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categories werdoy observationdesignatingl8.5~24.9(21.5+ ~3)
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Abstract: BMI is distorted formost individuals giving the with hispremise and for studying only menwith g 2 Y S B\WEea
same result for anyndividualsof the same weight and height bone and muscle density, thetas beeny 2 Gy 2 NY I £ ¢ 7
despitewhoiis flabby and whis lean AmorecoArrectmeaAsure al KlFa 088 OPEE f I8 Rd FTOINEHmes & o &
of adipositycouldimproveclinician® FaaSaavyYSyid 2F KSItf 0K NAa % g
and giving guidance for weight controlvhile avoiding patient Fat is less dense than muscle, bone, and water, so in water a fat
anxiety Should BMI besupersede@ This paper introduces person floats; a lean person sinki$.a weight increase is due to

BDL ¢ & -sBbly ¢ bady density indexnormalized within
entrenched BMI categoriedut gptimized usinga biomedical
engineeringnodel forbodyvolume andan online calculabr.

fat, BMI riseswhichseemssenscal, as we associate danger with
rising numbers: highdvlood pressure, radioactivitypolen count
But if a weight increase is musciestead of fallingBMl still rises,
History of BMI and itawvell-knownissues findinglean athletesiobeset QueteleQ formula causes this

Two centuriessinceconceivedand decadesin clinical practice,  '€ciProcity,and randomlymagnifiesBMIQa A y RA OA Rdzl €

Body Mass Index (BM§ adistortion ofindividualbodyfat.! 2345 Is it time to replace BMIRecogniing its male exclusivityand

It oversimplifies body densityusingtwo measurenents, weightw  other shortcomingsan Oxfordmathematicia® @b S ¢ stila L £
andheighth. BMI=w/h? [1]. BMlignores girths and thuactual usesonlyw anhfAndii KS al &2 [/t AyA0Qa o :
density that variesvith body shapeand leannes$§ The National ~ BVI,usestoo costlya scannerfor routine clinical practice This
Institutes of Health (NIH)oncedeg{BMI] can only be a rough paperquantifies. a L Q&  Rskhat fo2mddt inddvidualswide-

guide to the degree of adiposikyPeople with normal BMI can ranging asn images belowganbe between-8.4 and+11.0points
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despite thatBMI gives the same result for any two persons the Thenfittedto. aL Q& Sy i NB y,th&&Rorifioduc@d 2 N
sameweight & height despitewho is flabby and wh is lean anaccurateBDho & -sBbiné 0 X 0 2 Re R&@nahizedi & A

Finefor apopulatiorQ & | @tfthdt @ahSndividual. A century
afterits invention® BMIQ & T awvhiddirpddas anindividual
metric within 11 fatness categoriest 8 S@SNBf & 1wy RS
dmorbidly obesé andtwo Asian categorie$.uspiciouslyround
numbers do not differentiate male. female,leannesg{muscle)
or body shape(a healthier pearv. amore dangerousapple)®
Physiciansvho useBMI mayincorrectlyasses$  LJ- (hgafihy
risks or givepoor dietary advice And r seniorsas well asyoung
adults, being told® y BMEcantrigger anxiety about selfimage.

Ancientsciertists knew thehealthimplications ofthe ratio of J g i : ¥
fat to muscle & bonemeasured by bodgensity defined asmass L: UnderweiglmBMIof18 2 buthealthynBDhof20.6- Google image.
(weight) divided by volumew/V (notw/h?). I NOK A Yvatét S & Q R Morbidly obese makBMI 2.9and waistips>1.0- Wikipedia
displacementleterminedvolume cumbersomein practicedue to
fastingto purgeair in the digestive tract and extiady fully under
water. In 1832 statistician Adolphe Quetetetckedthe average ~ BMIlis brilliantfor a population but not for an individual*?
of Belgan mal&@w/h2. In1972,Dr. Ancel Keys (developer of K Averagedits dashedorangetrendlinein Fig.lis relevant. But we
NI GA2y&a0 O2AySR vékz8dusriestsedrio L yR@dRot expgectap ingividuato conform to anaverage Foran
setprogressive insurance ratéd3° Soon BMI captured theworld individual,we needthat bodyQ density, whichBMI miscalculates

BMI use for individuas disprovenmathematically
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who averagenger legsCategoy boundwereallround numtsein 199%s
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BMIdescribes asnormak a healthycategorymean of 21.5e.g. |
anmy o Be@inof 57.73kg (127Ibjand 1.638m (64.5in) 50 N, BDI, v. BMI correlation

©2021 REMiller
BMI=w/h? =57.73/1.638 =21.52 ostensiblykg/m? [2]

