$ correlation$ with$ MUAC.$ MUAC$ reflects$ both$ fat$ and$ lean$ mass,$ and$ a$

potential$limitation$of$the$study$is$the$absence$of$a$specific$index$of$fat$mass$which,$

according$ to$ the$ rationale$ above,$ ought$ to$be$ the$more$ important$determinant$of$

18:1(nA9)$mobilisation$and$detection$in$NEFA$and$phospholipid.272$$

$

The$study$may$have$been$underpowered$to$detect$its$primary$outcome.$As$currently$

designed$ it$ had$ power$ of$ approximately$ 0.6$ to$ detect$ a$ 20%$ difference$ in$

erythrocyte$ DHA$ between$ cases$ and$ controls,$ 138$ children$with$ SAM$would$ have$
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been$ required$ to$ give$ power$ of$ 0.8.$ However,$ the$ clinical$ or$ public$ health$

significance$of$such$relatively$small$differences$ is$not$questionable,$especially$since$

differences$ in$ DHA$ between$ the$ groups$ were$ inverted$ in$ the$ plasma$ versus$

erythrocyte$fractions.$$

$

Stunting$is$a$major$global$cause$of$neurodevelopmental$and$cognitive$delay$in$young$

children.22,$273$The$association$between$DHA$status$and$HAZ/LAZ$seen$in$this$study$is$

provides$a$potential$mechanism$for$this$effect,$because$subAoptimal$DHA$status$has$

been$associated$with$similar$deficits.274$However,$the$targeted$enrolment$of$children$

with$ SAM$ means$ that$ the$ anthropometric$ characteristics$ of$ this$ cohort$ are$ very$

different$ to$ that$ of$ the$ wider$ population.$ As$ shown$ in$ figure$ 5.8,$ while$ 59.8%$ of$

participants$were$acutely$malnourished$with$WHZ/WLZ$<$A2$(excluding$kwashiorkor),$

populationAbased$survey$data$from$Coast$Province$(which$includes$Kilifi)$and$Nairobi$

give$ prevalences$ of$ 4.5%$ and$ 2.5%,$ respectively.275$ Therefore$ the$ association$may$

not$ be$ directly$ applicable$ to$ more$ representative$ samples,$ may$ be$ subject$ to$

residual$ confounding,$and$should$properly$be$considered$exploratory$at$ this$ stage.$

However,$ the$finding$argues$for$ further$study$ in$more$representative$and$ ‘healthy’$

populations.$

!
! !
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Figure!5.8:!Anthropometric!characteristics!of!the!study!cohort!
$

$

$
$

In$summary,$this$study$has$failed$to$demonstrate$clinicallyArelevant$abnormalities$in$

PUFA$ status$ in$ the$ context$ of$ SAM.$ The$ finding$ of$ an$ association$ between$

erythrocyte$DHA$content$and$HAZ/LAZ$should$be$a$subject$to$further$study,$because$

it$ may$ represent$ a$ mechanism$ underlying$ the$ association$ between$ stunting$ and$

impaired$ neurodevelopmental$ and$ cognitive$ status,$ and$ might$ be$ a$ target$ for$

therapeutic$intervention.$
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Figure!5.8:$Histograms$show$the$distribution$of$MUAC,$WHZ/WLZ,$and$HAZ/LAZ$amongst$the$124$

study$participants.$Comparison$to$populationAbased$demographic$and$health$survey$data$(2014)$

from$Coast$Province,$Kenya,$and$Nairobi.$
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CHAPTER(6!

ReadyYtoYuse$therapeutic$food$with$elevated$nY3"
polyunsaturated-fatty-acid-profile,-with-or-without-fish-oil,-to-
treat%severe"acute"malnutrition:"a!randomised#controlled#trial!

!

This$chapter$contains$data$that$have$been$reported$previously:$$

Jones&KDJ,&Ali&R,&Khasira&MA,&Odera&D,&West&AL,&Koster&G,&Akomo&P,& Talbert&AWA,&

Goss&VM,&Ngari&M,&Thitiri&J,&Ndoro&S,&Garcia&MK,&Omollo&K,&Ndungu&A,&Mulongo&MM,&

Bahwere&P,&Fegan&G,&Warner&JO,&Postle&AD,&Collins&S,&Calder&PC,&Berkley&JA.&ReadyItoI

use& therapeutic& food& with& elevated& nI3& polyunsaturated& fatty& acid& profile,& with& or&

without& fish& oil,& to& treat& severe& acute& malnutrition:& a& randomized& controlled& trial.&

BMC&Medicine&(2015)&13:&93&&

&

6.1$ METHODS$
$

This$ was$ a$ single$ centre,$ threeAarmed$ randomised$ controlled$ trial$ with$ balanced$

randomisation$ (1:1:1).$ Children$ with$ SAM$ received$ nutritional$ rehabilitation$ with$

either$a$standard$RUTF$(SARUTF);$flax$seed$oilAcontaining$RUTF$(FARUTF);$or$flax$seed$

oilAcontaining$ RUTF$ with$ additional$ fish$ oil$ capsules$ (FFOARUTF).$ Flax$ seed$ oil$

provides$the$shortAchain$nA3$PUFA$alphaAlinolenic$acid$(18:3(nA3),$ALA)$while$fish$oil$

capsules$provide$the$long$chain$nA3$PUFA$eicosapentaenoic$acid$(20:5(nA3),$EPA)$and$

DHA$ $ (22:6(nA3)).$The$trial$was$conducted$doubleAblind$between$the$SARUTF$and$FA

RUTF$arms,$and$open$label$with$respect$to$FFOARUTF.$

$

6.1.1! Participants!and!setting!
!
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The$study$took$place$between$June$2012$and$July$2013$at$Kilifi$County$Hospital$(KCH)$

in$ Kenya.$ The$ study$ setting$ was$ described$ in$ Chapter$ 5.$ All$ children$ admitted$ to$

hospital$ and$ those$ presenting$ to$ the$ onAsite$ OTP$ were$ screened$ for$ potential$

eligibility.$Inclusion$and$exclusion$criteria$were$as$follows:$

$

Inclusion$criteria:$ $

• Children$aged$6$months$to$5$years$old.$

• Provision$of$informed$consent.$

• SAM$ (one$ or$more$ of$MUAC$ <$ 11.5$ cm,$WHZ/WLZ$ <$ A3,$ or$ bilateral$ pedal$

oedema).$

• Completed$‘stabilisation’$phase$of$nutritional$rehabilitation$(if$required)$and$

eligible$to$receive$RUTF$according$to$national$guidelines.$

$

Exclusion$criteria:$ $ $

• Known$HIV$disease,$tuberculosis$or$chronic$infection*$

• Known$allergy$or$hypersensitivity$to$any$of$the$product$ingredients.$

• Fails$‘appetite$test’$conducted$according$to$national$guidelines.16$

• Requiring$highAdependency$level$of$care.$

!

6.1.2! Intervention!
!

I$used$ linear$programming$analysis$ (using$Microsoft$Excel$Solver)$ to$design$a$novel$
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*!Chronic$infections,$such$as$HIV$and$TB,$and$the$drugs$used$to$treat$them,$may$alter$lipid$metabolism.$

Children$with$either$of$these$conditions$were$excluded$in$order$to$limit$heterogeneity$and$maximise$

statistical$power.$National$guidelines$recommend$offering$providerAinitiated$testing$and$counseling$

for$HIV$in$all$cases$of$SAM.$$
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RUTF$with$increased$short$chain$nA3$PUFA$(ALA)$content.$The$RUTF$was$based$on$a$

standard$ formulation$ produced$ by$ Valid$ Nutrition$ (Lilongwe,$ Malawi)$ with$ the$

addition$of$coldApressed$ flax$seed$oil$purchased$ from$Seed$Oil$SA$ (Somerset$West,$

South$ Africa).$ Gas$ chromatographic$ analysis$ of$ the$ final$ recipe$ (performed$ as$

described$ in$ Chapter$ 5)$ showed$ that$ nA3$ PUFA,$ primarily$ ALA,$ comprised$ 3.3%$ of$

total$energy$content,$compared$to$0.7%$in$the$standard$formulation$(similar$to$that$

found$in$Plumpy’nut,$the$most$widely$available$brand$of$RUTF,$see$Table$6.1),$and$nA

6$PUFA$comprised$7.9%$of$total$energy$compared$to$8.2%$in$the$standard.$Standard$

and$ flax$ seed$ oilAcontaining$ RUTF$ were$ packaged$ in$ identical$ 92$ g$ sachets$ under$

nitrogen,$and$stored$below$25°C$for$the$duration$of$the$study.$The$two$recipes$were$

organoleptically$ indistinguishable.$Neither$ recipe$ contained$ any$ preformed$nA3$ LCA

PUFA.$Peroxidation$of$the$RUTF$was$assessed$by$iodometric$endpoint$determination$

(ISO$3960:$2007).$

$

! !
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Table!6.1:!Measured!RUTF!fatty!acid!composition!

!! SYRUTF! FYRUTF! FFOYRUTF! Plumpy'nut! Fish$oil!

!!14:0! 0.69$ 0.00$ 0.28$ 0.75$ 7.94$

!!15:0! 0.05$ 0.04$ 0.04$ 0.05$ 0.00$

!!16:0! 30.78$ 30.54$ 30.17$ 28.82$ 18.58$

!!16:1!(nY7)! 0.14$ 0.14$ 0.50$ 0.16$ 10.23$

!!18:0! 7.04$ 6.93$ 6.83$ 3.61$ 3.64$

!!18:1!(nY9)! 43.39$ 38.55$ 37.65$ 48.57$ 11.30$

!!t18:1!(nY9)! 0.00$ 0.78$ 0.76$ 1.03$ 4.86$

!!18:2!(nY6)! 14.89$ 14.40$ 13.97$ 12.62$ 1.57$

!!18:3!(nY6)! 0.08$ 0.13$ 0.14$ 0.06$ 0.29$

!!18:3!(nY3)! 1.32$ 6.23$ 6.05$ 1.11$ 0.85$

!!20:0! 0.47$ 0.56$ 0.54$ 0.55$ 0.16$

!!20:1!(nY9)! 0.34$ 0.45$ 0.54$ 1.03$ 3.00$

!!20:2!(nY6)! 0.03$ 0.01$ 0.01$ 0.03$ 0.13$

!!20:3!(nY6)! 0.00$ 0.00$ 0.00$ 0.00$ 0.12$

!!20:4!(nY6)! 0.50$ 0.84$ 0.85$ 0.98$ 1.04$

!!20:4!(nY3)! 0.00$ 0.05$ 0.13$ 0.09$ 2.22$

!!20:5!(nY3)! 0.00$ 0.00$ 0.73$ 0.04$ 20.48$

!!24:0! 0.29$ 0.31$ 0.30$ 0.45$ 0.00$

!!24:1!(nY9)! 0.00$ 0.02$ 0.02$ 0.06$ 0.00$

!!22:5!(nY3)! 0.00$ 0.00$ 0.07$ 0.00$ 1.82$

!!22:6!(nY3)! 0.00$ 0.00$ 0.42$ 0.00$ 11.78$

!!nY6!total! 15.50! 15.38! 14.97! 13.68! 3.14!

!!nY3!total! 1.32! 6.28! 7.40! 1.24! 37.14!

!!nY6/nY3! 11.72! 2.45! 2.02! 11.05! 0.08!

!!nY6!%energy! 8.21! 8.15! 7.93! 7.25! !

!!nY3!%energy! 0.70! 3.33! 3.92! 0.66! !
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$

$

Standard$ or$ flax$ seed$ oilAcontaining$ RUTF$ was$ provided$ to$ children$ at$ a$ dose$

determined$ by$ weight$ according$ to$ Kenyan$ national$ guidelines$ until$MUAC$was$ >$

11.5cm,$WHZ/WLZ$ >$ A3,$ or$ oedema$had$ resolved$ at$ two$ consecutive$weekly$ visits$

(depending$on$which$was$the$eligibility$criteria).$Parents$were$advised$that$no$other$

foodstuff$ should$ be$ consumed$ during$ treatment$ of$ SAM$ apart$ from$ breast$ milk.$

After$recovery$from$SAM,$the$RUTF$product$was$provided$for$use$in$a$supplementary$

fashion$alongside$ family$ foods$at$50%$of$ the$ recommended$daily$ therapeutic$dose$

until$completion$of$the$study,$84$days$after$enrolment.$RUTF$has$been$safely$used$in$

a$supplementary$fashion$before$and$the$recommended$compositions$of$therapeutic$

and$ supplementary$ lipidAbased$ nutritional$ supplements$ are$ similar.99,$ 276$ The$ dose$

provided$during$ the$ supplementary$phase$was$often$higher$ than$ recommended$ in$

national$ guidelines,$ which$ stipulate$ one$ 92$ g$ sachet$ per$ day$ regardless$ of$ body$

weight.$However,$provision$of$markedly$different$perAkg$body$weight$doses$during$

the$study$would$have$ introduced$additional$variation$of$ intake$ in$relation$to$needs$

and$would$have$decreased$the$power$of$the$study.$$

$

Children$enrolled$to$the$third$arm$of$the$trial$were$provided$with$two$0.5$ml$fish$oil$

capsules,$donated$for$use$in$the$study$by$Seven$Seas$(Hull,$UK),$which$provided$214$

mg$of$EPA$plus$DHA$at$a$ratio$of$1.7:1.0$(with$4$International$Units$of$vitamin$E),$for$

each$ 92$ g$ sachet$ of$ (flax$ seed$ oilAcontaining)$ RUTF$ prescribed.$ Carers$ were$

Table! 6.1:$ Relative$ fatty$ acid$ content$ (%$ of$ total)$ of$ SARUTF,$ FARUTF$ and$ Plumpy’nut$ (for$

comparison)$measured$by$gas$chromatography.$Encapsulated$fish$oil$content$was$measured$and$

the$compositional$equivalent$of$a$single$sachet$of$FARUTF$plus$2$fish$oil$capsules$ is$calculated$as$

FFOARUTF$(likely$to$be$an$overestimate$since$capsules$were$pierced$and$the$oil$squeezed$out$for$

consumption$rather$than$being$consumed$whole).$WHO/UNICEF$recommendations$are$for$nA6$as$

3.0A10.0%$total$energy$and$nA3,$0.3A2.5%$total$energy.$
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instructed$to$pierce$the$capsules$with$a$safety$pin$and$squeeze$the$oil$into$the$child’s$

mouth.$This$ is$the$same$technique$used$to$deliver$vitamin$A$to$young$children$and$

was$familiar$and$acceptable$to$participants.$I$calculated$that$participants$in$this$arm$

would$effectively$receive$3.9%$of$total$energy$as$nA3$PUFA,$18%$of$which$would$be$

as$preformed$EPA$and$DHA;$0.39%$and$0.22%$total$energy,$respectively,$compared$

to$a$DHA$recommended$intake$for$infants$of$0.10$to$0.18%$277.$This$is$likely$to$be$an$

overestimate$since$piercing$the$capsule$and$squeezing$into$the$participant’s$mouth$

was$likely$to$preclude$delivery$of$the$entire$contents.$

$

6.1.3! Screening,!enrolment!and!randomisation!
!

Information$ about$ the$ study$was$ given$ to$ each$eligible$ child’s$ attending$parent$or$

carer$as$soon$as$possible$after$presentation,$and$informed$consent$for$participation$

was$sought.$Where$consent$was$provided$children$were$reviewed$by$a$member$of$

the$ study$ team$ daily,$ until$ the$ clinical$ attending$ team$ considered$ them$medically$

stabilised$and$ready$to$start$RUTF.$At$ this$point$ they$were$formally$enrolled$ in$the$

trial,$given$a$study$number$(see$below)$and$started$on$blinded$standard$or$flax$seed$

oilAcontaining$RUTF$with$or$without$fish$oil$capsules$according$to$the$allocation$arm.$

Participants$who$required$ongoing$inpatient$care$were$reviewed$by$a$member$of$the$

study$team$daily$until$discharge.$$

$

Standard$ and$ flax$ seed$ oilAcontaining$ RUTF$ was$ produced$ by$ Valid$ Nutrition$ in$

Lilongwe,$ Malawi.$ Each$ sachet$ was$ stamped$ with$ one$ of$ 18$ indelible$ fourAdigit$

alphanumeric$codes.$6$of$the$codes$were$designated$to$the$standard$recipe,$and$12$

to$the$flax$seed$oilAcontaining$recipe$(6$each$for$the$arms$with$and$without$fish$oil$
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capsules).$Access$to$the$allocation$key$was$restricted$to$manufacturers$and$the$trial$

statistician$(Greg$Fegan).$A$randomisation$list$was$generated$in$Stata$(version$12.0)$

with$variable$block$sizes$using$the$following$code:$“ralloc&blknum&blksiz&Rx,&nsubj(60)&

ntreat(3)”$243.$The$trial$statistician$prepared$60$opaque$envelopes$labelled$with$study$

numbers,$ inside$ each$ of$ which$ was$ a$ card$ identifying$ a$ fourAdigit$ RUTF$ code$ and$

specifying$‘with$fish$oil’$or$‘without$fish$oil’.$When$a$participant$was$enrolled$in$the$

trial$they$were$allocated$the$next$consecutively$available$study$number,$which$was$

entered$on$the$allocation$log$prior$to$opening$the$relevant$envelope.$$

$

Because$ of$ difficulties$ sourcing$ an$ appropriate$ placebo$ oil$ capsule,$ the$ FFOARUTF$

arm$was$open$ label$with$respect$ to$both$the$provision$of$ fish$oil$ capsules$and$ flax$

seed$oilAcontaining$RUTF.$$

$

6.1.4! Monitoring!
$

Scheduled$ study$ followAup$ took$ place$ at$ days$ 7,$ 14,$ 21,$ 28,$ 56$ and$ 84$ after$

enrolment.$RUTF$and$capsules$were$provided$at$each$visit.$Capsules$were$provided$

in$an$amber$plastic$bottle$and$were$dispensed$by$weight.$Compliance$was$monitored$

by$interview$with$the$parent$or$carer,$counting$full$and$empty$sachets$of$RUTF$and$

by$ reweighing$ the$ bottles$ containing$ fish$ oil$ capsules.$ Percentage$ compliance$was$

calculated$with$reference$to$a$‘full$ration’$taking$account$of$the$participant’s$weight$

and$stage$of$treatment.$During$therapeutic$feeding,$additional$RUTF$was$offered$to$

be$used$after$completion$of$the$full$prescribed$ration$if$children$were$still$hungry,$in$

line$with$national$guidelines.$Blood$samples$were$taken$at$enrolment$and$at$days$7,$

28$ and$ 84.$ Monitoring$ for$ side$ effects$ or$ adverse$ events$ was$ conducted$ at$ all$
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scheduled$ and$ unscheduled$ visits.$ Participants’$ homesteads$ were$ mapped$ and$

defaulters$were$traced$in$the$community.$

$

6.1.5! Safety!and!reporting!
!