Rog

5,

or in inchrpound units common in North America and elsewhere

BMI=w/h2 =703x127lb/ 64.5n2 =2146 ckgim?a [3]. 40y

BMI, BDI,

In either, BMI iskg/m?, not density Body#t equates tadensity;
mass per univolume, =m/V. h$+ NI K Q & =wA/N¥iefihgi i*?
Vasa cule Fhhh, then Fw/hhho . dzli . a Lisk&/hhOt NN

Shy arh in its denominator effecs anexira hin its numerator,as ~ *% & : o @{@“‘? o g
in substituting forwF K Kthen BMIFw/hh isF K FOK= h, A "
With no shape factorbut h?, BMIcamot presentbodyleanness, %0
miscalcuhting densityby not usingV and producinga rogueh. 913

Therefore BMhs aphysical densitys meaninglessandin e
clinical examinationg is typicaly expressedasdimensionless.
dinicians do not calculate BMI, but look it up iprnted table or
onlinewidget, and report only a scalar numbet y & & yhis S

00 Body density kg/e

I ST S PR N\ SN S Y
i R i Figl- Plottedr.bodydensity or Tfapd @ u BNy indivdyi
Figlplotsi KS avYl f f dTabielSpenningidi®igléal A Vraticoften far from its owemdline- -. (Other replacemefitsw B\
BMIor BDh ranging betweerl4 and53 v. body densities between  and arelinApp&.) Normalizew familiar BMategorie8Dh is
0.737~1.13@/cm?. Shadngdelineates conventionaBMIsub- linear (undistorted), Hreteforés theruestindividuahdexoffatness.
categoriesd & S@ S NB  dzy R S NambrhidlyKhieseé >40.m ¢
(Atightly groupedcenteredtrendline impliesa healthy population
with fewer peoplemorbidly obeseor dangerously underweight.) ~ Anaccurateindex ofbody fat derives frondensity, =m/V. In
space, masm just sits there, but on earth, gravity converts it to a
force of weightw. Thernw/V givesbody densityBDfor anymale,
female,lean athletic, or aged body shapkIts accuray depends
on aVhodythat gives aetter resultthan. a Lh&Har better. For
any shapeBDh provides darue, individualindex ofbodyhealth.

paper still uses the term indekut definesa meaningful density ® ®
based indicator of adipositiermed BDh to supersedeBML" @ o

Aftorted
Undistorted BDh from an accuratebody volume

BMI isimmutablecareening about its owdashed orange
trendline, because its calculation uses omhyand h?, ignoling
individual shapeand leanness. This works statisticalhly if
averaging a large number of people. However takgimdividual
body densityBD then BMI (solid orangeline) errsbetween¢8.4

and+11.0points (vettically) from to its own trendling swindng Body volumevboayis measured not by dunking or an expensive
betweenc29%and+39% 2 SNB A G | OOdzNI S FANEr Dyt By piantedigal engineering modeiFig.2 Lhis
datapointswould be linearfalling onits > This LI LISND A Y s frondd nbindrdzh humber ofive (5)
LI LIBNENMblueis normalizedto parallelBMIQtiendline, and ~ Sizemeasuresthe usualoverallheighth, plusanadditionalfour:

to containits normal 21.46 BD} datapoints directly below or sitting heighthsit, waist depthd, and perimetersvaist pw andhips

above corresponding BMI powdliffer by between¢6 and+13.4 pn that with practicetake only about a minute more to measure.
points, implying individuatorrectionsbetween+17%andc90%  Greater precision calls foneasuingto the nearest’in or /zm.
Derived froma truerbody densityBD proposedBDAh for the same  simply put, the model ian ellipticcylinderfor the trunkatop
individualsareinherentlylinear, without miscalculation distortion o truncatedcones for legs Vbody = Mrunk + Vegs(2) [4]. Fig2L

Do not expecBDh i 2 T I f faveeagedrenalibeQwhichis shows thecylindrical trunkjntegrating the head, neck, & arms by

alteredwith each addedlataset Whetherornot. a L Qa Ngfg\png,{'gn%]behind head a@cking elbows in r?md up even
categories ardo be retainedor updated on an objective basis ~ With the crown. Arm.vollum.e is assumed proportional to the o
individual BDMW lot accurately within them.The keyis a more trunk. As brain density is higher than average BD, the head is in

accurate body densitBD=w/Vsoay from a truer body volume effect a larger volumegealt with aftera 1% approximation

9 AJdournal of the American Heart Ass@@domidyfinds girtmeasurea i Table Hoes not represent the US piyiclperCDC is on average borderline
better indiaat ofheart attack risk ttigivil Tableluses 0.78#io ofvaisthis.  obese, buthowdhow BMI wrongly categolbinéis the unhealthy and healthy.

h BDhwhemormalized to BMI, otherwisdsB&tensible fany calibration. | Density of wateydefiiition equals.000y/cri (1.000 k¢, or~0.038b/iR.
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Fig2Li BDhis based on a sufficiently acan@debf bodyolume
an elliptal cylinder two conedrom five measuremems.Mean
unitratios of anthropomewicDrillisContinsegmented by joifits

NB:The mathaverse may wish to skip thiest of this section.

Anellipse(the special casbeinga circleof a rotund persoi
hassemiminor & semimajoraxesa & b and areaA =~ ab.! Then

Virunkist F Areaaséhsic £~ amkbinkhsit £~ (d/2) binkhsit m® [5]

where aink =d/2, the measured trunk depthhsi is sitting height,
andbyunk is calculatedhextfrom waist& hips perimetergw & pn.

NASApublisheddata for40yr-old Americarsin 2000™ The50™"
percentileratios of hip breadth2*bn in Fig.2, to generalizedust
depthdis0.6510 for meror 0.6083 for womert* eachwithin
~4%of their averageof 0.63Q Assuming thehipsin typicalcross
sectionis determined byhipbone geometrythen hips isanellipse
of thisratio, an: bn (an not shown),dimensiored by hipsperimeter
pn. We findbn from pn. Thenan is substituted by0.630bn.

Forany ellipsethe relationship betwer a & b and perimeterp
involves integral calculus. Happily an estimafte within 2% is
given bythe root mean square (RMSJI' H ~ 2kb8)/8)); then”

bh?=pr2/ 27 2-0.6Fbr?, 1.396Bn2=pr?/ 2 2, br=0.1904ph m [6].

Unlike the hips ellipse¢he waistof perimeterpw isan ellipse
where aw=awmk =d/2 from the measure ofrunk depth from aflat
stomach to an obese cirgler greater The waistsemimajor axis

bw FK I C ad) FRpw?/ 2 2¢(d2)) m [7).

Fig.2 shows a trunk volume dfsit times the area of an ellipse
that is imaginedaveraginghe waist and hipgeither onelarger)
Substitutingin [5] atrunk half-breadthaveragebimk = (bn + bw)/2

Virunkast F~ 0 R gnitng) & hsic” (d72)(bn+ow)/2
FYfhse ROA904n+K G L2 2¢(d/2)) md [8].0

This1st approximation of trunk volume will be aapletedin the
ErrorsKuncertaintiessectionto correctby a factorA for voids not
filled by other trunk feature@ NJ G KS KSI RQa Slj dzA

With better nutrition and less diseas#, S Qaddbved longer
legged tharR | + Nigfuidn®an Legheightis not defined by
the jointsin Fig2R butstanding height minushsit that extends
from below the hipjoints.P Afirst approximationof aleg volume
is QLieg timesthe conebase area of radiulsn/2, sorieg=0.0952n.

VIeglstFOA\* Lieg FO rz(hChsit) FO @095a)h)2(h C hsit) m? [9]
Then thelst approximation of thevolume oftwo legssimplifies to
Viegs(2ustF W™ 0.00906pn?(h ¢ hsit) F 0.018981pn?(h ¢ hsit) m? [10].

Refining the modelelatesto the feet In Fig.2lthe dancerisen
pointe, but un-squooshed asin zero gravity Foot lengthaverages
~0.151%,915 or ~0.303Queq for Lieg~h/2. By Fig2R the arkle joint
isabove the floor aD.03%, or ~0.078.eg. Lieg elongatestoesto
virtually belowthe floor by 0.3030;0.078 f 0.225.16 Sothe 13! of 3
adjusiment coefficiens applied toLegis 1.0000.225F1.229 teq.

By observation thalancer€ioesdo not come to a pointput
truncate the leg conevisualizd ina circleof diameter~b/5 after
extendng Leg further by ~1/5. Thetruncation area i squared
fraction ofthe base congor 1%52=1/25; the truncation volumea
cubedratio ~13/5% =1/1250r a factor 0of~0.9. Thethreeleg
conerefinementscombineto [1.225*120*0.992] =1458asin

Viegs(2F 0.01898n2* Lieg* 1.458F 0.0277pn?(h ¢ hst) m® [11].

As said, the most critical in determining body density is volume.
Perfection is not expected, only thaty” $ed§ density be weight
RAGARSR o0& | @2t dzvYS Y2 RIrom[4) O dzN
with inputs in bold the total Vbody = Mrunk + Megse), is combined in

Vboad&hsi d(0.190g+ 8@ (AI2))/4+0027 Tona(hi hsi) m3[12)].

K Drillis& Continl 966 Body segment paramitd66.03, New York Universifyp = 2 “285)/2)) a?= 24@+17) = 228+ 2%, then?=p/ 2-&.