All$ adverse$events$ (AE)$occurring$ in$participants$during$ the$ trial$were$documented$

and$ reported$ at$ the$ end$ of$ the$ trial.$ An$ independent$ data$ safety$ monitoring$

committee$ was$ not$ convened$ as$ this$ was$ a$ trial$ of$ a$ food,$ rather$ than$ a$

pharmaceutical$ intervention,$ and$ the$ main$ ingredients$ were$ in$ common$ use$ in$

Kenya.$For$the$same$reason,$specific$toxicities$and$adverse$reactions$were$not$preA

defined.$

!

Safety!reporting!definitions.!

!

6.1.5.i!!! Adverse!Event!(AE)!
!
Identical$ to$ the$ definition$ provided$ in$ 4.1.5.i.$ Briefly,$ an$ AE$ was$ any$ untoward$

medical$ occurrence,$ regardless$ of$ proven/suspected$ causal$ relationship$ with$ the$

investigational$product.$The$definition$includes$any$intercurrent$illnesses,$injuries$or$

exacerbation$of$preAexisting$conditions.$$

$

6.1.5.iii! Serious!Adverse!Event!(SAE)!
!
Identical$ to$ the$ definition$ provided$ in$ 4.1.5.ii.$ Briefly,$ Any$ AE$ (whether$ or$ not$

considered$related$to$the$investigational$product)$that$results$in$any$of$the$following$

outcomes$is$defined$as$an$SAE.$

$
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• Death$

• LifeAthreatening$event$$

• Persistent$or$significant$disability$or$incapacity$$

• Hospitalisation:$ regardless$ of$ length$ of$ stay.$ Hospitalisation$ (including$

inpatient$ or$ outpatient$ hospitalisation$ for$ an$ elective$ procedure)$ for$ a$ preA

existing$ condition$ that$ has$ not$worsened$unexpectedly$ does$ not$ constitute$

an$SAE.$

• An$ important$ medical$ event$ that$ may,$ based$ upon$ appropriate$ medical$

judgment,$ jeopardise$ the$ subject$ and/or$ require$ medical$ or$ surgical$

intervention$to$prevent$one$of$the$outcomes$listed$above.$$

!

6.1.6! Outcomes!
!

The$primary$outcome$was$erythrocyte$nA3$PUFA$content$ (percentage$of$ the$major$

species$and$nA6:nA3$PUFA$content$ratio)$at$day$84$measured$by$gas$chromatography.$

Main$ secondary$ outcomes$ were$ safety$ and$ acceptability$ of$ the$ intervention,$

assessed$by$frequency$of$adverse$events$and$compliance$respectively.$The$study$was$

not$ powered$ or$ designed$ to$ detect$ differences$ in$ rate$ of$ recovery$ or$ growth,$ but$

these$data$were$collected$and$reported$to$inform$future$studies.$A$large$number$of$

other$outcomes$were$measured$in$order$to$provide$mechanistic$insights$relevant$to$

future$ study$ design.$ Further$ analysis$ of$ fatty$ acid$ abundance$ in$ plasma$

phosphatidylcholine$(at$enrolment,$day$28$and$day$84)$and$T$cells$(at$enrolment$and$

day$84)$was$performed;$inflammatory$activation$was$assessed$by$measurement$of$a$

range$of$soluble$mediators$in$plasma,$InsulinAlike$growth$factorA1$(IGFA1)$provided$an$

index$of$linear$growth$potential;$T$cell$in&vivo$activation/exhaustion$and$response$to$
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stimulation$with$mitogen$and$recall$antigen$was$measured$at$enrolment$and$day$84;$

and$biophysical$properties$of$the$erythrocyte$membrane$were$assessed$by$response$

to$shear$stress.$These$outcomes$were$considered$exploratory.$

$

6.1.7! Laboratory!Methods!
!

6.1.7.i! Separation!of!blood!components!for!lipidomic!analysis!!
!
Whole$blood$was$collected$into$sodium$heparin$vacutainers$(BD$(Franklin$Lakes,$New$

Jersey,$USA)).$ Plasma$and$ leukocyte$ fractions$were$extracted$by$ separation$over$ a$

discontinuous$ density$ gradient$ created$ by$ layering$ Histopaque$ 1077$ on$ top$ of$

Histopaque$ 1119$ (SigmaAAldrich$ Limited$ (Gillingham,$ UK)).$ After$ centrifugation$ at$

700$g$ for$30$minutes,$peripheral$blood$mononuclear$ cells$ (PBMCs)$were$ reserved,$

plasma$ was$ stored$ directly$ at$ A80°C,$ and$ the$ red$ cell$ pellet$ (free$ of$ granulocyte$

contamination)$ was$ washed$ twice$ in$ PBS$ and$ stored$ at$ A80°C.$ CD3+$ T$ cells$ were$

isolated$ from$ PBMCs$ by$ positive$ selection$ using$ CD3$MicroBeads$ and$ LS$ columns$

(Miltenyi$ Biotec$ (Bergisch$ Gladbach,$ Germany))$ according$ to$ the$ manufacturer’s$

instructions,$and$also$stored$at$A80°C.$$

$

6.1.7.ii!! Lipidomic!analysis!
!
Total$lipid$was$extracted$from$the$stored$samples$according$to$the$method$of$Bligh$

&$ Dyer$ with$ dichloromethane$ replacing$ chloroform,$ and$ dried$ under$ nitrogen.258$

Plasma$ phosphatidylcholine$ was$ isolated$ using$ solid$ phase$ extraction$ on$

aminopropylsilica$cartridges$(Agilent$Technologies$(Santa$Clara,$USA)).$For$fatty$acid$

analysis$(erythrocyte$and$plasma$phosphatidylcholine$samples),$methyl$esters$were$

generated$ by$ incubation$ with$ methanol$ containing$ 2%$ H2SO4$ and$ extracted$ into$
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hexane$ following$neutralisation$as$described$previously.259$Analysis$was$performed$

on$a$Hewlett$Packard$6890$gas$ chromatograph$ fitted$with$a$BPXA70$ column.$ Fatty$

acid$methyl$esters$were$identified$using$HPChemStation$(Hewlett$Packard$(Palo$Alto,$

USA))$ by$ retention$ time$ compared$ to$ standard$ samples.$ For$ whole$ lipid$ analysis$

(CD3+$cells),$samples$were$reconstituted$in$a$mixture$of$dichloromethane,$methanol,$

water,$ and$ concentrated$ ammonia$ (ratio$ 66:30:3:1),$ and$ introduced$ via$ direct$

infusion$ by$ nanoflow$ electrospray$ ionisation$ to$ a$ triple$ quadrupole$ mass$

spectrometer$(xevoATQ,$Waters$(Milford,$USA)).278$Phosphatidylcholine$was$analysed$

in$ positive$ ionisation$ as$ precursors$ of$ 184+,$ and$ phosphatidylethanolamine$ was$

analysed$ in$ the$neutral$ loss$ of$ 141+.$ Individual$ spectra$were$ checked$ in$MassLynx$

(Waters$(Milford,$USA))$for$quality$and$analysed$using$a$customAdesigned$macro.279$$

$

6.1.7.iii! T!cell!activation!!
!
T$ cell$ activation$ phenotypes$ (CD3+$ CD4/8+$ CD38+$ HLAADR+$ lymphocytes$

with/without$PDA1$expression)$were$evaluated$by$ flow$cytometric$analysis$of$ fresh$

whole$ blood.$ Blood$ was$ collected$ into$ sodium$ heparin$ vacutainers$ (BD)$ and$

processed$ within$ 2$ hours$ of$ blood$ draw.$ Whole$ blood$ was$ stained$ at$ room$

temperature$ for$20$minutes$ in$ the$dark.$Staining$antibodies$were$antiACD3$ (V450),$

antiACD4$ (PerCPACy5.5),$ antiACD8$ (APC),$ antiAPDA1$ (PECy7)$ (all$ BD),$ antiACD38$ (PE),$

antiAHLAADR$(FITC)$(both$Biolegend),$and$isotype$controls$(PE$and$PECy7$both$against$

IgG1Akappa$ light$ chain$ from$ ebiosciences$ and$ Biolegend,$ respectively).$ Blood$ was$

lysed$by$addition$of$BD$FACS$ Lysing$buffer$ (1X)$ for$10$minutes,$ and$washed$ three$

times$ in$ iceAcold$ PBS.$ Cells$ were$ fixed$ using$ BD$ Cellfix$ and$ read$ on$ a$ Beckman$

Coulter$ CyAn$ ADP$ the$ same$ day.$ BD$ CompBeads$ were$ used$ for$ compensation.$
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Analysis$was$done$in$FlowJo$(provided$free$as$part$of$the$FlowJo$for$Africa$scheme).$

Gating$strategy$was$as$shown$in$Figure$6.1:$

!

Figure!6.1:!Gating!strategy!
!
!

$

$

!

6.1.7.iv! T!cell!function!!
!
Whole$ blood$ was$ diluted$ 1$ in$ 5$ with$ RPMI$ (supplemented$ but$ serumAfree)$ and$

stimulated$in$duplicate$with$phytohaemagglutinin$(PHA,$5$µg/ml,$Sigma)$or$tetanus$

toxoid$(TT,$5$Lf/ml,$Serum$Statens$Institut)$with$or$without$ILA12$at$50$pg/ml.$After$

72$hours$incubation$at$37°C$and$5%$CO2,$supernatants$were$removed$and$interferon$

Figure!6.1:$Gating$strategy$for$CD3+$CD4/8+$CD38+$HLAADR+$lymphocytes$with/without$PDA1$via$i)$

doublet$exclusion,$ii)$lymphocyte$gate,$iii)$CD3+$T$cells,$iv)$CD4+$or$CD8+$populations,$v)$CD38+$

and$HLAADR+$coAexpression,$vi)$PDA1+.$Gates$were$placed$on$the$basis$of$individualApatient$

isotype$controls$(for$CD38,$HLAADR$and$PDA1).$FSC$(forward$scatter)$SSC$(side$scatter)!
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gamma$ (IFNAγ)$ concentration$ was$ assessed$ by$ ELISA$ (ebioscience)$ according$ to$

manufacturer’s$instructions.$$

$

6.1.7.v!! Inflammatory!mediators!in!plasma!
!
Plasma$ IgG$ EndoCAb$ (Hycult$ Biotech)$ and$ serum$ IGFA1$ (R&D$ Systems)$ were$

processed$ according$ to$ manufacturers’$ instructions.$ Muliplex$ ELISA$ (Luminex$

MAGPIX$system)$was$performed$against$the$following$targets$in$heparinised$plasma:$

Eotaxin$(chemokine$(CAC$motif)$ligand$(CCL)A11),$GROα$(growth$regulated$oncogeneA

α,$ chemokine$ (CAXAC$motif)$ ligand$ (CXCL)A1),$ InterferonAα,$ Interleukin$ (IL)A1α,$ ILA1$

receptor$ antagonist$ (ILA1RA),$ ILA7,$ ILA8,$ ILA10,$ ILA15,$ ILA17a,$ ILA22,$ ILA31,$ IPA10$

(interferonAγ$induced$proteinA10,$CXCL10),$MCPA1$(monocyte$chemotactic$proteinA1,$

CCL2),$MIPA1α$ (macrophage$ inflammatory$proteinA1α,$CCL3),$MIPA1β$ (CCL4),$SDFA1$

(stromal$ cellAderived$ factorA1,$ CXCL12),$ tumour$ necrosis$ factorAβ$ (TNFβ)$

(Ebioscience).$Soluble$CD14$(sCD14)$was$measured$using$an$inAhouse$ELISA$(capture$

clone$55A3,$detection$clone$3AC39$both$from$BD,$recombinant$standard$from$Sigma).$$

$

6.1.7.vi! Other!methods!
!
Full$ blood$ count$was$ processed$ by$ the$GCLPAcompliant$ clinical$ laboratories$ at$ the$

KEMRIAWellcome$ Trust$ Research$ Programme,$ Kenya.$ Erythrocyte$ deformability$ in$

response$to$shear$stress$was$measured$onAsite$using$a$laserAassisted$optical$rotation$

analyser$(LORCA)$as$described$previously.280$$

$

!
!
! !
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6.1.8! Statistical!Methods!
!

Sample$size$was$calculated$with$reference$to$published$data$on$changes$over$time$in$

erythrocyte$membrane$fatty$acids$amongst$a$group$of$Thai$schoolchildren$provided$

with$ nA3$ LCAPUFAAfortified$ milk$ for$ six$ months.281$ DHA$ composition$ of$ total$

erythrocyte$ fatty$acids$ increased$by$3.6%$ (standard$deviation$1.5).$ I$ calculated$ the$

sample$size$based$on$assessing$for$an$effect$size$50%$of$this$magnitude$(because$the$

duration$of$followAup$was$only$half$as$long)$with$80%$power$at$a$significance$level$of$

0.05,$which$came$to$15$in$each$group.$Allowing$for$up$to$25%$failure$to$complete$the$

trial$ due$ to$ mortality$ or$ dropAout$ gave$ a$ final$ size$ of$ 20$ children$ per$ arm,$ or$ 60$

overall.$$

$

All$ data$ were$ double$ entered$ and$ validated$ with$ OpenClinica$ (Isovera$ (Waltham,$

USA)).$Analysis$was$performed$ in$Stata$ (version$12.0)$and$anthropometric$ZAscores$

were$calculated$using$WHO$standards$(2006).$All$analyses$were$done$by$intention$to$

treat.$$

$

For$compositional$outcomes$(comprising$key$individual$molecular$species,$calculated$

total$nA6$PUFA$and$nA3$PUFA$content,$and$nA6:nA3$ratios)$ANOVA$was$used$to$ test$

differences$between$the$three$arms$at$each$time$point,$and$MannAWhitney$U$tests$

to$ identify$ withinAarm$ changes$ from$ baseline.$ The$ total$ nA6$ PUFA$ and$ nA3$ PUFA$

content$and$the$nA6:nA3$content$ratios$were$calculated$and$treated$similarly.$$

$
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Compliance$was$calculated$ (see$6.1.4)$and$compared$between$arms$using$ANOVA.$

For$grouped$variables$(e.g.$adverse$events),$significance$was$calculated$using$Fisher’s$

exact$test,$or$ChiASquared$test$where$the$expected$number$in$all$cells$was$>$5.$$

$

Changes$ in$ anthropometric$ indices$ were$ calculated$ for$ individual$ participants$ and$

compared$between$groups$using$ANOVA.$Where$indicated$in$the$text,$SARUTF$and$FA

RUTF$arms$were$considered$together$as$both$not$containing$fish$oil,$and$FARUTF$and$

FFOARUTF$were$considered$together$as$both$containing$flax$seed$oil.$$

$

I$ performed$ a$ postAhoc$ analysis$ to$ assess$ for$ impact$ of$ baseline$ erythrocyte$ fatty$

acid$ composition$ on$ changes$ in$ erythrocyte$membrane$ composition$ over$ the$ trial$

using$ linear$ regression$ and$ assessing$ for$ effect$ modification$ on$ the$ regression$

coefficient$by$arm.$$

$

‘LongAchain’$was$used$to$indicate$20Acarbon$or$longer$chain$fatty$acids$throughout.$

$

6.1.9! Study!Oversight!
!

All$ participants$ enrolled$ in$ the$ study$ had$ individual$ written$ informed$ consent$

provided$ by$ a$ parent$ or$ guardian.$ The$ study$ was$ approved$ by$ the$ KEMRI$ Ethical$

Review$ Committee$ and$ the$ Oxford$ Tropical$ Research$ Ethics$ Committee$ (OxTREC)$

prior$to$initiation.$The$University$of$Oxford$was$the$sponsor.$Clinical$trials$monitoring$

was$performed$by$staff$from$the$Clinical$Trials$Facility$at$the$KEMRIAWellcome$Trust$

Research$ Programme.$ An$ independent$ trial$ steering$ committee$ acted$ as$ the$

decisionAmaking$body$for$the$study$and$an$independent$paediatrician$acted$as$local$
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safety$ monitor.$ Neither$ the$ sponsor$ nor$ any$ other$ party$ except$ the$ named$

investigators$had$any$ role$ in$ the$design$of$ the$ study,$ interpretation$of$ the$ results,$

content$ of$ manuscripts$ or$ decision$ to$ publish.$ The$ trial$ was$ registered$ at$

https://clinicaltrials.gov/ct2/show/NCT01593969.$$

$

! $
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6.2$ RESULTS$
!