"'WWhen the ellipse is a cji@ke b = the radiysand area ig2

™ https://msis.jsc.nasa.gov/sections/section@hattS mean age igr38
NoteNASA§ p o A J a ptilingheckarfdrieneredn éedma@ther

O Vimkd sith (/20brtkn)/2 & di hi{bon+hy).
P Sitting heighsitmeasurederAppx4; leg lengttsubischidilieg=hT hsit
9 UnivRIElectrical, CompueBiomed Engk T Davis, TX Tech Univ 1990

anthropometric datalettps://www.ncbi.nlm.nih.gov/pmc/articles/PMC287 4o ir tdl.org/bitstream/handie/2346/8468/31 295005963201 pdf?sequence=18&isAllowed=y
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From 1970 to 2019J).S population rosein mean agdrom 28yr BDh=76.42 (1.142BD)+13.12 (kg/l normalized indexL7].
to 38yr. Yet we still use B% BMIfatnesscategorieso assess

o o ; ¢tKS O2YL)X SGS SELJNBééZ\r@%aIiZ‘e&:NJd
health and setife insurance ratesyith cnormak tantamount toa

1830s Belgin of w 1271b and h =5ft 4%4n. Per AppxB, Americans BDh& N+M* (1.142 Ow/(Ahsi” d*(0.1904mb  plkA0 0 B ~
todayaverage BIb heavier and while aRin tallerone can hava (d/2)%) )4+ 0.027Pw?(h ¢ hsi)) (kg/l normalized indede].
leanerlook, the combinationtoday averages8 points higher in ConstantdM & N slopeBDh to any categoriesCis 1000 for metric
BMI. ButBMI and its categories do naggisterfat v. muscle or 27.68 for Imperial inputg) is a modekorrection Variablesv
bone,gender, age, nor wais hips perimeters, or their ratio. is weight inkg or Ib; in cmor in, pQ dre waist & hips perimeters

Humans only/13 cubic metes in mean volumeuggestghata IS trunk depth hQare standing & sitting heightsBDhY sixbody
body densityBDof ametric ton per cubic meter is hardly intuitive.measurementsare inbold italic, of whichits fourinput measures
A moreunderstandabléebody density BD is in Kiger | (=g/cm?) in addition tow & h for BMI take about a minute extra to make.

BDF Qw/ AVbody kg/l (inputs metricor converted Imperial[13]  applying anaccuratebody density indexBDh, normalizedto BMI

Wherethe Unitsconve[er C=100(I:mg/| for metl’iC inputS 0r27.68 Tab|e ]_Ca|cu|ate£Dh v. BMI for20|nput datasetS, graphed in
in*lb/kgl (61in* | +2.2048b/kg) for Imperialinputs. Then density  Fig.1,including2021 averages of thenited Sates Centers for

BDF  /(ythst d(0.1904mb  pi26 6 HiC Disease Contrd Prevention (CDCXEach rows an individual.
For illustration,unavailableneasurementataare extrapolated
in round numbers Rowsare sorted by body density BD plot in
wherew is weight inkgor Ib,andpQ & HQ R lciN@ inchegs  Fig.1. Centerright arefour indices:proposedBDh,. aL E &b S g
BDmp from Imperial unit inputdb & inis converted to metrikg/l. . a lthét stillusesonlyw & h, andso-calleda . C !raughlyper
its formula(with sizesn mm to forceits results irio the ballpark.

(d/2)9)/ 4+ 0027’ c hs) kgl [14]

Forthe "normal’ body ofw 127b (57.73g), h 64.5n (163.8cm), o A
extrapolatinghsi 34in (86.36&m), waist 28.0in (71.1Zm), d 8.5in Table 16 ! @S NI 3 $BD6.985 BUEBHI 5.7 points higher

(21.5&m), hips 35.0in (88.9&m), modelledbody densityBD is than itsown & y 2.&NMd individualrows are between ¢8.4and
%fl.g,points off. a Lo@ritrendline. Healthy individualsvhose

I\/i]l indicateunderweight orobese areadically higher or lowein
BDh (& R A BAIFiN.E). #1 (onp1)through4 are athighrisk

+
F100057.73484.4°3.1416*21.6*(0.1904*91.44+(73.66"2/(2*3.1
2)}(21.6/2)"2)"0.5)/DANFI1.44"2%(16384.4)))F 0.98%g/| [15]"

close topure water, 1.00kg/l by definition. &t is~0.%g/l; muscle

~1.1; boneup to1.38 Humans are ~15% bane85%fat, muscle
& watery fluids.'” So Balls belowthe weighted inequality

#3 measures tall, but his caption notes a trunk maximum of
47.5n above the waist and a minimum of 4éh5 Athoughnot
obese peraBMIlof 28.9 he is at risl6 points higher in B@l

BD<85%1.1+15%"1.38° BD<1.142 kg/l  [16] #5 & 8isthe authorat 219b before and208b mid-diet, a 1-
bounded by 0% muscle (impossible so not shown) anfa®%2%  point drop in BMI, but 3 pointslower BDh with an inch reduced
is possible). Aexpected albeit narrow range of body dendp ~ waist, depth, & hips Most loss is ihistrunk, equivalet to 3.2
will be well belowl.142b . a L Qanly B2 aNSrzdzt 7 2 NJ ligers 8fH0, eqyafig to the 7lb weight lost (His goal is <200.)
AG& OFtOdA dAz2y AYy@SNI& FyR | ¥6Lz§?fl@‘afe7h§ i?\div?dl}%llé, b@@cﬁ%rag% AmeficarPwomah €
Now totransform BD to an equally sensitive index BBt is or manincluded for reference. Females remain borderline obese
as familiar to health provider& patients as BMI, butindistorted.  in BMI andBDh while males irBDh reclassify to just overweight.

After 80yruniversaluse, BMis entrenchedin the healthcare #12 hasa DEXAscanned boneleficiency, making her tot&8D
community, along with itsround numbercategories. It would be high for herweight & petite figure, and caught by héiigh BD.

ergonomic ifactualbody density BvereO2 Y LIt NI 6 £ S U 214istRelfefhile on pwhoin BMIis underweight but healthy

familiar scale. Termedbody densityindexBDh 6 & -sBbly € 0 = A gy Ads nearoverweightby BMI, but normal in BB
normalizedto reflectBMIQ tiend line equation y=Mx +N. Then

with Fig.1slope M%6.42, theBD inequality limibf 1.142,and the
BMiszonorm@f 21.5=-M*(1.142BD)+N we solve for N=13.12' and

Runwaymodel#17 is expectd underweightin BMI& BDh." 20
isdeemed healthy in BMhut is dangerously underweigim BDh.

" Theconsensus online of average human bodysiegSkg/liter Y Figl plos indiceagainst modeled Batrender8D4 lineara perfead

$~1.8 Zoupos et al Bone Derist:litlgjs://doi.org/lO.1016/j.jbiomech.2008.03\./502%my requirslightlyescalingD, but will noendeothers less eratic,
t Anywhere a BMI datsiom its trendline is valid to WM(:L:L%D‘) V'Scaled t0'59.]@bs Barbié BMlis 16,add|ng/valst 18 & hlps 33, B8 9.
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BDI v. BMI (Imperial) @REMiler210811a Mjope= 76.420 N o= 1342 A= 09250  0712-1.142 y=Mx+N~BMitrendline | 1.3wh25 | 3|  BMI-BDI BMI v TrendLine  ideal<0.80
Shj Catgry wib  ACDC  hggegin  ACDC = hgiin  waistin  depin hipsin | BD . BDI, g “New"B differ‘vidifferf/:-BMfm BMI\ 15 Pyt Ph
1dVhy 4010 2302 7300 40 4000 6500 200 55007 0.737 444 | ﬁ 118
2 QVhvy 2500 792 61007 25 3400 5500 130 5300 0.793" 398 1.04
3dSrhyy' 2280 572 7450 55 3550 4600 130 4250 0857 349 108
4QSrhwy 1750 42 62507 10 3250 4000 105 4200 0921”7 300 095
sdsrlg® 2150 442 7150 25 3550 4100 120 4200 0929 29.4 098
6 QCDC2021 1708 00 6350 00 3340 3795 95 43007 0933 29.1 0.8
7 Q83CDC 1853 145 6630 00 3524 3060 96 4200  0963" 268 094
8 ISrlg’diet 2080 372 7150 25 3550 4000 110 4100 0974 26.0 098,
o Ofit4050 1380 -328 65007 15 3500 2900 90 37007 09977 24.2 078
10 SCDC2021 1998 290 6910 01 37.00 4008 98 41007 1.000" 24.0 098
11 4SrMd - 1380 328 6900 00 3575 3200 80 35507 1.005° 2356 090
12 OSrxSm* 1040 666 5950 40 2800 2850 69 3600 1.013 23.0 0.79
13 1830'nom" 1270 438 6450° -18 3400 2800 85 35007 1.0337 21.48 0.80
4 Qyngadult 1230 478 6900 55 3600 2400 69 3700 1.040° 209 065
15 2fit4050 1650 58 6900 55 3600 3450 85 38007 1.044" 206 091
16 Syngadult 1420 288 73007 40 3500 2800 85 35007 1.054" 19.8 080
17 Qtallmodel 1250 458 7000 65 3500 2500 79 34007 1.074" 183 0.74
18 Qftnsmod 1400 308 6300 -05 3300 27.00 86 38007 1.084" 475 071
19 Jftnsmod® 180.0 92 6700 35 3300 3400 98 38007 14207 148 0.89
20 Q\Janorex 1225 483 6800 65 3400 2300 79 34007 14307 144 1 0.68
Inputs measured or extrapolated per available data for illustration. XtrpNASA Avgs\var:' 0985" 251" : : -6. 13_4( -84 110 0.88

increasing body density BD. lllustrative data is measurectiirbladted in gre€@omparisons 2low bone density DEXA scan

with CDC averages are in gr ay 25s¥fil based onlywnp s Pheforé &adfter didt losfngdb r i g h
&h TheBMBDhAidi fferd andumB®™l and, across the b ddoasporappedrBnorexic aver a
minmaxima compare performariee! of BDh showing (in Fig. BDhis more accurate by individual.  °likely far from overweight