Between$30th$May$2012$and$30th$April$2013,$236$children$admitted$to,$or$attending,$

the$ OTP$ and$ inpatient$ malnutrition$ bay$ at$ KCH$ were$ assessed$ for$ eligibility.$ 61$

children$were$enrolled$in$the$trial,$one$of$whom$was$withdrawn$as$ineligible$within$

24$hours$of$enrolment$(suspected$haematological$malignancy)$and$is$not$included$in$

any$of$the$analyses$(Figure$6.2).$$

$

Figure!6.2:!Trial!flow!diagram!
$

$

!

! !
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6.2.1! Stability!of!the!RUTF!
!

Twelve$ months$ after$ manufacture$ of$ the$ two$ batches$ of$ RUTF$ (9th$ May$ 2012)$ I$

initiated$ a$ precautionary$ reanalysis$ of$ the$ lipid$ composition$ of$ the$ flax$ seed$ oilA

containing$ formulation$ to$ check$ for$deterioration.$Although$ fatty$ acid$ composition$

(by$gas$ chromatography)$ and$organoleptic$qualities$were$unchanged,$on$18th$April$

2013$the$peroxide$content$of$ the$ flax$seed$oilAcontaining$product$was$ found$to$be$

17.9$mEq/kg,$which$is$higher$than$the$value$stipulated$by$UNICEF$as$acceptable$for$

newly$ manufactured$ batches$ (<$ 10$ mEq/kg).$ Because$ deterioration$ of$ RUTF$ can$

occur$rapidly$once$peroxidation$begins,$we$began$regular$checks$on$palatability$and$

peroxide$levels.$On$the$16th$May$2013$the$peroxide$levels$had$risen$to$33.5$mEq/kg,$

and$ investigators$ considered$ the$ flax$ seed$oilAcontaining$ product$ had$become$ less$

palatable$ (despite$ the$ fact$ that$ peroxide$ levels$were$ 29.7$mEq/kg$ in$ the$ standard$

formulation,$it$remained$palatable).$In$discussion$with$the$independent$trial$steering$

committee,$provision$of$all$study$RUTF$and$capsules$was$stopped.$Children$who$still$

required$ therapeutic$ or$ supplementary$ feeds$were$ switched$over$ to$ the$hospital’s$

standard$supply.$Six$children$were$affected,$2$ in$each$arm.$There$were$no$adverse$

events$ considered$ attributable$ to$ the$ deterioration$ and$ these$ 6$ participants$were$

included$in$intentionAtoAtreat$analyses.$

!

6.2.2! Baseline!Characteristics:!
!

The$arms$were$comparable$at$baseline.$Compared$to$the$other$two$arms,$children$

allocated$to$FFOARUTF$tended$to$have$lower$MUAC$(P=0.08)$and$were$less$likely$to$

have$diarrhoea$at$presentation$(P=0.12)$(Table$6.2).$There$were$no$major$systematic$
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differences$in$baseline$fatty$acid$composition$of$any$of$the$compartments$tested,$or$

any$of$the$inflammatory$or$haematological$indices.$$

$

! !
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Table!6.2:!Baseline!characteristics!of!the!participants!

Baseline!Characteristics! SYRUTF! FYRUTF! FFOYRUTF!

Participants*$ 20$ 20$ 20$

Age$(months)$ 18$(9$to$30)$ 16$(11$to$25)$ 14$(11$to$21)$

Sex:$Male$ 12$(60)$ 10$(50)$ 11$(55)$

Nutritional$Status$ $ $ $

MUAC$(cm)$ 11.2$(10.9$to$11.4)$ 11.3$(10.8$to$11.9)$ 10.9$(10.4$to$11.4)$

WHZ.WLZ$ A3.11$(A4.43$to$A1.89)$ A3.31$(A3.88$to$A2.90)$ A3.65$(A4.12$to$A3.19)$

Bilateral$pedal$oedema$(kwashiorkor)$ 1$(5)$ 1$(5)$ 0$(0)$

HAZ/LAZ$ A3.11$(A3.90$to$A1.93)$ A3.36$(A4.58$to$A2.55)$ A2.58$(A4.20$to$A1.97)$

Head$circumferenceAforAage$z$score$ A1.38$(A3.36$to$A0.62)$ A1.85$(A2.82$to$A1.02)$ A1.37$(A2.27$to$A0.56)$

Breastfeeding$ 8$(40)$ 8$(40)$ 12$(60)$

Complementary$feeds$introduced$
(months$of$age)$ 5$(2$to$6)$ 4$(2$to$6)$ 4$(3$to$6)$

Complications$ & & &

Diarrhoea$ 11$(55)$ 8$(40)$ 4$(20)$

Pneumonia$ 3$(15)$ 3$(15)$ 1$(5)$

Shock$ 1$(5)$ 2$(10)$ 0$(0)$

Congenital$heart$disease$ 3$(15)$ 1$(5)$ 3$(15)$

Cerebral$palsy$ 3$(15)$ 1$(5)$ 4$(20)$

Demographics$ & & &

Main$carer$is$not$the$mother$ 4$(20)$ 5$(25)$ 1$(5)$

Main$carer$no$primary$education$ 7$(35)$ 8$(40)$ 8$(40)$

Lives$in$mudAwalled$house$ 13$(65)$ 15$(75)$ 17$(85)$

No$toilet$in$house/compound$ 8$(40)$ 6$(30)$ 5$(25)$

Fisherman$in$household$ 1$(5)$ 2$(10)$ 2$(10)$

$

$

Table!6.2:$Data$are$number$(%)$or$median$(interAquartile$range)$unless$otherwise$specified.$$

*Excluding$one$child$withdrawn$due$to$ineligibility$(SARUTF$arm).$
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6.2.3! Follow!up!and!Compliance:!
!

Seven$children$were$voluntarily$withdrawn$at$parental$request:$1$in$the$SARUTF$arm$

(at$day$84),$5$in$the$FARUTF$arm$(4$before$day$7,$1$at$day$28)$and$1$in$the$FFOARUTF$

arm$(at$day$42;$P=0.41$between$both$elevated$nA3$PUFA$(FARUTF$&$FFOARUTF)$and$

the$ standard$ RUTF$ arms).$ Compliance$ with$ RUTF$ feeding$ and$ capsules$ amongst$

children$still$in$followAup$was$high$in$all$three$arms$(Table$6.3).$

$

! !
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Table!6.3:!Compliance,!Safety!and!Growth!

Compliance! SYRUTF! FYRUTF! FFOYRUTF! P!

%$RUTF$to$d28$$ 89$(62$to$102)$ 95$(79$to$102)$ 95$(88$to$103)$ 0.42$

%$RUTF$to$d84$$ 90$(80$to$101)$ 96$(67$to$100)$ 92$(76$to$100)$ 0.98$

%$Capsules$to$d28$$ A$ A$ 90$(71$to$99)$ A$

%$Capsules$to$d84$$ A$ A$ 88$(79$to$95)$ A$

Safety! ! ! ! !

Deaths$ 1$ 3$ 2$ 0.86$

Other$serious$adverse$events$ 5$ 0$ 4$ A$

Total$death$or$serious$adverse$event$$ 6$ 3$ 6$ 0.63$

Total$illness$episodes$ 50$ 47$ 54$ 0.27$

Common$illness$syndromes:$ $ $ $ $

$$$$$$Upper$respiratory$tract$infection$ 7$ 19$ 16$ 0.08$

$$$$$$Lower$respiratory$tract$infection$ 3$ 2$ 4$ 0.90$

$$$$$$Rash$ 10$ 5$ 13$ 0.16$

$$$$$$Diarrhoea$ 7$ 7$ 4$ 0.75$

$$$$$$Vomiting$ 2$ 6$ 7$ 0.20$

Growth! $ $ $ $

MUAC$change$ $ $ $ $

$$Enrolment$to$d28$(mm/day$x103)$ 46$(21$to$72)$ 52$(24$to$68)$ 54$(36$to$75)$ 0.53$

$$Enrolment$to$d84$(mm/day$x103)$ 21$(17$to$39)$ 21$(17$to$29)$ 21$(18$to$29)$ 0.48$

WHZ/WLZ$change$ $ $ $ $

$$Enrolment$to$d28$(z$score/day$x103)$ 57$(21$to$80)$ 60$(47$to$84)$ 58$(34$to$88)$ 0.23$

$$Enrolment$to$d84$(z$score/day$x103)$ 20$(14$to$35)$ 21$(14$to$33)$ 23$(15$to$27)$ 0.96$

HAZ/LAZ$change$ $ $ $ $

$$Enrolment$to$d28$(z$score/day$x103)$ A11.9$(A22.9$to$A2.5)$ A8.0$(A20.9$to$A1.0)$ A10.4$(A15.7$to$2.9)$ 0.75$

$$Enrolment$to$d84$(z$score/day$x103)$ 3.0$(A4.5$to$5.6)$$ 4.0$(0.4$to$5.8)$ 0.2$(A2.3$to$4.6)$ 0.40$

Head$circumferenceAforAage$change$ $ $ $ $

$$Enrolment$to$d28$(z$score/day$x103)$ 10.1$(1.8$to$17.1)$ 13.2$(5.8$to$17.0)$ 6.1$(A6.4$to$20.4)$ 0.71$

$$Enrolment$to$d84$(z$score/day$x103)$ 8.1$(0.6$to$9.8)$ 5.8$(3.9$to$8.4)$ 7.4$(1.2$to$9.3)$ 0.96$



! 200$

$

$

!

6.2.4! Safety:!!
!

6$ children$ (10%)$ died$ during$ followAup.$ 5$ of$ these$ deaths$ were$ associated$ with$

severe$pneumonia$ and$1$occurred$ in$ the$ community$where$ it$was$not$ possible$ to$

ascertain$cause$of$death.$1$death$occurred$in$the$SARUTF$arm,$3$in$the$FARUTF,$and$2$

in$ the$ FFOARUTF$ arms.$ There$ were$ a$ further$ 9$ severe$ adverse$ events$ (requiring$

hospitalisation$ or$ prolonging$ hospital$ stay):$ 4$ were$ due$ to$ lower$ respiratory$ tract$

infection$(2$in$SARUTF,$2$in$FFOARUTF),$4$were$due$to$diarrhoea/dehydration$(3$in$SA

RUTF,$1$in$FFOARUTF),$and$1$was$due$to$severe$malaria$(FFOARUTF).$There$were$no$

adverse$events$considered$directly$attributable$to$the$investigational$products.$

$

$

NonAsevere$ episodes$ of$ illness$ or$ infection$ were$ common$ during$ followAup,$ as$

expected$ in$ this$ highArisk$ population.$ Total$ number$ of$ illness$ episodes$ and$ the$

nature$ of$ the$ episodes$were$ similar$ between$ the$ groups$ (Table$ 6.3).$ There$was$ a$

greater$ incidence$ of$ upper$ respiratory$ tract$ infections$ and$ vomiting$ amongst$

children$ receiving$ the$RUTF$with$ elevated$ nA3$ PUFA$ (FARUTF$ and$ FFOARUTF$ arms),$

but$neither$of$these$effects$was$statistically$significant.$

$

! !

Table!6.3:$Data$are$absolute$numbers$or$median$(interAquartile$range)$unless$otherwise$specified.$

Total$illness$episodes$are$compared$by$ChiAsquared$test.$Individual$illness$syndromes,$deaths,$and$

deaths/serious$adverse$events$are$by$Fishers$Exact$test.$Compliance$and$growth$by$ANOVA.$$

!
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6.2.5! Lipidomic!analysis:!
!

6.2.5.i! ! Erythrocytes!!
!
There$were$ large$ and$ highly$ significant$ differences$ in$ erythrocyte$membrane$ fatty$

acid$composition$between$the$groups$at$days$28$and$84$(Figure$6.3$and$Table$6.4).$

The$percentage$of$PUFA$increased$at$the$expense$of$saturated$fatty$acids,$but$there$

were$wide$ differences$ in$ the$ behaviour$ of$ individual$ species.$ In$ the$ SARUTF$ group$

there$ were$ increases$ in$ nA6$ PUFA$ family$ members$ dihomoAgammaAlinolenic$ acid$

(DGLA,$ 20:3(nA6))$ and$AA,$ and$ also$ in$ the$ nA3$ PUFA,$ EPA.$However,$ DHA$ declined$

significantly$during$follow$up.$Although$breastfeeding$was$an$important$determinant$

of$baseline$DHA$status$ (Figure$6.4),$ the$decline$ in$DHA$occurred$ in$both$breastfed$

and$nonAbreastfed$children$(Figure$6.5).$ In$the$FFOARUTF$group$there$were$marked$

increases$ in$ most$ of$ the$ nA3$ LCAPUFA$ species$ (except$ eicosatetraenoic$ acid$ (ETA,$

20:4(nA3))),$ while$ nA6$ PUFA$ family$ members$ were$ unchanged$ from$ baseline.$

Compared$to$the$other$two$arms,$composition$in$the$FARUTF$arm$was$least$affected,$

with$modest$increases$in$EPA$and$a$decline$in$DHA$similar$to$that$seen$in$SARUTF.$

! !
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Figure!6.3:!Erythrocyte!fatty!acid!composition!

!

$

$

$

$

Figure!6.3:$Erythrocyte$fatty$acid$composition.!Median$and$interquartile$ranges$shown$for$the$

three$arms$at$baseline,$day$28$and$day$84.$Graphs$show$(clockwise$from$top$left)$DHA,$EPA,$AA,$

OmegaA3$index$(DHA+EPA),$nA6:nA3$ratio$in$LCAPUFA,$total$LCAPUFA$(nA6$and$nA3).$For$betweenA

arm$comparisons$(ANOVA)$at$each$time$point:$*$P≤0.05;$**$P≤0.01;$***$P≤0.001.$For$withinAarm$

comparison$(sign$test)$to$baseline$values:$†$P≤0.05.$LC$indicates$species$with$carbon$chain$>18.!

$
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Table&6.4& Erythrocyte&fatty&acid&composition&