Athletes often scoreverlyhighin BMI:Female fitness model  Ex1: Inthe appropriate measurenngitgcalculatesingAppendix A
#18isnearlyoverweightin BMI, but underweight i8Dh. #19 BD# for. weight127b, h 5ft4%/4n, hsit 29in, waist30dn, d 8.0in, hips 34in

tendstoward obese in BM| but in BD) is severelyunderweight 13.12-75.2%(1. 1427 .68t 27(0.25293.148,0((0. 19084+ (30'2/(2+3.142)
BDKQ A& (i NBnyidld tépafaiiel. a LaAdicontainits normal  (8.02)"2)%0.5))/4)+BIr3472*64.529)))  [copyksearciper Appx.A]

215, but individualswill fall on BDAW#iendlineX  y 2 {i Tabla L Q &DKf 14.96cf. BMI 25 @rormaé A Y  arerexicio BB

1 & Figlshow. a Lr&gal swingamongindividuak, asthey _
vary from their own trendlinebetweenc29 and +39%06 BMireé .0 EX2: FindBDIwS7.6kg h163 8cm, hsi86om, pn86cm, d25cm, pr8om

Fornearly all individualsBMI ddiffers¢ from BDh between¢6 13.12+76.4¢1.14200057.6((0.2586:3.1425((0.19086+(86°2/(2*3.14"2)
lowerto +13.4 points higher Not perfect BDh needonly be far (292)72)10.5))/4)+0.0:B8'2*(163.886)))  [cop’searciperAppx.A]
08GGSNI 08 AYRAGARGE € GKFY . al g0 @Bk U Aiodh@? Eibut dubansh] O
Examplescalculaing BDh and compaiing to BMI Note: Ex1&2 aredentical in veight & heightfor identical BM|

QueteleQ & E @Winfendedto tracka populationtrend, but different in BMFignoredwaist, d, & hipghat BDhincludes.
not serve as a standard for gwindividual. Yet thosendividual€)
S NNJ (i AaGeragem th&xgendine in Figl. The gange data
pointswhiplashwith respect to this line, while BER ia blue are
linear, derived directly from individuallgccurate bodyolumes Errorcompensation propagation of uncertainty other variables
anddensities so arenon-distorting by body shapgandconsider
sex, age, racgnd leannessNext,Ex}+3showhow BD} is easily
calculatedusing theonline copy&searchexpressiorin AppxAX

ExX3: Try it. Put your own measurementm either formulaabove,
orin AppxA, to compareyour BDhandBMI. Any surprises?

¢ I 6t Slumn@BMLré haserratic individual errors due to
a LcBlculation. For a different reason, Bitould err by as
much as 0.15(~4.%zof fat) due to sloppy measurements. Off by

W Jo CraveNicGinty https://www.wsj.com/articlestguaraeighirareyou
11628847001?st=16n04rqqgtkgnggo&reflink=article_capyURL_sh
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%inch (~Tm) in any three of the five size measurementsilcl
cause such an erroBDhresults are only as good as itguts.

Math above is carried to at least three significant digits after
NRdzy RAY3aZ F2dz2NJ AF |
G LILINE E A Y I Wi 2@subfitsizble ®ad Fig.lare
sensitive toeachadded dataset.Statistical anbysis of variance
(ANOVApfaN} y3S 27
N, & n asconstants. dinical trials coulgrovide that data

BDhQ¥olume model relies on assumptions, deemed small cf.

overall error. E.g.\@rage head density isl.1g/cm?, its volume
equivalentto ~10% larger® . 2 R Aehtd@resdéyondthe trunk

cylinder in Fig.2L may not entirely fill voids above the shoulders.

To compensaten £ 0.925 bringsthe average BD tthe accepted
0.98%g/I for an ~7.8% smalleMrunk to completeexpression [18]
for BDh. Procedures ilppxA assure resufisuperior toBMI.Y

Discussior& further work

One need only visit@ Americarmallto observe all sizes and
shapesof 2 YSy Q& IbydiRs Wwarhgb@dnway models
andlongtorsoedshortlegged individuals whdefy hsit £ Lieg.
With waist:higs ratios highetlower than adesirable0.78. BMI
ignoressalientdifferencesto misleadaboutindividualadiposity.

Humanshave evolvealder,taller, & fatter sincethe inception
of BML In 183Qoned y 2 N2Y.E &ind with body density >1.8
petite & leancompared totodayQ Beftier American whose mean
~0.98kg/l showsthat fat has overtakemmuscle Fatweighsless
than muscleafat person weighdessper liter than adean Yet as
the proportion ofmusclegoes up, BMI goagp! Mostindividuals
in Table lare mis-categorizedin BM], five asborderline obese
who are nottwo as healthy who are severely underweight.

In AppxC other indicesare plotted against the same modeled
bodyvolumeanddensityBD that renders BbRlinear. Vhodyfrom
more datasetsnay slightlyre-slope BDKQ Biendline, but will not
renderthe other indicesanyless erratic.Greater precisiorthan
thA & LJbiddedidal @ngineeringiodelmay beunnecessary,
and entailsmore sizemeasurementse.g. caliper measurgof hip
depth or leg breadth that would betoo awkwardfor both patient
' yR Of Ay &lbeklesga@idvard f6r@ gathologis).

authorities nineOlF G SI2NA SE FTNRY & atledS NE
classes of obesity withounds 0f30, 35, & 40.These gspiciously
round numbersets (except twoband-aid categories for Asians

ame Fan at 2 )RVRICPESEed upderlyiag adiposiigoRsiserin BPK2 8,5 &

greaterprecisionwarrantsmore nuancedcategoriesoy gender;
race, andage groupyoung adults, middikaged, seniorskeasily

5 duiuld Saivariabesc Mimplementedby check boxes in a calculatapp. An app would

be agnostic to round numbergven hiding them fronsomfort-
seekinghumans S$houlda consensuarisefor more objectively
preciseboundaries the extensible formBDk before normalizing
impliesonly rescalingV & N. Changesin categoriesdo not
diminishBDk or BDh asthe successometric of adiposity

Either additional categories @rescaledBDk couldconsider
those who have lost all or parts of limb&r schootage children
or thoseshort of staturefrom illnessdwarfism or5 2 g y Q &
Syndromé&or whom (arm-span+ Leg)/h = about2.7 hsi,, orabout
10% lowetthan that ratio for adults of normal staturé.

Conclusios

This paper introduceBD}, body density indexormalized an
individualandaccurate index of adiposity to replace BNBody
Mass IndexBMI) only workswell averaging many individuals, but
it does notdeterminethe bodyfatof anyoneindividual Imposing
an arithmetic average oa persorregardless ofat v. leandensity
is bogus.BMIwashijackedfor quantifyingl y A ¥ R b@sityR dzl
to set life insurance ratésAnduncritically adoptedy theglobal
healthcare communitywho readl  LJI G A S yfio@ & cha&to S

a

Typically recorded atee significant digits belie a L Q& | O
precision. BMI =w/t¥, weight divided by2" orderheight squared
It is notatrue body densitythe proper measure of leannesisat
isweight divided byn actual3™ ordervolume IndividualBMIQ &
switch back & fortrerratically etween ¢8.4 to +11.0 pointaway
from its own trendling wherethey ought to be asshownin Fig.1
Intended asa statisticabveragefor a large group (Belgiumi,is
wildly inaccuraten characterizinganindividuali Q K Bekcaiuisé K
its two body measurements are insufficiergnoring shape, age
gender,andrace. Ex.1 & 2 show any two individuals identical in
weight & height have the same Bliiéspitewho@ fat and wh® a
lean. BMIrightly averages many to its trendlinbut at any

Some interviewees report being told their BMI was emotionallyndividualdatapointits formulais often a grossniscalculation.

devastating to their selfimage. A truer, less distorted BDbuld
amelioratemany of these reactions, and allow patientsfocus
dy RAAGNI OGSR 2y KSSRAYS
Several sets ofrhitrary categories oadiposity forBMIhave
beenestablihed, the latest in 199%&dopted by globahealth

X Barber, Brockw#liggind976i The density of

YTable & ®lumrépwphd u s ata tdBgivé individual wedsips ratios.
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and the wide range of body shapes of many individyals and races.
F2/m0F alsidth 2 s v
ay 2NXYI £ ¢ | inpadihgor tesiye arbitrary 21.5 +~3.0
for men. Another researchewritesY Usé of BMI as a measure

t i s %tipe/svww.reseaschgdte.reetipoblicafldabSaxoldne B da. Valuable Inst

rument_for_the Clinical Diagnosis_of SHOX Haploinsufficiency in_Sch
Age_Children_with_Unexplained_Short_Stature/download
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of adiposity and predictor of health risks [cardiovascular diseaseAggregatindataw i | | calcul ate nesv (Roren 6
stroke, type 2 diabetes, cancer] requires an understanding of its clinicalrials, collateral data might inageigex, and limb losdata
limitations for an individual. BMiccounts for appreciable identifying a person will not be madg Bitvlitarlgompag BMinetic
variance (6Q70%) in measured fatness in groups of adXiltss =w/h"2 orBMimeria= 703t/ 2. AlSOBMb N enaic= 1.3t/ 2.5
an unreliable indicator of the body composition of an