&

Enrolment& Day&28& Day&84&

S<RUTF& F<RUTF& FFO<RUTF& S<RUTF& F<RUTF& FFO<RUTF& S<RUTF& F<RUTF& FFO<RUTF&

14:0& 0.76$(0.47*1.00)$*$ 0.46$(0.36*0.61)$*$ 0.56$(0.33*0.88)$*$ 0.65$(0.26*1.13)$ 0.36$(0.28*0.57)$ 0.36$(0.30*0.58)$ 0.56$(0.39*0.88)$*$ 0.33$(0.25*0.45)$*$ 0.39$(0.23*0.58)$*b$
16:0& 26.4$(25.3*27.5)$ 26.5$(24.2*27.5)$ 25.8$(24.7*26.7)$ 25.1$(24.3*25.7)$ 25.0$(24.1*26.2)$ 24.8$(24.2*25.2)$ 25.0$(24.5*25.7)$a$ 24.8$(23.4*25.5)#c$ 24.7$(24.2*25.1)$
16:1(n<7)& 0.76$(0.50*1.15)$ 0.60$(0.43*0.95)$ 0.77$(0.36*0.96)$ 0.43$(0.39*0.68)$b$ 0.38$(0.28*0.55)$a$ 0.39$(0.18*0.63)$a$ 0.39$(0.26*0.57)$b$ 0.36$(0.22*0.42)$$ 0.28$(0.20*0.38)$c$
18:0& 14.5$(12.5*16.1)$**$ 13.0$(12.1*13.5)$**$ 12.9$(12.2*13.6)$**$ 14.9$(13.6*18.7)$ 14.0$(13.6*15.0)$ 13.4$(13.0*15.1)$ 15.1$(13.7*17.5)$**$ 14.3$(13.3*14.9)$**$ 13.2$(12.6*13.7)$**$
18:1(n<9)& 15.8$(14.5*17.0)$ 16.2$(14.4*17.6)$ 16.7$(14.6*17.6)$ 15.9$(14.3*17.4)$ 15.6$(14.8*16.2)$ 15.0$(14.2*16.3)$ 16.4$(13.9*16.9)$ 15.4$(14.6*15.7)$ 14.7$(13.6*15.9)$b$
18:1(n<7)& 1.35$(1.21*1.72)$ 1.30$(1.10*1.61)$ 1.35$(1.17*1.54)$ 1.18$(1.05*1.37)$b$ 1.11$(1.03*1.18)$b$ 1.16$(0.98*1.28)$c$ 1.12$(1.04*1.20)$b$ 0.95$(0.87*1.21)$c$ 1.13$(0.95*1.21)$c$
18:2(n<6)& 10.3$(8.85*12.0)$*$ 12.0$(11.1*12.8)$*$ 11.6$(9.42*12.4)$*$ 10.4$(9.60*13.2)$**$ 13.0$(12.1*13.9)$**$ 11.5$(11.0*12.1)$**$ 12.2$(10.6*13.2)$*$ 13.5$(13.0*14.3)$*$ 12.8$(11.5*13.6)$*a$
18:3(n<6)& 0.10$(0.06*0.14)$ 0.12$(0.09*0.17)$ 0.13$(0.08*0.16)$ 0.11$(0.09*0.16)$ 0.10$(0.07*0.13)$ 0.11$(0.07*0.14)$ 0.10$(0.06*0.14)$ 0.11$(0.07*0.13)$ 0.09$(0.08*0.11)$
18:3(n<3)& 0.46$(0.26*0.73)$ 0.58$(0.31*1.07)$ 0.48$(0.26*1.05)$ 0.55$(0.33*0.97)$ 0.52$(0.42*0.64)$ 0.55$(0.40*0.89)$ 0.38$(0.22*0.51)$ 0.55$(0.41*0.88)$ 0.51$(0.26*0.62)$
20:0& 0.91$(0.56*1.28)$ 0.90$(0.35*1.57)$ 0.98$(0.41*1.57)$ 1.09$(0.65*1.84)$ 1.01$(0.60*1.24)$ 1.09$(0.46*1.65)$ 0.86$(0.24*1.03)$ 0.73$(0.44*1.07)$ 0.74$(0.52*0.98)$
20:1(n<9)& 0.18$(0.13*0.22)$$ 0.19$(0.14*0.29)$ 0.40$(0.36*0.53)$ 0.26$(0.19*0.36)$b$ 0.25$(0.18*0.40)$ 0.30$(0.19*0.34)$ 0.25$(0.16*0.40)$ 0.29$(0.23*0.40)$ 0.22$(0.16*0.27)$
20:2(n<6)& 0.34$(0.25*0.41)$**$ 0.40$(0.30*0.44)$**$ 0.40$(0.36*0.53)$**$ 0.39$(0.35*0.43)$ 0.51$(0.41*0.51)$a$ 0.43$(0.38*0.49)$ 0.38$(0.36*0.45)$ 0.45$(0.39*0.46)$ 0.38$(0.35*0.44)$
20:3(n<9)& 0.08$(0.06*0.11)$ 0.10$(0.06*0.13)$ 0.09$(0.07*0.12)$ 0.10$(0.07*0.12)$ 0.09$(0.07*0.11)$ 0.07$(0.04*0.10)$ 0.09$(0.07*0.10)$ 0.07$(0.07*0.11)$ 0.08$(0.06*0.09)$
20:3(n<6)& 1.29$(0.95*1.47)$ 1.24$(1.02*1.47)$ 1.34$(1.10*1.44)$ 1.58$(1.25*1.86)$*c$ 1.48$(1.27*1.84)$*$ 1.28$(1.09*1.47)$*$ 1.61$(1.40*1.85)$b$ 1.57$(1.36*1.76)$ 1.36$(1.15*1.60)$
20:4(n<6)& 14.3$(11.7*14.6)$ 13.9$(10.7*16.0)$ 13.6$(12.9*15.3)$ 14.4$(12.1*15.5)$ 13.0$(11.1*14.5)$ 12.3$(10.5*13.3)$ 15.8$(13.7*16.4)$*a$ 13.9$(13.2*14.7)$*$ 13.2$(11.4*14.2)$*$
20:4(n<3)& 0.09$(0.06*0.11)$ 0.07$(0.05*0.11)$ 0.10$(0.05*0.16)$ 0.08$(0.06*0.14)$ 0.14$(0.11*0.17)$c$ 0.13$(0.07*0.15)$ 0.08$(0.05*0.11)$*$ 0.12$(0.06*0.16)$*# 0.09$(0.08*0.11)$*$
20:5(n<3)& 0.28$(0.22*0.48)$ 0.37$(0.26*0.68)$ 0.35$(0.28*0.50)$ 0.32$(0.26*0.44)$***$ 0.56$(0.49*0.74)$***$ 2.08$(1.48*2.42)$***c$ 0.37$(0.28*0.50)$***a$0.73$(0.60*0.81)$***$ 1.95$(1.54*2.63)$***c$
24:0& 1.05$(0.80*1.31)$$ 1.01$(0.87*1.26)$ 0.99$(0.87*1.13)$ 1.03$(0.96*1.28)$**$ 0.99$(0.76*1.11)$**a$ 0.82$(0.65*0.94)$**b$ 1.04$(0.88*1.14)$***$ 0.70$(0.53*1.06)$***b$0.60$(0.46*0.69)$***c$
24:1(n<9)& 0.32$(0.24*0.37)$*$ 0.30$(0.26*0.37)$*$ 0.37$(0.32*0.43)$*$ 0.33$(0.30*0.39)$ 0.39$(0.22*0.45)$ 0.36$(0.28*0.44)$ 0.39$(0.33*0.45)$a$ 0.35$(0.31*0.39)$$ 0.33$(0.27*0.44)$
22:5(n<3)& 1.54$(1.24*1.90)$ 1.86$(1.43*2.21)$ 1.59$(1.42*2.01)$ 1.70$(1.40*1.82)$***$ 2.29$(1.99*2.80)$***$ 3.07$(2.32*3.90)$***c$ 1.66$(1.57*1.88)$***$ 3.11$(2.53*3.44)$***c$ 3.42$(3.03*3.91)$***c$
22:6(n<3)& 5.37$(3.28*6.83)$ 5.08$(3.98*6.39)$ 5.41$(3.75*6.96)$ 4.04$(2.23*5.90)$**a$ 4.55$(4.05*4.83)$**a$ 5.61$(4.90*6.75)$**b$ 3.88$(2.36*5.70)$***$ 4.51$(3.92*4.85)$***$ 6.30$(6.02*7.33)$***c$
Total&n<6&+&n<3&& 34.9$(30.9*36.6)$ 35.5$(31.1*38.1)$ 35.3$(31.8*38.1)$ 34.6$(30.3*38.3)$ 37.0$(34.3*38.5)$ 39.0$(32.7*40.5)$ 38.0$(31.2*39.9)$**a$ 38.8$(37.4*40.1)$**$ 40.9$(40.1*41.7)$**b$
Total&LCn<6&+&LCn<3& 23.2$(19.0*26.0)$ 23.3$(19.2*26.0)$ 24.0$(20.2*25.7)$ 22.7$(20.7*24.1)$*$ 22.1$(20.4*24.6)$*$ 25.9$(21.3*27.8)$*a$ 24.3$(20.3*27.2)$**$ 23.9$(22.6*25.8)$**$ 27.0$(25.9*28.6)$**b$
n<6:n<3& 3.24$(2.64*4.31)$ 3.46$(2.70*3.92)$ 3.21$(2.88*3.83)$ 3.85$(2.90*5.21)$***a$3.58$(3.06*3.90)$***$ 2.15$(1.93*2.31)$***c$ 4.48$(3.22*6.12)$***b$3.23$(3.06*3.77)$***$ 2.03$(1.90*2.23)$***c$
LCn<6:LCn<3& 2.00$(1.75*2.90)$ 1.96$(1.72*2.45)$ 2.13$(1.80*2.41)$ 2.44$(1.97*3.30)$***b$2.05$(1.64*2.28)$***$ 1.24$(1.11*1.41)$***c$ 2.76$(1.96*3.80)$***b$1.97$(1.77*2.23)$***$ 1.20$(0.99*1.36)$***c$
Omega<3&Index& 5.71$(3.48*7.27)$ 5.41$(4.22*6.94)$ 5.70$(4.47*7.42)$ 4.41$(2.52*6.22)$***$ 5.03$(4.76*5.59)$***$ 7.92$(6.23*9.26)$***c$ 4.23$(2.65*6.20)$***$ 5.03$(4.73*5.56)$***$ 9.18$(7.43*9.86)$***c$

$

Table& 6.4:$ Erythrocyte$ fatty$acid$ composition.&Median$ (IQR).$ For$between*arm$comparisons$ (ANOVA)$at$each$ time$point:$*$P≤0.05;$**$P≤0.01;$***$P≤0.001.$ For$

within*arm$comparison$(sign$test)$to$baseline$values:$a$P≤0.05;$b$P≤0.01;$c$P≤0.001$
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!Figure!6.4:!Enrolment!LC4PUFA!by!breastfeeding!status!

!

!

!

!

!
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Enrolment LC-PUFA according to breastfeeding status
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Figure! 6.4:$ Enrolment$ 20:4(n/6),$ 20:5(n/3),$ and$ 22:6(n/3)$ in$ plasma$ PC$ and$ erythrocyte$

compartments$ according$ to$whether$ the$ participant$ was$ being$ breastfed$ (at$ all)$ at$ enrolment.$

Breastfeeding$ was$ associated$ with$ increases$ in$ both$ n/3$ and$ n/6$ LC/PUFA$ family$members.$ BF$

(breastfeeding).$*$P≤0.05;$**$P≤0.01;$***$P≤0.001$(by$Mann$Whitney$U$test).$

!
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Figure'6.5:'Erythrocyte'DHA'by'breastfeeding'status'

$

$

$

Alteration$ in$ the$ LC/PUFA$ species$ lay$ behind$ significant$ changes$ in$ the$ overall$

erythrocyte$n/6:n/3$PUFA$ratio,$but$despite$the$provision$of$diets$with$dramatically$

different$linoleic$acid$(LA,$18:2(n/6))$and$ALA$content$there$was$no$difference$in$the$

LA:ALA$ratio$between$the$groups$at$any$timepoint,$and$no$change$from$baseline.$

$

Ratios$ of$ 20:4(n/6)/20:3(n/6),$ 18:3(n/6)/18:2(n/6)$ and$ 20:3(n/6)/18:3(n/6)$ were$

calculated$ as$ indices$ of$ ∆5/desaturase,$ ∆6/desaturase$ and$ elongase$ activity,$
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Figure'6.5:$Erythrocyte$DHA$content$during$the$trial$is$presented$according$to$whether$or$not$the$

participant$was$being$breastfed$at$all$on$admission$to$the$trial.$Data$are$for$the$arm$receiving$fish$

oil$(FFO/RUTF)$or$the$other$arms$combined.$*$P≤0.05;$**$P≤0.01;$***$P≤0.001$(by$sign$test).$

!
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respectively.$There$were$no$differences$between$the$arms$at$any$timepoint,$and$no$

evidence$ suggesting$ longitudinal$ change$ in$ enzyme$ activity$ during$ nutritional$

rehabilitation$(Figure$6.6).$

'

Figure'6.6:'Desaturase'and'elongase'activity'

$

$

$

$

Baseline$composition$of$LC/PUFA$was$an$important$modulator$of$the$compositional$

response$to$PUFA$provision.$In$the$FFO/RUTF$arm,$children$with$low$baseline$values$

of$ DHA$ had$ large$ increases,$ whilst$ amongst$ those$ with$ relatively$ higher$ baseline$

DHA,$enrichment$was$much$less$marked$(Figure$6.7).$For$those$in$both$of$the$non/

fish$oil$arms,$ relatively$ low$baseline$DHA$remained$constant,$however$ there$was$a$

marked$decrease$ in$DHA$amongst$ children$who$had$higher$ levels$ at$ baseline.$ The$

regression$ coefficients$ for$ the$ change$ in$ DHA$ by$ baseline$ composition$ differed$
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Figure'6.6:$Calculated$in$erythrocyte$lipids$as$n/6$product/substrate$ratios$as$described$in$the$text.$

For$between/arm$comparisons$ (ANOVA)$ at$each$ time$point,$P>0.05$ throughout.$ For$within/arm$

comparison$(sign$test)$to$baseline$values:$†$P≤0.05.$$

!
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between$ the$ trial$ arms$ (P=0.045$ overall,$ and$ P=0.025$ between$ the$ S/RUTF$ and$ F/

RUTF$arms)$(Figure$6.8).$$

$

Figure'6.7:'Erythrocyte'DHA/EPA'stratified'by'baseline'status'

$
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Figure' 6.7:$ Erythrocyte'DHA$ and$ EPA$ between$ both$ arms$without$ fish$ oil$ (S/RUTF$ and$F/RUTF)$

compared$ to$ FFO/RUTF.$ Participants$ are$ stratified$ on$ the$ basis$ of$ their$ baseline$ DHA$ or$ EPA$

values.$ Low$ indicates$ equal$ to$ or$ below$ the$ median,$ and$ high$ indicates$ above$ the$ median.$ *$

P≤0.05;$**$P≤0.01;$***$P≤0.001$(by$sign$test)!
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Figure'6.8:'Impact'of'baseline'PUFA'status'on'response'
$

$

$

$

0 2 4 6 8 10
-4

-2

0

2

4

Enrolment DHA (molar %)

Δ
 D

HA
 (m

ol
ar

 %
)

P=0.045

0.0 0.2 0.4 0.6 0.8 1.0
-1

0

1

2

3

4

5

Enrolment EPA (molar %)

Δ
 E

PA
 (m

ol
ar

 %
)

P=0.018

S-RUTF FFO-RUTFF-RUTF

5 10 15 20
-10

-5

0

5

10

Enrolment AA (molar %)

Δ
 A

A
 (m

ol
ar

 %
)

N.S.

Figure'6.8:$Change$in$erythrocyte$DHA,$EPA$or$AA$from$baseline$to$day$84$plotted$against$baseline$

values.$Regression$lines$are$coloured$the$same$as$corresponding$group$symbols,$black$regression$

line$is$for$S/RUTF$&$F/RUTF$combined.$P$value$is$for$effect$modification$across$the$three$arms$as$

described$in$the$text.$N.S.$(P>0.05)$
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For$ EPA$ the$ situation$was$ different.$ Fish$ oil$ supplementation$was$ associated$with$

large$increases$in$EPA$content$regardless$of$baseline$status,$and$for$those$in$the$two$

non/fish$ oil$ arms,$ only$ those$ with$ relatively$ low$ baseline$ EPA$ levels$ had$ any$

appreciable$ relative$ increase$ during$ the$ study.$ The$ regression$ coefficients$ for$ the$

change$ in$ EPA$ by$ baseline$ composition$ were$ significantly$ different$ between$ arms$

(P=0.018$overall,$ and$P=0.032$between$FFO/RUTF$and$F/RUTF$arms).$ The$ fact$ that$

increases$in$EPA$composition$were$largest$in$those$children$in$the$fish$oil$group$who$

had$ highest$ levels$ at$ baseline,$ implies$ that$ provision$ of$ pre/formed$ EPA$ bypassed$

regulatory$mechanisms$(Figure$6.8).$

$

6.2.5.ii'' Plasma'phosphatidylcholine:''
!
Average$ changes$ in$ percentage$ composition$ of$ plasma$ phosphatidylcholine$ (PC)$

PUFA$were$very$similar$to$those$seen$in$the$erythrocyte$fraction,$although$plasma$PC$

was$less$enriched$in$PUFA$overall$and$the$observed$effect$sizes$were$smaller$(Table$

6.5).$However,$ the$ relationships$ between$participant/level$ erythrocyte$ and$plasma$

PC$data$were$highly$variable$(Figure$6.9$and$Table$6.6).$
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Table&6.5& Plasma&phosphatidylcholine&fatty&acid&composition&

&
Enrolment& Day&28& Day&84&

S>RUTF& F>RUTF& FFO>RUTF& S>RUTF& F>RUTF& FFO>RUTF& S>RUTF& F>RUTF& FFO>RUTF&
14:0& 0.29$(0.20(0.40)$ 0.30$(0.21(0.39)$ 0.32$(0.23(0.46)$ 0.22$(0.16(0.33)$ 0.20$(0.16(0.28)$ 0.30$(0.17(0.38)$ 0.22$(0.12(0.32)$a$ 0.25$(0.17(0.39)$ 0.24$(0.17(0.38)$a$
16:0& 33.7$(32.0(35.1)$ 33.9$(31.9(35.2)$ 33.4$(32.3(34.3)$ 31.1$(29.7(31.9)$a$ 31.5$(30.4(32.9)$a$ 31.6$(30.6(32.9)$ 30.8$(29.8(31.8)$b$ 31.9$(30.1(33.5)$ 31.8$(30.7(32.3)$b$
16:1(n>7)& 0.38$(0.25(0.75)$ 0.55$(0.33(0.90)$ 0.59$(0.28(0.91)$ 0.19$(0.17(0.32)$b$ 0.23$(0.17(0.31)$ 0.21$(0.17(0.38)$c$ 0.26$(0.20(0.35)$ 0.28$(0.16(0.45)$ 0.21$(0.14(0.40)$c$
18:0& 12.8$(11.5(15.0)$ 13.3$(11.6(14.0)$ 13.4$(12.4(13.8)$ 15.5$(14.0(16.0)$a$ 15.6$(13.7(16.4)$b$ 15.5$(14.6(16.5)$c$ 15.8$(14.1(16.4)$a$ 14.7$(13.4(17.3)$ 15.4$(14.9(15.8)$b$
18:1(n>9)& 15.1$(11.9(18.5)$ 15.7$(12.9(17.3)$ 15.0$(11.8(18.8)$ 11.7$(9.13(13.7)$c$ 11.0$(10.2(13.2)$ 10.8$(9.76(12.3)$c$ 11.4$(9.10(11.7)$*b$ 11.5$(10.8(14.2)$*$ 10.7$(9.49(11.4)$*c$
18:1(n>7)& 1.92$(1.54(2.51)$ 2.10$(1.68(2.20)$ 1.68$(1.30(2.23)$ 1.45$(1.24(1.71)$ 1.39$(1.18(1.45)$a$ 1.45$(1.27(1.67)$ 1.51$(1.38(1.69)$a$ 1.34$(1.13(1.83)$ 1.47$(1.32(1.70)$a$
18:2(n>6)& 20.3$(17.7(22.4)$ 21.8$(20.1(22.7)$ 19.3$(21.4(24.4)$ 24.7$(21.5(26.3)$*$ 25.8$(23.4(28.1)$*c$ 22.3$(21.4(25.2)$*$ 22.6$(19.8(25.2)$ 23.0$(20.4(27.9)$ 23.2$(21.0(24.1)$

18:3(n>6)& 0.09$(0.05(0.15)$ 0.09$(0.05(0.15)$ 0.09$(0.07(0.16)$ 0.10$(0.06(0.23)$ 0.09$(0.06(0.13)$ 0.08$(0.05(0.17)$ 0.08$(0.04(0.10)$ 0.06$(0.05(0.12)$ 0.11$(0.05(0.14)$

18:3(n>3)& 0.16$(0.09(0.26)$ 0.17$(0.12(0.24)$ 0.23$(0.11(0.36)$ 0.20$(0.14(0.27)$***$ 0.43$(0.30(0.57)$***$ 0.57$(0.29(0.67)$***b$ 0.11$(0.09(0.17)$***$ 0.33$(0.24(0.62)$***$ 0.23$(0.19(0.50)$***$

20:0& 0.11$(0.08(0.14)$ 0.11$(0.10(0.20)$ 0.17$(0.07(0.29)$ 0.18$(0.11(0.28)$$a$ 0.15$(0.10(0.19)$ 0.18$(0.12(0.26$ 0.12$(0.09(0.15)$ 0.14$(0.11(0.29)$ 0.14$(0.11(0.27)$

20:1(n>9)& 0.19$(0.16(0.27)$ 0.17$(0.12(0.21)$ 0.18$(0.13(0.23)$ 0.23$(0.18(0.30)$ 0.23$(0.18(0.25)$ 0.20$(0.16(0.27)$ 0.19$(0.13(0.25)$*$ 0.24$(0.20(0.27)$*$ 0.20$(0.16(0.24)$*$

20:2(n>6)& 0.33$(0.24(0.39)$ 0.29$(0.23(0.34)$ 0.28$(0.22(0.35)$ 0.32$(0.27(0.38)$ 0.26$(0.21(0.35)$ 0.31$(0.22(0.36)$ 0.39$(0.30(0.45)$ 0.30$(0.24(0.34)$ 0.36$(0.28(0.45)$a$
20:3(n>9)& 0.13$(0.09(0.22)$ 0.12$(0.07(0.21)$ 0.11$(0.05(0.23)$ 0.15$(0.07(0.17)$ 0.08$(0.05(0.15)$ 0.08$(0.05(0.16)$ 0.11$(0.09(0.20)$ 0.09$(0.05(0.20)$ 0.09$(0.06(0.15)$

20:3(n>6)& 1.72$(1.35(2.07)$ 1.48$(1.25(1.96)$ 1.73$(1.37(2.11)$ 2.71$(2.00(3.17)$**b$ 1.88$(1.64(2.32)$**$ 1.65$(1.11(2.12)$**$ 2.41$(2.06(3.32)$***b$ 1.71$(1.46(2.02)$***$ 1.90$(1.43(2.01)$***$

20:4(n>6)& 6.34$(5.53(8.36)$ 6.87$(5.31(8.01)$ 6.23$(4.77(9.04)$ 7.71$(6.17(8.94)$*$ 5.10$(4.42(7.71)$*$ 5.70$(4.25(8.33)$*$ 9.73$(8.52(11.2)$**a$ 6.87$(5.75(9.38)$**$ 7.82$(6.10(9.84)$**$

20:4(n>3)& 0.09$(0.06(0.13)$ 0.07$(0.04(0.12)$ 0.08$(0.04(0.14)$ 0.09$(0.06(0.14)$ 0.12$(0.09(0.18)$b$ 0.12$(0.08(0.16)$ 0.07$(0.05(0.09)$*$ 0.08$(0.07(0.13)$*b$ 0.12$(0.07(0.13)$*a$
20:5(n>3)& 0.37$(0.22(0.60)$ 0.44$(0.29(0.61)$ 0.37$(0.29(0.49)$ 0.44$(0.35(0.57)$***$ 0.69$(0.39(0.84)$***$ 1.74$(0.71(2.40)$***c$ 0.44$(0.32(0.52)$***$ 0.88$(0.51(0.94)$***$ 1.01$(0.68(1.96)$***c$
24:0& 0.27$(0.18(0.40)$ 0.23$(0.17(0.29)$ 0.25$(0.16(0.34)$ 0.33$(0.21(0.44)$***$ 0.21$(0.14(0.30)$***$ 0.14$(0.11(0.22)$***a$ 0.40$(0.36(0.52)$***$ 0.25$(0.19(0.33)$***$ 0.18$(0.15(0.22)$***a$
24:1(n>9)& 0.12$(0.07(0.16)$ 0.13$(0.08(0.17)$ 0.12$(0.09(0.18)$ 0.10$(0.08(0.13)$ 0.09$(0.08(0.17)$ 0.10$(0.07(0.15)$ 0.11$(0.87(0.14)$ 0.13$(0.10(0.17)$ 0.13$(0.09(0.17)$

22:5(n>3)& 0.69$(0.39(1.29)$ 0.71$(0.53(0.90)$ 0.71$(0.51(0.82)$ 0.76$(0.53(1.00)$***$ 1.02$(0.69(1.19)$***a$ 1.64$(0.94(1.92)$***b$ 0.91$(0.66(1.11)$*$ 1.05$(0.83(1.33)$*$ 1.32$(1.09(1.49)$*b$
22:6(n>3)& 2.51$(1.00(4.63)$ 2.63$(1.11(3.66)$ 2.35$(1.15(3.69)$ 2.23$(1.02(3.35)$***$ 2.08$(1.38(2.97)$***$ 4.26$(3.27(4.98)$***c$ 2.36$(1.52(4.43)$**$ 2.70$(2.05(2.96)$**$ 4.15$(3.57(5.36)$**$

Total&n>6+n>3&& 33.6$(30.3(37.1)$ 34.7$(31.3(36.2)$ 35.3$(31.4(38.2)$ 39.1$(37.1(41.9)$c$ 39.9$(36.7(41.2)$a$ 38.9$(38.0(40.4)$b$ 40.5$(38.9(41.6)$c$ 39.6$(36.2(41.3)$ 40.4$(39.3(42.9)$b$
Total&LCn>6+LCn>3& 12.3$(9.45(15.6)$ 13.3$(9.35(14.8)$ 11.7$(9.77(16.5)$ 13.5$(12.5(16.3)$*$ 11.6$(9.40(15.3)$*$ 16.2$(13.2(17.9)$*a$ 16.9$(15.2(19.9)$a$ 13.3$(12.9(15.6)$ 16.3$(15.2(20.6)$b$
n>6:n>3& 8.04$(4.17(13.3)$ 7.72$(5.27(11.0)$ 7.93$(6.67(11.1)$ 8.24$(7.15(14.7)$***$ 7.82$(6.69(8.98)$***$ 3.60$(3.29(4.86)$***c$ 9.20$(5.52(12.4)$***$ 6.63$(6.17(7.57)$***$ 4.40$(3.86(5.64)$***b$
LCn>6:LCn>3& 2.73$(1.67(3.72)$ 2.59$(1.71(3.48)$ 2.41$(2.15(3.08)$ 2.93$(2.08(4.64)$***$ 1.94$(1.74(2.32)$***$ 1.01$(0.73(1.43)$***c$ 3.41$(2.48(4.68)$***$ 2.25$(1.72(2.29)$***$ 1.50$(1.05(1.75)$***b$
$

$

!

Table&6.5:$Plasma$phosphatidylcholine$fatty$acid$composition.&Median$(IQR).$For$between(arm$comparisons$(ANOVA)$at$each$time$point:$*$P≤0.05;$**$P≤0.01;$***$

P≤0.001.$For$within(arm$comparison$(sign$test)$to$baseline$values:$a$P≤0.05;$b$P≤0.01;$c$P≤0.001$
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Figure&6.9& Correlation&between&plasma&phosphatidylcholine&and&erythrocyte&fatty&acids&for&key&species&

$



! 212#

Table&6.6:& Plasma&phosphatidylcholine/erythrocyte&fatty&acid&correlation.&

& Enrolment& Day&28& Day&84& Total&
14:0& 0.07# 0.10# 0.08# 0.09#
16:0& 0.00# 0.01# 0.00# 0.04#
16:1(nA7)& 0.21# 0.03# 0.12# 0.26#
18:0& 0.13# 0.01# 0.08# 0.07#
18:1(nA9)& 0.39# 0.35# 0.27# 0.32#
18:1(nA7)& 0.07# 0.22# 0.29# 0.22#
18:2(nA6)& 0.21# 0.09# 0.27# 0.19#
18:3(nA6)& 0.01# 0.00# 0.01# 0.00#
18:3(nA3)& 0.00# 0.00# 0.13# 0.01#
20:0& 0.03# 0.01# 0.02# 0.01#
20:1(nA9)& 0.05# 0.06# 0.07# 0.01#
20:2(nA6)& 0.10# 0.09# 0.10# 0.08#
20:3(nA9)& 0.00# 0.02# 0.01# 0.00#
20:3(nA6)& 0.25# 0.21# 0.47# 0.34#
20:4(nA6)& 0.22# 0.28# 0.29# 0.27#
20:4(nA3)& 0.01# 0.25# 0.00# 0.05#
20:5(nA3)& 0.08# 0.71# 0.54# 0.59#
24:0& 0.10# 0.17# 0.45# 0.16#
24:1(nA9)& 0.00# 0.01# 0.00# 0.00#
22:5(nA3)& 0.02# 0.26# 0.29# 0.25#
22:6(nA3)& 0.52# 0.46# 0.55# 0.49#
Total&nA6&+&nA3&& 0.12# 0.03# 0.02# 0.11#
Total&LCnA6&+&LCnA3& 0.29# 0.19# 0.12# 0.25#
nA6:nA3& 0.50# 0.86# 0.71# 0.62#
LCnA6:LCnA3& 0.56# 0.87# 0.83# 0.74#

!

!

!

6.2.5.iii& & TAcells&
!
Differences# in#the#T8cell#compartment#were# less#marked.#Modest#relative# increases#

in#AA#in#the#S8RUTF#arm#and#in#EPA#in#the#FFO8RUTF#arm#were#evident#in#PC#species,#

but# DHA# was# unaffected.# There# was# no# effect# of# the# intervention# on#

phosphatidylethanolamine# species# (where# EPA# was# undetectable)# (Table# 6.7# and#

6.8).#

&

Table& 6.6:# Data# are# R8squared# values# from# linear# regression# analyses# between# erythrocyte# GC#

data#and#plasma#phosphatidylcholine#GC#data#for#each#molecular#species#at#the#three#time#points#

and#(total)#for#all#the#values#at#the#three#timepoints#combined.#
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Table&6.7&& CD3+&(T&cell)&phosphatidylcholine&fatty&acid&composition.&

&
Enrolment& Day&84&

SARUTF& FARUTF& FFOARUTF& SARUTF& FARUTF& FFOARUTF&
16:0&&&14:0& 0.50$(0.34*0.75)$ 0.55$(0.44*0.69)$ 0.61$(0.45*0.93)$ 0.67$(0.56*1.10)$ 0.51$(0.39*0.74)$ 0.67$(0.45*1.03)$
16:0a&&&16:0& 0.70$(0.65*0.86)$ 0.84$(0.56*1.08)$ 0.75$(0.59*1.04)$ 0.84$(0.65*1.07)$ 0.84$(0.68*0.96)$ 0.78$(0.61*0.87)$

16:0&&&16:1& 1.10$(0.90*1.27)$ 1.17$(1.00*1.44)$ 1.10$(0.93*1.32)$ 1.10$(0.90*1.46)$ 0.93$(0.82*1.15)$a$ 0.93$(0.79*1.12)$

16:0&&&16:0& 5.39$(5.36*8.99)$ 8.95$(6.06*9.44)$ 7.09$(6.43*7.54)$ 8.82$(6.24*9.95)$ 7.55$(6.32*9.98)$ 8.61$(6.68*10.1)$

16:0a&&&18:1& 1.50$(1.27*1.72)$ 1.62$(1.19*1.78)$ 1.31$(1.17*1.72)$ 1.51$(1.20*1.62)$ 1.57$(1.13*1.68)$ 1.32$(1.19*1.59)$
16:0&&&18:2& 7.46$(6.75*8.67)$ 7.45$(6.29*8.94)$ 7.71$(6.76*8.60)$ 8.25$(6.08*9.24)$ 8.34$(7.87*9.41)$ 8.48$(7.10*9.82)$

16:0&&&18:1& 14.8$(14.2*16.9)$ 16.4$(14.5*17.1)$ 15.5$(13.2*17.2)$ 12.7$(11.7*14.5)$ 14.3$(13.7*15.2)$ 13.6$(12.3*14.9)$

18:0&&&16:0& 0.64$(0.51*0.84)$ 0.86$(0.58*1.04)$ 0.76$(0.46*1.02)$ 0.78$(0.71*0.93)$ 0.78$(0.63*0.91)$ 0.88$(0.80*1.05)$

16:0a&&&20:4& 0.86$(0.79*1.16)$ 0.83$(0.72*0.91)$ 0.85$(0.75*1.15)$ 1.05$(0.86*1.12)$**$ 0.76$(0.65*0.86)$**$ 0.63$(0.60*0.97)$**$
16:0&&&20:5& 0.21$(0.17*0.31)$ 0.26$(0.21*0.36)$ 0.24$(0.18*0.30)$ 0.29$(0.25*0.32)$**$ 0.39$(0.27*0.42)$**$ 0.44$(0.33*1.00)$**b$
16:0&&&20:4& 8.03$(7.24*9.45)$ 7.49$(6.27*10.1)$ 6.81$(5.71*7.92)$ 9.77$(8.75*10.4)$**$ 7.84$(6.81*8.74)$**$ 7.11$(6.13*8.53)$**$

18:1&&&18:2& 5.93$(5.44*6.67)$ 5.63$(4.97*6.74)$ 5.14$(3.61*6.25)$ 4.99$(3.82*6.11)$ 6.34$(5.16*7.89)$ 5.79$(4.97*6.44)$

18:0&&&18:2& 7.69$(6.80*8.52)$ 8.09$(7.57*8.54)$ 6.90$(5.99*8.06)$ 8.03$(6.08*8.97)$ 8.77$(7.74*10.2)$ 7.77$(7.74*9.52)$b$
18:0&&&18:1& 2.47$(1.86*2.95)$ 3.01$(2.25*3.22)$ 2.93$(1.94*3.72)$ 2.23$(1.94*2.53)$ 2.67$(2.45*2.90)$ 2.41$(1.95*3.13)$
18:1&&&20:4& 1.17$(1.00*1.47)$ 1.08$(0.87*1.21)$ 1.10$(0.99*1.25)$ 1.27$(1.13*1.39)$**$ 1.26$(1.06*1.45)$**$ 0.97$(0.97*1.20)$**$

16:0&&&22:6& 1.11$(0.89*1.36)$ 1.09$(0.89*1.42)$ 1.14$(1.00*1.42)$ 1.25$(1.08*1.58)$*$ 1.09$(1.00*1.19)$*$ 1.44$(1.34*1.64)$*$

18:1&&&20:4& 4.25$(3.79*5.19)$ 3.74$(3.54*4.23)$ 3.59$(3.10*4.64)$ 3.96$(3.70*4.62)$ 3.64$(3.2504.61)$ 3.67$(3.33*4.01)$

18:0&&&20:4& 7.37$(6.79*8.26)$*$ 6.65$(5.37*7.61)$*$ 6.06$(5.15*7.25)$*$ 8.54$(6.89*10.2)$*$ 6.99$(6.13*8.66)$*$ 6.28$(4.93*7.68)$*$
18:0&&&20:3& 1.73$(1.34*1.98)$ 1.54$(1.22*1.70)$ 1.67$(1.26*1.95)$ 1.60$(1.47*1.86)$ 1.74$(1.67*2.09)$ 1.80$(1.70*2.08)$

18:0&&&22:6& 0.77$(0.64*0.97)$ 0.72$(0.58*0.85)$ 0.76$(0.70*0.89)$ 0.79$(0.65*1.05)$ 0.69$(0.62*0.80)$ 0.76$(0.70*0.96)$

18:0&&&22:5& 0.78$(0.70*1.10)$ 0.76$(0.65*0.81)$ 0.83$(0.72*0.98)$ 0.80$(0.63*0.83)$ 0.81$(0.65*0.96)$ 0.70$(0.66*0.78)$

& $ $ $ $ $ $

20:4(nA6)& 10.8$(9.76*12.8)$*$ 9.50$(8.71*11.4)$*$$ 9.54$(8.17*11.0)$*$ 12.4$(11.1*13.5)$**$ 10.4$(9.51*11.3)$**$ 9.64$(8.03*10.5)$**$
20:5(nA3)& 0.11$(0.09*0.16)$ 0.13$(0.10*0.18)$$ 0.12$(0.09*0.15)$ 0.15$(0.12*0.16)$**$ 0.19$(0.13*0.21)$**$ 0.22$(0.16*0.50)$**b$
22:6(nA3)& 0.87$(0.84*1.24)$ 0.90$(0.79*1.08)$ 0.94$(0.86*1.15)$ 1.02$(0.89*1.30)$ 0.91$(0.81*0.98)$ 1.12$(1.02*1.30)$
$

$

Table&6.7:$Median$(IQR).$For$between*arm$comparisons$(ANOVA)$at$each$time$point:$*$P≤0.05;$**$P≤0.01;$***$P≤0.001.$For$within*arm$comparison$(sign$test)$to$

baseline$values:$a$P≤0.05;$b$P≤0.01;$c$P≤0.001.$Output$data$are$mass$spectra$corresponding$to$PC$(or$PE,$below)$diacylglycerol$components.$Predicted$mass$identity$

is$listed$and$total$percentage$content$of$AA,$EPA$and$DHA$is$listed.$$$
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Table&6.8& CD3+&(T&cell)&phosphatidylethanolamine&fatty&acid&composition.&