. e o AppendixB ¢ CDQ021average h, w& pw of Americars r c¢
A Y RA @' BDdBy tlesign is inclusive aff individuals. PP ¢ ge h, w& p *0y

BDhis b d individuall . @ol ; Heighth Men: 69.0 Women 63.5 Overall:66.25 in
his based oranindividuallyapproximatedvolumefrom a Weightw 199.8 170.8 1853 Ib

blomgdlcalengmeenng rrlodetbf ?ody sha9m5|[1g m|n|'nail (four)A *BMI=297, BDk=22.8 *BMI=29.8BD}=25.3 BMI=295, BDK=25.4
additionalmeasurementst K| 4 I N O2Yy Sy A Syl T? NJ © 261 K Of Ay i a .
] Waistpw 40.5 39.6 in
tech and patient The model needot be perfect, only better _
*Prior2015~18angesUS adult males BMI 24.2~8igles BMI 24.2~32.9

than BMQ @sing only one measurementheightsquared for althoughy 202maleson averageecamd% & female&% heavieand up a
volume. Froman accurate volumes foundbody densit)BD and full point in BMittps://www.cdc.gov/nchs/data/series/sr-D83SARBpdf

from BD,ascaIal?Idpc{exBPk. FormainstreamingE.SD.I, thenis AppendixCc other BMI replacementsa b $6 . alL ¢ | YR
Y2NXYI Al SR U2 . alat@denshivit(7btimedaNJ OF G0 SI2 NR S a&

change irBD. BD} as calculated ippendixA translatesas
better clinicalhealthassessment anddvicere weightrelated
issuesandwith fewer unintended mental health consequences
for patients distractedrom that adviceby body image issues

BDh is anadiposityindex inkg/l normalized to BMI categories.
For most individualsBMl distorts body fatness BDhis linear
accuratdy based on body densitipr anyindividualbody shape
and leannessasFig.1 &Table Ireveal Tested alongside BMI,
BDhwould confirm. a L Q & of Bet\BkAd8Xo 13.4 points Its
shortcomingsgquantify BMI asunsuitale to continue in clinical
useas a measure of adiposity, aBiDh as asuitade successor.

AppendixA ¢ BDh measurementmethods and calculation

BDiresults are only as good as measurénhatsiearest %in or
Y%cm and Y2lb or YK not use clothing sizes that typically are smaller
than realSubjectorelax (no suckirg. Six BRXheasurements are:
W weight (same as Btd)he nearestzlb or Yikg;
h standing height (same as BNhg nearektin or %2cm;
pw waist perimeter (around small of thestaackngtY4in or Y2cm;
Pn hips perimeter (around the rump's, widadirgt4in or %ocm; ~ Compared to thisa p 8Dhdisew BMI @ i d- Aarelas erratic by
d depth of trurfiom small of the hastianding) +in or %em individual @s\llasthey are based similadensity miscalculafognule
hitsi tting height (fdcrown t o Theautpaseditors &revewers n a firm surfac
suspended for no pressure) twetirest +'zin or 2cm. Internationalfgcognized enginggaduaterofessopianidtorchestrataand

More than two inputs preclude a simple printed charPéodBil Peabody winning filmm&ahin Millehas communicated heiakhs from

an odine calculatfplannelicopy & pasthe2-lineBD} expression cardiac cathei.!mtiomnethodiin physic&mental disabilitiH e piresgnted
in violetbelowinan onlinsearctiield e.g.Googleor spreadsheet cell psychecoustic researahdhisPatented ftdphere 3Boundeproduction to

substitutéselecpreciself ovetype no spacéshe units constant Si/gt]goz'Z]fr;:e\/:ni’m?;lagﬁ;néazg;nAtf;ﬁin:;he;'i:ifr’ei:i;ltgly
and alineasurd inputs in bolditalicsin the same unésC (1,000 for profeg P pany el

) i ) A 3 worksn systems desjgntegratigntesting& publkcatios atwww.filmaker.com
metric or 27.68 for Imperia),umitd press EnterTheresult iBD  \ith this paper Belve a biomedical engineernmgblemwithan applied

=13.12+76%41.142W/((0. @5si*3. 14¢((0. 1904+ (pw' % (2*3.1%)- scienti st 0 sbescenomichoodledndimglemeerd/a n
(d/2)39)79.9)/4)+0.027[FF 2 (h-hsi)))

3By Ipdy calipeo,r s ol i d wshapeightered to grazetheakin “YCCTV sminar for 200 cardiologigEayz A SchalfromWashington

b Scaling variables M, I,lcome constants with more datasets. Adventist Hosp | z h e i me rodcapatibnal eamiapiaticos persons
e ) . with disabilitieandearlyuse omniocentes@ired over 200 PBS stations and
https://www.cdc.gov/nchs/fastatstisadyirements.hitref. Table 1 winnepfCorporation feublicGroadcastimfyOut st andi hetc Do c
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