&
Enrolment& Day&28&

SARUTF& FARUTF& FFOARUTF& SARUTF& FARUTF& FFOARUTF&
16:1&&&16:1&& 0.32$(0.15*0.37)$ 0.22$(0.12*0.36)$ 0.29$(0.23*0.42)$ 0.24$(0.17*0.50)$ 0.43$(0.21*0.72)$ 0.23$(0.11*0.34)$
16:0&&&16:1&& 0.13$(0.10*0.20)$ 0.19$(0.15*0.26)$ 0.24$(0.16*0.37)$ 0.14$(0.12*0.43)$a$ 0.20$(0.10*0.62)$ 0.12$(0.10*0.17)$
16:0&&&16:0&& 1.31$(0.85*1.82)$ 0.85$(0.38*1.06)$ 1.39$(0.88*2.31)$ 1.35$(1.00*2.29)$ 0.86$(0.72*1.90)$ 1.97$(1.11*3.21)$
16:1&&&18:2&& 0.16$(0.10*0.22)$ 0.14$(0.11*0.20)$ 0.21$(0.18*0.25)$ 0.16$(0.09*0.37)$ 0.18$(0.13*0.47)$ 0.18$(0.10*0.24)$
16:0&&&18:2&& 1.66$(1.46*2.20)$ 2.09$(1.69*2.45)$ 1.80$(1.53*2.24)$ 1.68$(1.28*2.41)$ 1.94$(1.47*2.96)$ 1.80$(1.53*2.01)$
16:0&&&18:1&& 2.47$(2.01*2.90)$ 2.65$(2.29*3.19)$ 2.61$(2.10*3.10)$ 2.36$(1.71*2.80)$ 2.75$(2.01*3.69)$ 2.14$(1.92*2.48)$
16:0&&&20:4&& 4.51$(3.54*4.93)$ 4.97$(4.53*5.60)$ 4.86$(4.01*5.34)$ 4.25$(3.34*4.70)$ 3.98$(3.34*4.78)$ 4.03$(3.68*4.67)$
18:1&&&18:2&& 2.33$(1.76*2.84)$ 2.51$(1.74*3.80)$ 2.59$(1.99*3.14)$ 2.38$(1.49*2.86)$ 2.93$(2.20*4.19)$ 2.67$(2.44*2.84)$
18:1&&&18:1&& 6.42$(5.48*7.55)$ 7.95$(6.05*9.11)$ 6.85$(6.76*7.47)$ 7.27$(5.96*7.81)$ 8.87$(6.33*10.3)$ 8.97$(6.77*9.39)$
18:0&&&18:1&& 2.86$(2.39*3.43)$ 3.27$(3.06*3.62)$ 3.29$(3.05*3.67)$ 2.77$(1.90*3.03)$ 2.95$(2.46*3.78)$ 3.10$(2.27*3.91)$
18:0p&&&20:4&& 1.05$(0.97*1.08)$ 0.95$(0.81*1.08)$ 0.92$(0.83*1.18)$ 0.85$(0.71*1.24)$ 0.87$(0.83*1.00)$ 0.91$(0.78*1.08)$
18:0p&&&20:3&& 0.88$(0.74*1.01)$ 0.80$(0.68*0.98)$ 0.93$(0.87*1.13)$ 0.81$(0.66*0.93)$ 0.72$(0.62*0.87)$ 0.88$(0.60*0.96)$
16:0&&&22:6&& 1.93$(1.31*2.20)$ 2.24$(1.78*2.75)$ 2.11$(1.67*2.73)$ 2.05$(1.82*2.62)$ 1.77$(1.43*2.11)$ 2.28$(1.98*2.99)$
18:1&&&20:4&& 5.12$(4.21*5.73)$ 5.15$(4.42*5.53)$ 4.96$(4.50*5.23)$ 4.27$(3.05*4.80)$ 4.08$(3.38*4.93)$ 4.86$(3.92*5.70)$
18:0&&&20:4&& 27.5$(22.2*32.6)$ 29.1$(27.2*29.5)$ 26.0$(22.3*28.4)$ 26.4$(21.2*33.4)$ 24.9$(21.7*29.6)$ 25.5$(20.9*28.5)$
18:0&&&20:3&& 3.12$(2.76*3.90)$ 3.50$(2.97*3.94)$ 3.23$(2.57*3.83)$ 3.01$(2.48*3.38)$ 3.16$(2.45*3.40)$ 3.11$(2.68*3.62)$
18:1&&&22:6&& 2.26$(1.26*2.60)$ 2.11$(1.47*2.64)$ 1.88$(1.67*2.78)$ 1.95$(1.68*2.60)$ 2.02$(1.64*2.14)$ 2.00$(1.63*2.36)$
18:0&&&22:6&& 3.30$(2.46*4.06)$ 3.37$(2,87*4.62)$ 3.35$(2.64*4.20)$ 3.59$(3.05*4.48)$ 2.70$(2.42*2.90)$ 3.59$(2.71*4.97)$
18:0&&&22:5&& 2.75$(2.39*3.18)$ 3.12$(2.45*3.29)$ 2.35$(2.11*3.04)$ 2.74$(2.04*3.01)$ 2.50$(2.45*3.27)$ 3.04$(2.64*3.79)$
18:0&&&22:4& 2.57$(2.20*3.36)$*$ 2.46$(2.20*2.66)$*$ 2.01$(1.66*2.47)$*$ 2.65$(1.78*2.95)$ 2.19$(1.64*2.34)$ 1.65$(1.52*1.98)$
& $ $ $ $ $ $
20:4(nA6)& 19.3$(16.0*22.1)$ 20.4$(20.0*21.1)$ 18.8$(16.1*19.4)$ 18.2$(13.8*21.3)$ 17.5$(14.5*20.3)$ 17.4$(15.0*19.3)$
22:6(nA3)& 3.64$(2.51*4.52)$ 3.71$(3.30*5.06)$ 3.46$(3.23*4.57)$ 3.81$(3.31*4.90)$ 3.12$(2.81*3.43)$ 3.75$(3.17*5.21)$
$

$

Table&6.8:$Median$(IQR).$For$between*arm$comparisons$(ANOVA)$at$each$time$point:$*$P≤0.05;$**$P≤0.01;$***$P≤0.001.$For$within*arm$comparison$(sign$test)$to$

baseline$values:$a$P≤0.05;$b$P≤0.01;$c$P≤0.001.$Output$data$are$mass$spectra$corresponding$to$PE$(or$PC,$above)$diacylglycerol$components.$Predicted$mass$identity$

is$listed$and$total$percentage$content$of$AA$and$DHA$is$listed.$$$
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6.2.6$ Growth:$
$

There$were$no$detectable$differences$between$the$arms$in$any$of$the$growth$indices$

measured$ (Table$ 6.3).$ There$was$ no$ difference$ in$ IGFA1$ between$ the$ arms$ at$ any$

timepoint$but$all$arms$had$a$highly$significant$increase$in$IGFA1$by$day$28$compared$

to$baseline,$which$was$sustained$to$day$84$(Table$6.9).$

$



! 216$

Table&6.9& Inflammatory&indices.&

&

Enrolment& Day&7& Day&28& Day&84&

S=RUTF& F=RUTF& FFO=RUTF& S=RUTF& F=RUTF& FFO=RUTF& S=RUTF& F=RUTF& FFO=RUTF& S=RUTF& F=RUTF& FFO=RUTF&

IGF=1& 44.5$(30.7,58.2)$ 50.3$(30.2,69.8)$ 44.7$(15.5,62.7)$ $ $ $ 140$(63.1,169)$c$ 143$(77.9,275)$c$ 114$(45.3,143)$b$ 103$(65.9,180)$b$ 94.4$(74.2,138)$ 68.8$(47.9,114)$a$
Platelets& 315$(210,480)$ 437$(210,513)$ 394$(287,541)$ 421$(304,759)$ 391$(297,608)$ 522$(405,772)$a$ 452$(321,622)$ 470$(323,583)$ 462$(291,621)$ 447$(323,582)$ 410$(359,490)$ 494$(344,548)$
WCC& 10.6$(8.50,14.8)$ 10.7$(8.65,14.0)$ 10.7$(9.40,15.9)$ 13.2$(8.80,15.9)$ 11.9$(9.90,13.5)$ 12.7$(10.6,14.5)$ 12.0$(5.90,16.3)$ 13.3$(8.85,15.5)$ 11.5$(8.90,14.0)$ 11.9$(9.90,14.1)$ 12.5$(9.10,14.5)$ 11.1$(8.20,13.8)$
Neutrophils& 3.25$(1.78,4.30)$ 3.24$(1.64,4.18)$ 3.71$(2.94,4.28)$ 4.85$(2.73,7.60)$ 3.62$(2.71,4.93)$ 4.47$(4.00,5.10)$ 3.20$(2.45,5.61)$ 3.97$(3.63,5.55)$ 3.87$(3.08,4.61)$ 3.22$(2.39,4.41)$ 2.94$(2.66,5.35)$ 3.45$(2.36,4.37)$
Lymphocytes& 5.93$(4.24,6.91)$ 6.74$(5.36,8.35)$ 5.84$(4.84,7.66)$ 4.80$(3.34,7.91)$ 5.60$(5.24,8.53)$ 5.92$(5.05,8.36)$ 5.39$(3.53,8.54)$ 6.82$(4.55,9.23)$ 6.47$(3.86,7.29)$ 6.81$(4.23,8.30)$ 8.01$(5.17,8.36)$ 6.48$(4.85,7.70)$
Hb& 9.10$(7.00,10.3)$ 8.45$(7.65,9.75)$ 9.20$(7.35,11.4)$ 7.90$(7.50,10.1)$ 9.20$(8.70,10.2)$ 9.20$(7.60,10.0)$ 10.0$(9.00,10.3)$b$ 10.1$(9.60,11.0)$a$ 9.70$(8.70,11.0)$ 10.5$(10.1,11.5)$b$ 11.0$(10.9,11.6)$a$ 10.5$(9.60,12.0)$a$
EndoCAb& 39.7$(21.3,85.2)$ 62.3$(33.4,138)$ 60.2$(38.2,103)$ $ $ $ 51.0$(27.6,80.0)$ 70.7$(29.4,121)$ 61.8$(37.6,123)$ 39.9$(17.0,78.5)$ 60.3$(44.3,141)$ 70.1$(29.0,115)$
sCD14& 2369$(1862,2784)$ 2444$(2240,3399)$ 2298$(1965,2897)$ $ $ $ 2870$(2532,3827)$b$ 3113$(2583,3351)$ 2551$(2246,3053)$ 2861$(2499,3188)$a$ 2625$(2154,3277)$ 2567$(2036,3206)$
MCP=1& 16.9$(12.3,20.1)$ 25.4$(12.3,63.8)$ 18.3$(9.25,23.9)$ $ $ $ 10.7$(6.23,19.0)$ 17.1$(9.16,30.7_)$ 10.7$(9.22,20.0)$ 13.2$(9.58,21.2)$ 15.6$(6.96,24.8)$ 10.2$(7.35,17.8)$
SDF=1& 265$(199,314)$ 245$(193,295)$ 237$(200,307)$ $ $ $ 230$(192,258)$ 223$(137,265)$ 213$(165,253)$ 108$(151,257)$a$ 222$(136,268)$ 203$(174,238)$b$
CXCL10& 68.0$(36.7,93.5)$ 45.4$(25.9,98.8)$ 32.7$(19.4,58.3)$ $ $ $ 42.1$(25.6,77.9)$ 44.0$(39.1,57.1)$ 28.6$(14.3,42.3)$ 39.1$(24.5,57.8)$b$ 31.7$(18.6,41.3)$a$ 38.5$(31.4,54.3)$
IL=7& 2.47$(1.65,3.26)$ 2.52$(1.59,4.65)$ 2.62$(1.51,3.34)$ $ $ $ 3.89$(3.05,5.21)$a$ 4.30$(2.67,4.89)$ 3.04$(2.04,5.39)$ 1.42$(1.42,1.42)$ 1.42$(1.42,1.42)$ 1.42$(1.42,1.42)$
IL=8& 16.7$(9.07,26.9)$ 15.2$(11.4,25.6)$ 12.5$(8.64,15.7)$ $ $ $ 9.91$(6.60,14.1)$ 7.18$(6.44,11.5)$ 6.44$(9.10,15.2)$ 6.44$(6.44,6.74)$b$ 6.44$(6.44,6.77)$ 6.44$(6.44,11.5)$
IL=10& 4.31$(2.43,8.18)$ 4.65$(2.64,5.85)$ 3.09$(2.14,7.27)$ $ $ $ 2.48$(2.14,6.91)$ 2.83$(2.14,5.44)$ 3.22$(2.14,5.66)$ 2.14$(2.14,3.54)$b$ 2.23$(2.14,4.19)$a$ 2.14$(2.14,2.20)$a$
Eotaxin& 10.2$(6.93,14.2)$ 9.67$(8.51,11.8)$ 10.6$(8.19,15.5)$ $ $ $ 9.38$(6.01,12.2)$ 8.45$(6.34,10.0)$ 7.90$(6.35,10.9)$ 10.8$(7.47,13.5)$ 8.38$(7.49,12.9)$ 10.2$(8.56,12.4)$
IL=17a& 5.12$(5.12,5.12)$ 5.12$(5.12,5.12)$ 5.12$(5.12,5.12)$ $ $ $ 5.12$(5.12,6.14)$ 5.12$(5.12,5.12)$ 5.12$(5.12,7.06)$ 5.12$(5.12,5.12)$ 5.12$(5.12,5.12)$ 5.12$(5.12,5.12)$
IL=31& 34.1$(34.1,34.1)$ 34.1$(34.1,34.1)$ 34.1$(34.1,34.1)$ $ $ $ 34.1$(34.1,34.1)$ 34.1$(34.1,34.1)$ 34.1$(34.1,34.1)$ 34.1$(34.1,34.1)$ 34.1$(34.1,34.1)$ 34.1$(34.1,34.1)$
IL=1RA& 1054$(2549,6182)$ 2322$(972,4289)$ 1228$(674,1882)$ $ $ $ 1708$(864,4446)$*$ 1307$(997,1989)$*$ 1036$(511,1665)$*$ 1600$(743,2584)$ 1246$(622,2150)$ 1086$(572,1946)$
MIP=1b& 195$(94.3,287)$ 169$(93.6,300)$ 116$(94.9,209)$ $ $ $ 119$(78.8,215)$ 112$(81.5,166)$ 120$(94.5,205)$ 140$(111,181)$ 101$(60.1,168)$ 120$(96.9,147)$
IFN=a& 1.42$(1.42,1.42)$ 1.42$(1.42,1.42)$ 1.42$(1.42,1.42)$ $ $ $ 1.42$(1.42,1.42)$ 1.42$(1.42,1.42)$ 1.42$(1.42,1.42)$ 1.42$(1.42,1.42)$ 1.42$(1.42,1.42)$ 1.42$(1.42,1.42)$
MIP=1a& 76.2$(55.0,127)$ 64.5$(56.4,92.7)$ 77.1$(175,59.7)$ $ $ $ 88.7$(53.6,116)$ 111$(62.1,215)$ 64.0$(56.0,118)$ 80.6$(43.3,99.7)$ 63.5$(47.7,99.0)$ 57.4$(48.3,84.5)$
TNF=b& 10.0$(10.0,10.0)$ 10.0$(10.0,10.0)$ 10.0$(10.0,10.0)$ $ $ $ 10.0$(10.0,10.0)$ 10.0$(10.0,10.0)$ 10.0$(10.0,10.0)$ 10.0$(10.0,10.0)$ 10.0$(10.0,10.0)$ 10.0$(10.0,10.0)$
GROa& 3.46$(2.45,4.56)$ 3.16$(2.07,4.25)$ 2.50$(2.24,3.94)$ $ $ $ 2.48$(1.43,3.70)$ 2.35$(2.10,3.32)$ 2.53$(1.43,3.51)$ 2.13$(1.43,3.54)$a$ 1.90$(1.09,3.44)$ 1.66$(0.92,4.72)$
IL=1a& 3.79$(1.52,12.7)$ 1.63$(1.52,4.42)$ 3.94$(1.52,5.92)$ $ $ $ 1.52$(1.52,3.04)$ 1.52$(1.52,1.85)$ 1.80$(1.52,5.84)$ 5.35$(1.52,7.87)$ 1.94$1.52,3.41)$ 3.02$(1.52,4.16)$
IL=15& 2.67$(2.50,5.90)$ 3.67$(2.50,7.54)$ 2.50$(2.50,7.01)$ $ $ $ 2.50$(2.50,9.62)$ 2.92$(2.50,7.24)$ 2.93$(2.50,8.73)$ 3.07$(2.50,6.76)$ 2.75$(2.50,5.79)$ 2.50$(2.50,3.47)$
IL=22& 216$(86.7,339)$ 238$(151,285)$ 319$(241,379)$ $ $ $ 205$(76.6,442)$ 293$(252,350)$ 323$(180,451)$ 76.6$(76.6,124)$ 76.6$(76.6,190)$ 93.7$(76.6,155)$

$

Table&6.9:$Median$(IQR).$For$between,arm$comparisons$(ANOVA)$at$each$time$point:$*$P≤0.05;$**$P≤0.01;$***$P≤0.001.$For$within,arm$comparison$(sign$test)$to$

baseline$values:$a$P≤0.05;$b$P≤0.01;$c$P≤0.001.$$
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6.2.7% Haematologic%indices:%
$

Haemoglobin$ increased$over$ the$course$of$ the$ trial$ in$all$ arms,$and$ there$were$no$

differences$ between$ the$ arms$ in$ any$ of$ the$ haematologic$ indices$ measured$

(including$ red$ cell$ deformability)$ (Figure$ 6.10).$Marked$ thrombocytosis$ developed$

over$the$early$part$of$the$study$in$some$participants.$There$was$no$clinical$evidence$

of$coagulopathy$in$any$participant$at$any$point$in$the$trial.$$

$

!
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Figure%6.10:%Haematologic%indices%

$
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Figure%6.10:$A:%Red$cell$deformability$measured$by$LORCA$for$the$three$arms$at$day$84,$compared$

to$the$mean$baseline$values$for$all$participants.$†$indicates$P≤0.05$for$the$SQRUTF$arm$compared$

to$baseline$(sign$ test)$ and$‡$ indicates$P≤0.05$ for$ the$FFOQRUTF$arm$compared$ to$baseline$ (sign$

test).$All$other$tests$(including$between$group$by$ANOVA)$P>0.05.$B:%Haemoglobin$and$platelets$

by$arm:$For$withinQarm$comparison$(sign$test)$to$baseline$values:$†$P≤0.05.$$
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6.2.8% Inflammatory%indices:%
%

There$ were$ no$ major$ differences$ in$ soluble$ inflammatory$ markers$ in$ plasma$

between$ the$arms$at$ any$ time$point$ (Table$6.9).$ There$was$a$ general$ reduction$ in$

levels$ of$ both$ proQ$ (e.g.$ ILQ8,$ CXCL10)$ and$ antiQinflammatory$ (e.g.$ ILQ10)$ cytokines$

during$ the$ course$ of$ the$ study.$ There$ were$ no$ differences$ in$ the$ proportion$ of$

activated$(CD38,$HLAQDR$coQexpressing$with/without$PDQ1$expression)$CD4$or$CD8$T$

cells$between$groups$at$day$84,$though$the$proportion$of$PDQ1$coQexpressing$CD8$T$

cells$had$fallen$in$the$SQRUTF$and$FQRUTF$arms$(Table$6.10).$There$was$no$significant$

difference$ between$ the$ arms$ in$ IFNQγ$ release$ upon$ stimulation$ with$ PHA$ with$ or$

without$ ILQ12,$or$TT$with$ ILQ12,$ at$enrolment$or$day$84.$Modest$ increases$ in$ IFNQγ$

release$ in$both$of$ the$PHA$stimulation$conditions$were$most$pronounced$ in$ the$FQ

RUTF$ and$ FFOQRUTF$ arms.$ IFNQγ$ release$ induced$ by$ TT$ without$ ILQ12$ was$

undetectable$ in$ most$ participants$ (Table$ 6.10).$ There$ were$ no$ significant$

associations$between$any$of$ the$ T$ cell$ functional$ parameters$ and$ corresponding$ T$

cell$LCQPUFA$compositional$indices$(Figure$6.11).$



! 220#

Table&6.10& T&cell&functional&indices.&

&
Enrolment& Day&84&

S<RUTF& F<RUTF& FFO<RUTF& S<RUTF& F<RUTF& FFO<RUTF&
CD4:&CD38+&HLA<DR+&& 11.9#(9.44)17.6)# 9.25#(7.00)16.0)# 11.4#(8.49)14.2)# 12.3#(11.2)14.2)# 14.5#(10.3)18.6)# 17.3#(8.07)20.5)#
CD4:&CD38+&HLA<DR+&PD<1+& 5.49#(3.77)7.82)# 4.64#(3.22)6.93)# 5.67#(3.33)6.90)# 6.02#(4.33)7.49)# 6.36#(4.60)8.26)# 6.70#(3.36)10.8)#
CD8:&CD38+&HLA<DR+&& 46.6#(38.6)54.9)# 48.9#(34.5)60.0)# 49.2#(24.6)65.0)# 47.4#(29.9)70.0)# 51.6#(40.7)62.0)# 51.6#(37.1)62.3)#
CD8:&CD38+&HLA<DR+&PD<1+& 23.5#(15.6)28.9)# 24.6#(11.3)36.1)# 18.6#(9.35)32.3)# 17.5#(11.1)28.7)# 18.2#(14.5)22.8)# 20.1#(16.6)22.7)#
& # # # # # #
IFNg&release:&PHA& 1017#(434)2086)# 722#(135)3090)# 273#(8)600)# 827#(325)3927)# 1127#(224)1526)# 970#(572)1504)#
IFNg&release:&PHA+IL<12& 4510#(2802)7579)# 3338#(1724)11681)# 3569#(2132)5766)# 4525#(2050)12519)# 5207#(3156)9138)# 5109#(3520)8841)#
IFNg&release:&TT+IL<12& 303#(69)765)# 233#(86)1225)# 203#(35)328)# 184#(48)489)# 83#(56)204)# 214#(69)965)#
#

#

#

!

Table& 6.10:# Percentage# co)expression# of# CD38# and# HLA)DR;# and# CD38,# HLA)DR# and# PD)1# on# CD4+# or# CD8+# T# lymphocytes.# Interferon)gamma# release# (with#

background# subtraction)# upon# stimulation# with# phytohemagglutinin# (PHA)# +/)# IL)12# or# tetanus# toxoid# (TT)# +# IL)12# in# pg/ml.# Median# (IQR).# For# between)arm#

comparisons#(ANOVA)#at#each#time#point:#*#P≤0.05;#**#P≤0.01;#***#P≤0.001.#For#within)arm#comparison#(sign#test)#to#baseline#values:#a#P≤0.05;#b#P≤0.01;#c#P≤0.001#
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Figure'6.11' T'cell'compositional/functional'correlations'

!

!

!

! !

Figure' 6.11:# Selected# key# T# cell# phenotypic# and# functional# characteristics# alongside# CD3+# PC#

content# for#DHA,# EPA#and#AA.#Values# are#Day# 84# readouts,#or#differences#between#day#84#and#

baseline# (Δ).#Cells# show#direction#of# relationship#by#Spearman’s# rank# correlation#with# statistical#

significance# level# indicated# by# colour:# Red# (P<0.001),# Orange# (P<0.01),# Yellow# (P<0.05),# White#

(P<0.10).#

!
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6.3!! DISCUSSION!
!
This# study#has#shown#that# treatment#of#SAM#with#conventional#RUTF# is#associated#

with# a# decline# in# DHA# status.# The# production# and# administration# of# RUTF# with#

elevated#nX3#PUFA#(as#ALA),#with#or#without#additional# fish#oil#as#a#supplement,# to#

children# with# complicated# SAM# is# technically# feasible,# acceptable# to# patients# and#

their# carers,# and# safe:# the# 10%# mortality# rate# was# in# line# with# our# and# others’#

experience#treating#this#extremely#vulnerable#population.107,#110X112#Provision#of#RUTF#

with#elevated#ALA#had#minimal# impact#on#nX6#and#nX3#PUFA#status,#but#addition#of#

fish# oil# was# associated# with# marked# increases# in# nX3# LCXPUFA# across# multiple#

compartments.# Importantly,# in#both#arms#without# fish#oil,# percentage# composition#

of#DHA#in#erythrocytes#declined#suggesting#an#absolute#requirement#for#preXformed#

DHA#in#the#nutritional#management#of#SAM.#

#

An# essential# aim# in# the# design# of# RUTF# is# to# provide# optimal# nutrient# intake# for#

growth# and# development# of# somatic# and# neural# tissues.# RUTF# compositional#

specifications#were#based#on#infant#formula#guidelines,#but#in#the#period#since#they#

were#first#developed#a#new#consensus#has#emerged#that#preXformed#LCXPUFA#should#

be#added#to#infant#formula#in#view#of#the#fact#that#formulaXfed#infants’#erythrocyte#

DHA# declines# without# such# exogenous# provision.282# Dietary# supply# of# DHA# is#

considered#conditionally#essential# for# infants#and#young#children.277#Our#data#have#

shown#that#similar#declines#occur#during#nutritional#rehabilitation#of#SAM#using#RUTF#

according#to#current#compositional#guidelines.#The#impact#of#small#relative#decreases#

in#erythrocyte#DHA#content#in#this#context#remains#unclear.#However,#DHA#is#a#major#

component#of#neural#lipid,#and#deficiency#during#early#childhood#has#been#linked#to#
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a# range# of# neurodevelopmental# abnormalities.283# Children#with# SAM# are# at# risk# of#

longXterm# cognitive# and# behavioural# deficits,284# and# it# is# plausible# that# inadequate#

DHA# provision# during# nutritional# rehabilitation# could# be# an# exacerbating# factor.#

Because#routinely#providing#preXformed#nX3#LCXPUFA#to#children#with#SAM#may#have#

substantial# resource# and# practical# implications,# policy# on# formulation# should# be#

based#on#a#clear#assessment#of#clinical# (especially#neurodevelopmental)#utility,#and#

trials#evaluating#these#outcomes#should#be#prioritised.#In#2011#RUTF#was#provided#to#

1.96# million# children,# fewer# than# 10%# of# the# many# millions# who# needed# it.101#

Concerns# around# its# composition# should# not# detract# from# the# clear# current#

imperative#to#support#and#expand#coverage.##

#

ALA#can#theoretically#act#as#a#substrate# for#biosynthesis#of#all# the# longer#chain#nX3#

PUFA# family#members# but# participants# in# the# FXRUTF# arm,#who# received# far#more#

ALA# than# those# in# the# SXRUTF# arm,# saw# relatively#modest# changes# in# nX3# LCXPUFA#

after# three#months’# treatment.#Point#estimates# for#percentage#content#of#EPA#and#

docosopentaenoic# acid# (DPA,# 22:5(nX3))# were# increased,# but# the# failure# to# impact#

positively# on# DHA# was# notable.# The# results# bear# comparison# to# previous# clinical#

studies,# which# have# suggested# that#while# provision# of# ALA# can# be# shown# to# drive#

increases#in#EPA#and#DPA#content,#metabolic#conversion#to#DHA#is#inefficient,#and#a#

dietary# supply# of# preformed# DHA# is# conditionally# essential# for# its# tissue#

enrichment.285X287# Recent# experimental# work# suggests# that# provision# of# large#

quantities# of# dietary# ALA# might# inadvertently# further# limit# its# already# slow#

metabolism#to#DHA.#By#systematically#varying#LA#and#ALA#intake#in#rats,#Gibson#et#al.#

found# that# increasing# ALA# above# an# optimal# concentration# was# independently#
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associated#with#a#decrease#in#tissue#DHA#accumulation#due#to#competitive#inhibition#

of# a# part# of# the# conversion# step# from#DPA# to# DHA# catalysed# by# ∆6# desaturase.288#

Similar# inhibition# may# occur# by# competition# for# elongase# enzyme# activity.289# It# is#

therefore#possible#that#although#by#providing#elevated#ALA#content#we#increased#the#

available# substrate# for# DHA# biosynthesis,# ALA# may# have# inhibited# those# same#

metabolic#pathways# to#which# it# is# subject,# rendering# the# supplementation# futile#as#

regards#DHA#accretion.#Although# it# is# reassuring# that# children# in# the#arm# receiving#

elevated#ALA#without#fish#oil#did#not#see#a#decrease#in#DHA#levels#beyond#that#seen#

with#the#standard#RUTF#formulation,#this#theoretical#concern#means#that#we#do#not#

believe# that#RUTF# formulations#with#high#ALA# content# should#be# taken# forward# to#

further# clinical# trials.# Furthermore,# although# desaturase# and# elongase# activity# was#

similar#between#the#arms,#the#fact#that#AA#differed#after#three#months’#followXup#is#

difficult# to# explain# by# any# means# other# than# an# ALAXdependent# decrease# in# LA#

conversion# to# AA.# This# alone# might# have# had# important# consequences,# since# AA#

status#has#been#related#to#growth.290##

#

An# alternative# strategy# to# improve# DHA# accretion# during# nutritional# rehabilitation#

may#be#to#reduce#the#nX6#PUFA#content#of#RUTF,#because#it#is#well#recognised#that#nX

6# PUFA# can# interfere# with# desaturation# and# elongation# of# ALA.291# An# attractive#

feature#of#such#an#approach# is# the#possible#avoidance#of#problems#associated#with#

stability#during#storage#for#products#with#increased#PUFA#content.#The#fact#that#the#

flax# seed#oilXcontaining#RUTF#became#unusable# after# just# a# year#despite#packaging#

under#nitrogen#and#storage#below#25°C#presents#a#major#practical#impediment#to#its#

use# in# countries#or#areas#with# limited# resources.#There#are#precedents# for# such#an#
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approach,# although# the# effectiveness# in# terms# of# DHA# accumulation# in# clinical#

studies#has#been#modest#to#date.292X294#An#important#consideration#will#be#to#ensure#

that# nX6# LCXPUFA# status# itself# is# not# compromised,# since# this# may# have# adverse#

consequences#for#growth,#as#noted#previously.290#Notwithstanding#these#concerns,#a#

major#part#of#the#reason#that#RUTF#has#been#successful#is#that#it#is#straightforward#to#

administer,#and#the#development#of#a#formulation#that#could#address#DHA#accretion#

without#resorting#to#provision#of#encapsulated#fish#oil#should#be#the#eventual#aim.#In#

pilot#work#(unpublished)#I#attempted#to#synthesise#an#RUTF#containing#fish#oil#as#part#

of#the#RUTF#mix,#but# it#quickly#became#rancid.#There#is#considerable#interest# in#the#

production# of# nX3# LCXPUFAXbased# products# that# are# resistant# to# environmental#

oxidation,# but# achieving# durable# stability# as# part# of# a# mix# with# highly# oxidising#

micronutrients#such#as#iron#will#be#a#major#challenge.#On#the#other#hand,#a#recently#

published#paper#describing#the#results#of#a#clinical#trial#of#using#RUTF#with#reduced#

LA#and#elevated#ALA# in# the# treatment#of# SAM# in#Malawi,#has# suggested# that#even#

higher#doses#of#ALA#than#employed#in#Njugu#Plus#might#have#benefit.295#In#this#study,#

treatment#with# standard# RUTF#was# associated#with# a# decrease# in# DHA# content# of#

plasma#phospholipids#after#four#weeks,#but#the#modified#RUTF#protected#against#this#

decline.#There#was#no#evidence#of#a#detrimental#impact#on#growth#or#recovery#from#

SAM,#in#fact#children#in#the#modified#RUTF#arm#experienced#a#greater#improvement#

in# WHZ/WLZ# than# those# in# the# standard# arm,# although# the# high# prevalence# of#

kwashiorkor# at# baseline# means# that# this# result# is# difficult# to# interpret.# However#

although# the#modified# formulation#contained# less#LA# than# their# standard# (in#which#

LA#comprised#21.3%#of# total# fatty#acids),# its# LA#content#was# similar# to#Plumpy’nut,#

the#most#widely# used# RUTF# product,# and# the#major# difference#was# the# extremely#
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elevated#ALA# level#–#at#13.1%#of# total# fatty#acids,#more# than# twice# that# in#our# flax#

seed# oilXenriched# formulation.# Our# experience# suggests# that# achieving# longXterm#

stability#of#a#preparation#with#such#high#ALA#content#may#be#difficult,#but#if#stability#

could# be# achieved# then# this# formulation# might# minimise# DHA# depletion# whilst#

maintaining#the#practicality#of#an#exclusively#RUTFXbased#regime.##

#

Although# there# is# no# precise# cutXoff# for# defining# DHA# deficiency,# Luxwolda# et# al.#

demonstrated#that#transplacental#maternoXfetal#transfer#of#DHA#is#actively#regulated#

towards#providing#infants#with#5.9%#DHA#composition#in#erythrocytes#at#birth,#and#it#

is# hypothesised# that# DHA# composition# of# around# 7%# is# optimal# for# prevention# of#

some# nonXcommunicable# diseases# in# adulthood.296X298# By# comparison,# children#

enrolled# in# this# study# had#marginally# low# baseline# DHA# (median# (IQR):# 5.2%# (3.7X

6.7)),#but#regulated#their#erythrocyte#composition#at#around#7%#in#the#presence#of#

preformed#DHA# in# the#diet.# Breastfeeding#was#partially# protective,# since#breastfed#

children#had#a#median#baseline#DHA#of#6.3%#(IQR#4.5X7.4).##

#

While#DHA#content#appeared#to#be#regulated,#EPA#did#not#–#the#greatest#increases#in#

erythrocyte# EPA# with# fish# oil# provision# being# among# those# participants# with# the#

highest# baseline# values.# Percentage# EPA# composition# reached# levels# equivalent# to#

those# seen# in#populations# that# consume#very# large#amounts#of#marine# fish.299# It# is#

plausible# that# providing# preformed# EPA# (but# not,# apparently,# DHA)# bypasses# a#

physiologically# beneficial# regulatory# checkpoint,# and# detailed# assessment# of# safety#

outcomes#should# form#an# important#component#of# future#studies# if#oils#containing#

high#levels#of#EPA,#as#used#here,#are#employed.#I#deliberately#elected#to#use#fish#oil#
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with#high#EPA#content#because#I#hypothesised#that#its#antiXinflammatory#properties#

might# be# beneficial# in# the# context# of# SAM.# The# lack# of# any#measurable# impact# on#

inflammation# in# this# study# further#discourages# the#use#of# such#oils# in# future#work.#

Understanding# the# kinetics# of# EPA# accumulation# would# be# helped# by# fatty# acid#

desaturase#gene#cluster#profiling,#given# that#common#polymorphisms#could#have#a#

substantial#impact#on#PUFA#metabolic#responses#to#supplementation.300#This#should#

be#considered#as#a#component#of#further#research.##

#

This# study# builds# on# previous# work,# which# has# been# described# in# Chapter# 5.# Of#

particular# relevance,#Smit#et#al.# randomised#17#Pakistani# children#with# low#weightX

forXage# zXscore# to# 500# mg/day# of# fish# oil# alongside# standard# care# (n=10),# which#

consisted#of#multivitamin#provision#and#parental#nutritional#education,#or#standard#

care# alone# for# up# to# 12# weeks.190# They# demonstrated# a# marked# increase# in#

erythrocyte# composition#of#all# nX3# LCXPUFA# in# the# intervention#arm#but#no# change#

from#baseline# in# the# controls.# Koletzko#et# al.#demonstrated# an# increase# in# nX3# LCX

PUFA#in#plasma#phospholipids#from#baseline#in#a#cohort#of#8#Nigerian#children#with#

SAM# after# two# weeks# of# followXup,# when# provided# a# rehabilitation# diet# that#

contained# fish.179# In# a# recent# controlled# trial# of# fish#oil# supplementation# for# young#

infants# without# SAM# in# the# Gambia,# van# der# Merwe# et# al.# effected# increases# in#

plasma# nX3# LCXPUFA# and# in# MUAC# in# the# intervention# group.116# There# was# no#

recorded# differences# in# intestinal# health,# frequency# of# illness# or# neurocognitive#

development,#but#breastfeeding#rates#were#high#in#the#trial#and#the#mothers’#breast#

milk#was#rich#in#DHA,#meaning#that#the#participants#were#much#more#likely#to#be#nX3#

LCXPUFA#replete#than#those#in#Njugu#Plus.##
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#

NX6#and#nX3#LCXPUFA#and# their#metabolites#are#potent# immunomodulatory#agents,#

with# nX6# PUFA# family# members# being# broadly# proXinflammatory# and# nX3,# antiX

inflammatory.175# Children#with# SAM#have# a# chronic# inflammatory# TXcell# associated#

enteropathy# (environmental# enteric# dysfunction,# EED),# which# may# be# partly#

maladaptive# and#disrupt#beneficial# effects# of# nutritional# rehabilitation.301# Provision#

of#RUTF#with#a#high#nX6#PUFA#content#could#exacerbate#this#inflammatory#activation,#

thereby# further# disturbing#mucosal# homeostasis# and# contributing# to# worsening# of#

gastrointestinal# symptoms,# increase# in# microbial# translocation,# and# persistent#

growth#failure.#However,#although#Njugu#Plus#demonstrated#major#differences#in#nX3#

PUFA# composition# between# the# three# arms# across# multiple# compartments,# there#

was#no#evidence#of#consistent#or#major#impact#on#any#of#the#numerous#immunologic#

and# inflammatory# indices# measured# in# exploratory# analyses.# Hospitalised# children#

with#SAM#are#an#extremely#heterogeneous#group.#Some#have#or#are#recovering#from#

a# major# infection,# others# have# chronic# illnesses# and# some# present# early# without#

major#medical#or#metabolic#complications,#but#require#a#short#period#of#hospital#care#

because#of#inadequate#facilities#for#care#at#home.#A#wide#range#of#inflammatory#and#

immunologic#status#would#therefore#be#expected#at#baseline#and#the#impossibility#of#

controlling# or# correcting# for# this# in# a# small# trial# render# the# likelihood# of# a# Type# 2#

error,#high.#Additionally,#while#understanding#of#the#importance#of#PUFA#in#immune#

function# is# informed# by# a# wealth# of# data# from# model# and# experimental# settings#

encompassing# a# wide# range# of# methodological# approaches,# our# cellular# and#

molecular#understanding#of# the# functionally# immunocompromised#state#associated#

with# SAM# is# extremely# limited.35,# 175# Choice# of# immune/inflammatory# assays# was#
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hypothesisXbased#but#evidence#underlying#these#hypotheses#is#weak.#Further#careful#

observational# work# to# determine# the# relationship# between# enteric# inflammation,#

mucosal#and#systemic#immune#function,#and#nutritional#status#is#a#research#priority,#

and#the#utilisation#of#exploratory#and#systems#biological#approaches#are#likely#to#be#

useful#in#challenging#established#doctrine.##

#

Although# this# trial#was#well#powered# to#assess# for# its#primary#outcome,# it#was#not#

designed#or#powered#to#assess#for#clinically#important#secondary#outcomes#such#as#

growth# and# frequency# of# infectious# episodes.# The# safety# and# acceptability# of# the#

approach# employed# provides# a# sound# foundation# for# future# trials# targeting# such#

outcomes#on#a#much#larger#scale.#Although#I#believe#that#the#high#dropXout#rate# in#

the#FXRUTF#arm#is#likely#to#be#stochastic##(it#did#not#occur#in#FFOXRUTF#arm,#who#also#

received#the#flax#seed#oilXcontaining#product),# the#fact#that#this#arm#did#not#enrich#

for#DHA#and#quickly#became#unusable,#suggests#that#simply#increasing#the#stipulated#

ALA#content#of#RUTF#is#not#a#sufficient#adaptation#to#current#standards,#and#such#a#

formulation#is#not#a#rational#one#to#take#forward#for#largerXscale#trials.#Low#nX6#PUFA#

content#formulations#are#potential#candidates,#but#for#trials#designed#to#show#proof#

of#concept# that# raising#nX3#LCXPUFA#has#clinical#and#growth#benefits,#providing# the#

preXformed# molecules# themselves# may# provide# the# clearest,# quickest# and# most#

unambiguous#answer.##

! '
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CHAPTER(7'

Future'research'directions'

#

The#work#presented#in#this#thesis#has#provided#evidence#that:#

1. SAM#is#not#associated#with#abnormalities#in#systemic#cytokine#response#to#innate#

immune#challenge#in#an#ex#vivo#model#compared#to#control#children#(Chapter#3).#

2. Both#more#severe# intestinal# inflammation,#and#kwashiorkor,#may#be#associated#

with# reduced# systemic# cytokine# response# to# innate# immune# challenge# in# an#ex#

vivo#model#(Chapter#3).#

3. Children# with# SAM# and# stunting# have# clear# evidence# of# enteric# inflammation#

(Chapter#4).#

4. Children#with#SAM#and#stunting#have#evidence#of#cytokineXmediated#inhibition#of#

the#GHXIGFX1#axis,#which#may#play#a#role#in#linear#growth#failure#(Chapter#4).#

5. Treatment# of# children#with# SAM#and# stunting#with#mesalazine# appeared# to# be#

safe,# and# there# was# limited# evidence# of# an# impact# on# enteric# inflammation#

(Chapter#4).#

6. Stunting# is# associated# with# LCXPUFA# deficiency,# but# acute# malnutrition# is# not#

(Chapter#5).#

7. Production# and# administration# of# an# RUTF# with# elevated# nX3# PUFA# was#

technically# feasible,# but#was# not# associated#with# positive# outcomes# in# growth,#

recovery#or#immune#function#compared#to#standard#treatment#(Chapter#6).#

8. Provision#of#preXformed#DHA#in#RUTF#may#be#essential#to#preserve#optimal#tissue#

levels#(Chapter#6).#
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These# findings# have# revealed# or# highlighted# a# number# of# areas# that# could# be# the#

focus#of#further#research.#

#

7.1!! Understanding!gut!function/inflammation!in!SAM!
!
Our# understanding# of# the# pathogenesis# of# EED# owes# much# to# pioneering# studies#

conducted#using#small#intestinal#biopsy#techniques.76,#156#In#those#with#children,#SAM#

is# disproportionately# prevalent,# meaning# that# separating# out# the# independent# (or#

cumulative)# effects# of# nutritional# and# environmental# exposures# on# gut# health# has#

proven#difficult.76,#77#At#least#one#study#is#currently#recruiting#children#across#a#range#

of#nutritional#status#for#small#intestinal#biopsy#(led#by#Asad#Ali,#Aga#Khan#University,#

Pakistan).# Such# studies# are# essential,# for# understanding# the# immune# and#

inflammatory# pathways# important# in# generation# of# the# observed# impairments# in#

epithelial# function# should#be#used# to# guide# trials# of# therapeutic# interventions.# The#

compartmentalisation#of# the#enteric# immune# system#means# that# tissue# is# required#

for#robust#analysis.#It# is#possible#that#the#intestinal#lesion#is#different#between#SAM#

and# (nonXSAM)# EED,# particularly# in# the# case# of# kwashiorkor,# and# may# respond#

differently#to#different#interventions.#The#fact#that#mesalazine#appears#to#be#safe#to#

take#forward#to# largerXscale#studies#and#that#other#gutXspecific# immunomodulatory#

agents# are# becoming# available# provides# a# clear# incentive# for# improving# our#

understanding# of# the# enteric# immunopathogenesis# both# of# EED# and# SAMX

enteropathy.302,#303#Such#studies#also#provide#an#opportunity#to#test#and#refine#better#

biomarkers# of# enteric# inflammation# and# microbial# translocation,# since# the#

performance# of# some# widely# utilised# tests# (e.g.# EndoCAb)# has# been# called# into#

question.66#
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Work# with# animal# models# has# the# potential# to# provide# important# insights# into#

nutritional# and#environmental#modulators#of#enteric# inflammation.#Murine#models#

of# weanling# undernutrition# have# revealed# potentiation# of# infection# and# tissue#

damage# by# common# intestinal# pathogens.92,# 304# A#model# of# EED# that# incorporates#

modulation#of#nutritional#intake#and#intestinal#microbiome#has#been#shown#to#drive#

accumulation# of# intraepithelial# lymphocytes# in# the# duodenum# with# enhanced#

cytokine# release.305# Combining# clinical# observation# with# experimental# preXclinical#

work# has# led# to# the# development# of# highly# efficacious# therapies# for# IBD.306# The#

SAM/EED#field#can#learn#from#this#success.#

#

7.2!! Further!trials!of!immunomodulation!in!EED!!!
!!

Provision# of# mesalazine# to# children# with# SAM,# stunting,# and# evidence# of# EED#

appeared#to#be#safe#and#acceptable.#The#mesalazine#trial#reported#herein#was#very#

small,#and#while#this#was#an#integral#part#of#its#design,#the#low#absolute#number#of#

severe#adverse#events#means#that#assessing#the#extent# to#which# it#was#adequately#

powered#for#safety#is#not#possible.#However,#and#notwithstanding#the#need#to#direct#

immunomodulation# against# targets# defined# by# understanding# of# these# conditions’#

immunopathology,# largerXscale# safety# and# efficacy# trials# can# be# countenanced.# I#

believe#the#most#logical#way#forward#is#to#proceed#to#a#Phase#2Xstyle#study#powered#

to# demonstrate# reduction# in# faecal# calprotectin# as# a# biomarker# for# intestinal#

inflammation.#An#effect#size#equivalent#to#that#seen#in#the#pilot#trial#reported#herein#

but#extrapolated#to#three#months#(provided#by#longer#duration#of#treatment),#would#

equate#to#an#approximate#40%#reduction# in#calprotectin# in#the# intervention#arm.#A#
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study#with#90%#power#to#detect#such#a#reduction#at#a#significance#level#of#0.05#would#

require#85#children#in#each#arm#(not#allowing#for#withdrawal#or#loss#to#followXup)*.##

#

Although# the# pilot# study# enrolled# children# with# SAM# and# stunting,# establishing#

efficacy# may# be# easier# in# less# acutely# malnourished# children,# based# on# the#

assumption#that#gut#structure#and#function#is#closer#to#normal.#This#might#mean#that#

the# requirement# for# an# induction# (of# remission)# agent# is# less# pronounced# and# an#

agent,#like#mesalazine,#that#is#more#effective#in#maintenance#of#remission#(in#IBD,#at#

least)#would#be#more#appropriate.#I#believe#that#recruitment#of#children#with#MAM#

(11.5#cm#≤#MUAC#<#12.5#cm)#and#stunting#(WHZ/WLZ#<#X2)#aged#between#6#and#18#

months#would#strike#the#right#balance#between#offering#the#intervention#to#a#group#

with#the#most#to#gain,#but#who#also#have#a#good#chance#of#achieving#normalisation.#

Treatment# for# three# months# would# provide# an# adequate# opportunity# to# assess#

efficacy.# Nutritional# and#WASH# support# would# need# to# be# provided# alongside# the#

interventional#product.#Different#dosing#strategies#could#be#employed# if#more#than#

active/placebo# arms#were# achievable,# potentially# including# a# short# quasiXinduction#

phase#of#highXdose#treatment.#Blood#tests#would#be#needed#for#monitoring#toxicity,#

and# could# be# used# to# assess# systemic# inflammatory# activation,# microbial#

translocation,#with# IGFX1# and# IGFXbinding# protein# 3# as# indices# of# growth#potential.#

Further# studies# would# be# required# to# assess# for# impact# on# clinically# important# or#

growth#outcomes,#for#which#I#suspect#sample#sizes#would#run#into#the#hundreds.#

#

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*#Sample#size#calculation#uses#logXtransformed#calprotectin#data.#Mean#log(calpro)#was#6.5#(S.D.#1.0).#

Sample#size#calculation#in#Stata:#“sampsi#6.5#6.0,#sd1(1.0)#sd2(1.0)#power(.90)”#
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Agents#with#therapeutic#potential#other#than#mesalazine#exist,#including:#

• Exclusive#enteral#nutrition#(EEN)#is#the#standard#of#care#for#induction#of#remission#

for#most#cases#of#paediatric#Crohn’s#disease.#The#mechanism#of#action#remains#

unclear,# but# may# involve# modulation# of# the# intestinal# microbiome.# A# trial# of#

shortXcourse#EEN#in#the#management#of#complicated#SAM#is#underway#in#Malawi#

(ClinicalTrials.gov# NCT02639416).# Whether# or# not# such# an# approach# would# be#

achievable#outside#a#clinical#trial#setting#is#unclear,#since#EEN#involves#milk#based#

feeds,# which# cannot# generally# be# safely# implemented# outside# a# hospital#

environment.# The# generation# of# an# EENXappropriate# RUTF# formulation#may# be#

possible,#and#should#be#a#focus#of#research.##

• Oral#budesonide# is#moderately#efficacious# in# induction#of# remission# for#Crohn’s#

disease# and# is# associated# with# few# systemic# side# effects# due# to# firstXpass#

metabolism.307#There#are#anecdotal# reports#of#efficacy# in#a# range#of# conditions#

associated#with#small#intestinal#villous#atrophy.308X310#

• Larazotide# acetate# is# a# firstXinXclass# intestinal# epithelial# tight# junction# stabiliser#

that# has# shown# some# promise# in# the# treatment# of# adults# with# coeliac# disease#

who#remain#symptomatic#despite#glutenXfree#diet.311####

##

7.3!! Further!trials!of!LCEPUFA!in!SAM!!!
#

The#Njugu#Plus#trial#provided#a#mechanism#by#which#significant#alterations#could#be#

made#to#erythrocyte#and#plasma#LCXPUFA#status.#In#particular,#the#use#of#preformed#

DHA# in# fish# oil# facilitated# far# greater# enrichment# than# the# only# similar# study.295#

However,# such# an# approach#would# be# expensive# to# provide# at# scale# given# current#
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overheads#and#likely#supply#chain.#Therefore,#in#my#opinion#the#logical#next#step#is#to#

conduct#a# largeXscale#efficacy#trial#of#conventionalXrecipe#RUTF#+/X# fish#oil#capsules#

with# clinically# relevant# endpoints.# # Such# a# study# would# recruit# most# efficiently# if#

targeting#uncomplicated#SAM#in#a#setting#with#high#throughput.##

#

A#suitable#primary#outcome#might#be#a#composite#of#death,#hospitalisation#or#failure#

to# recover# from#SAM#at# 12#weeks#postXenrolment.#A# sample# size#of# 1722# children#

would# give# 80%# power# to# detect# a# hazard# ratio# of# 0.7# (assuming# an# conservative#

overall# failure# rate# (including# defaulters)# of# 15%# X# note# that# Sphere# criteria# for#

acceptable# cure# rate# is# >75%).# # In# Njugu# Plus,# large# differences# in# LCXPUFA# were#

achieved#by#day#28,#so#the#fish#oil#capsules#could#be#given#for#a#set#period#(28#days)#

rather# than# needing# to# continue# throughout# nutritional# rehabilitation,# meaning# a#

single# administration# could# be# performed,# which# would# simplify# logistics.# Because#

the#study#would#rely#on#hard#clinical#endpoints,#I#believe#it#could#be#run#openXlabel.#

This# is# important,# because# in# Njugu# Plus# it# became# apparent# that# fish# oil# gave#

participants’# stools# a# distinctive# odour# that# would# be# difficult# to# control# for# or#

eliminate.#

#

Secondary# outcomes# would# be# growth# and# frequency# of# minor# infections# or#

illnesses.# Because# DHA# may# be# important# in# neurodevelopment,# it# would# be#

beneficial# to# assess# for# a# longerXterm# impact# on# this.# Several# tools# exist# that# have#

been#optimised#for#use#in#resourceXlimited#and#African#settings.312,#313##

#
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While#a#key#objective#of#RUTF#design# is# to#keep#the# formula#affordable# in#order# to#

expand# coverage,# this# should# not# stifle# innovation.# If# fish# oil#were# associated#with#

significant# improvements# in# clinically# relevant# outcomes,# then# the# job# of# trying# to#

make# such# a# strategy# costXminimal#would# be# critical.# For# now,# seeing# if# there# is# a#

worthwhile#effect#to#work#towards#is#key.####

! '
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