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A STUDY IN WOUND BALLISTICS
L INTRODUCTION.

Wound ballistics seeks to relate ballistic properties of 3 projectile to effects of a hit. The complexity of the
phenomenon calls for a subdivision of the problem into simpler subproblems and for an investigation of special cass
of these subproblems. A solution of the gencral problem can be obtained by extending the relations obtained for the
special cases and synthesizing a solution from these partial results. The general problem can b+ divided into
subproblems in many dJifferent ways, Each subdivision may allow a variety of approaches to s synthesis of a general
sulutgon. One such subdivision and & method of synthesis can be readily recognized in the approach used in the
past.

The past studies began with the selection of a projoctile; i.e., its shape, mass, and striking speed. A series
of projectile hits was examined by determining the rate of returdation in various mammalian tissues and by tracing
¢ach path on charts of the human anatomy. The resulting injury was estimated by comparing these paths with
quulitative information on injury produced in cxpurimental unimals. The injury was interpreted in terms of
percentage of incapacitution. Thus, we have a subdivision ot the prublem into a description of the projectile, a study
of hits, an estimation uf injury, and an ussestment of incupachation.

: The past ivestigation was restricted to certain projectile shapes und velocities, and only horizontal
: : trajectoties through the buly were analyzed, The results obtained for several combinations of these vartables were
- syntheslze'd into percentuge of Incapacitation from which equations for probability of incapacitution were
- : obtained. .

; In this repuit, we propose to retain this subdivision ot the problem into ballistic properties of the
i projectile, the hit, the injury, und the consequences. We think that the wound ballistics problem will benefit from a

subdivision into still smaller problems and from un explicit sturement of selected restrictions and intended

extensions, A detailed list of wlt the constituents of this subdivision, together with a precise definition of every
e clement, shows quite reuully the possible choices uf subproblems tiwe cun be obtained by restrictions to special
cuses. At the sar . wine, the list of constituent purts puts cucli subproblem into proper relation to other
k subprublems, We cin yuickly see which elements cun be quantified und veluted analytically to euch other and which
' relutions should remans yuulitutive, expressed in o fora of brunching lisis or tubles, As we cannot establish empirical
. relutions between every propectile und the corresponding consvguetice, vur final relations must be analytic or at least
v they must be quantituive 1o pernny g meaningful exiension b ternis o interpolation or extrapolation; however,
k intermediate relutions may well be o' d tabular or a sindlar natme,

This repoii dues not present solutions to any subproblen of wound bullistics. Instead it is limited to un ;
snalysls of the problent, we believe that, whenever possibie, uualysis should precede the experimentation and datu 1
collection, both of whicn aie indispensable for a solunuou. Anulysis is simply an explicit cnumeration of the
3 assumptions, restrictions. and hypoiheses that deflpe subprovlums in u sufficiently simple and speciflc munner in
] urder to permit a feasibie approach and o solution within i 1eusunable time. One should start collecting experimental
3 dutu fur testing the hypuiheses wnd for constructing a soluiion only after specific hy potheses have been tormulated,
’ and these should approsiate e complex reality by simplitled relutions. Suime hypotheses propused in this report
¢t by tested with the ding that e wivady available,

We beliove that the wnalysis presented below puts in u proper perspeciive the problem of the synergistic
effect of multiple wounding as weil us the question of seious und lethal wounds,

Il.  PROBLEM ANALYSIS.

Ay stated in the introduction, we divide wound bullistics problems into a description of the projectile,
the lat, the injuty, and the consequences of the injury. it is not possible nor necessury to provide 4 complete
descriptien ot these four purty of the phenomenon; rather we need only to specily those sspects which are essential,

Preceding page biank




In other words, we must define abstruct concepts of a projectile, 4 hit, and others, which are spec 13 i their reavvunt
aspects and, at the same time, are general by explicit exclusion of irrelevant properties suck as . color of 4
projectile. What is relevant and what is not depends on the purpose for which a solution of the problem is sought.
We begin with the consequences that sem to be of immediate relevance to the military Incapacitution is an
imporant consequence refutive to munitions effectiveness and casualty production. However, in the design of
protective gear for personnel, a definition of serious anad letha) wounds is a moro desirable meaaure of effectiveness
for describing reduction in casualties. In this context, It seems that mortality and morbidity may be appropriate
criteria for clamification of wounds into lethal and nonlethal and serious and nonserious, Consequently, we choose
mortality, morbidity, and incapacitation as consequences of injury.

With this in mind we partition injury into the local tissue damage of the wound and the systemic
response; l.e., the change of various physiological functions induced by the wound. The local damage depends
primarily on the forces acting on the tissue, whereas systemic response is mostly dependent on the damage to the
physiological system. Therefore, the description of a hit must include both the anatomical site and the force exeried
on the tissue.

The force depends, umong other things, on the totul energy of # projectile and its shape. We specify the
projectile by its mass, striking speed, shape, snd type.

On the basis of the preceding, we obtain the following lirst level subdivision of the problem.

1. Projectile
Mass of projectile
Impact speeu
Shape of projectlie
Type of weapon

2, Hit
Anatoinical site
Interaction force

3. Injury
Wound
Systemic response
Feedback between wound and response

4, Consequences
Mortality
Moarbidity
Incupacitatlon

In this subdivision, only the mass und the speed of a projectile nced no fusther specifications, whercus the remaining
concepts still must be defined. It is useful to subdivide all these elements further; i.e., to enumerate their parts and
then to define each part,

In order to define the shape of a projectile, we proposc u first approximation based on the assumption
that the projectile duoes not bicak up or deform upon impact. Trercfore, the shape of & projectile with a regular
geometry can be realdily described in terme of' @ fow numerigal parameters; for example, as the radius of & sphere, An
irregulur projectile such as a frapment can be approximated by an ellipsoid or parallelepiped. The most convenient

choice of parameteis depends on postuluting wounding mechanisms which include an assumption on the interaction
between the projectile and the tissuc.
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A hit iz described by an anstomical site, such as the head, thorax, abdomen, or limbs. In each
snatomical site, we have at least two kinds of tissue: soft (skin, fat, muscle, organ parenchyma, fluid, sr) and hard
(bones, cartilage, ligaments). Therefore, a description of 4 hit also involves the force of interaction between the type
of vimue in the anatomical site and the projectile. This force is a function of time or distance, as well ss of projectile
characteristics and physical properties of the tissues,

In order tv relate the injury to the consquences, we must describe the wound by anatomical site and
alwo we inust specify the physiological systems involved, such as central nervous, cardiovascular, pulmonary, and
uthers. The systemic respunse parameters and their chunges are a part of description of the injury.

Mortality can be expremed either as time to death after injury or as rate of mortality within a specified
period. In different applications of the wound ballistics model, we may be interezted in either of these descriptors;
hence, we include both in our definition of mortality.

We choose t0 mensure morbidity in several ways. It can be measured in terms of general derangement of
the injured, the urgency for medical attention, the recovery period, or permanent disability.

Examples of levels of incapucitation are probabilities of incapacitation related to various combat
missions, us discussed in referencs 2, for instance,

Specific definitions of ull these components of our subproblems are presented below together with a
ducunsion of their interrelation.

Ill. CONSEQUENCES.

As stated sbove, we ure interested In the following consequences of injury: mortality, morbidity, and
incapacitation. Mortality cen be expressed m the expected mortality rate within a specified period of time or as the
expecivd tinie to death, Abstractly, tnortality is a pair that consists of a function of period of time (expected
mortality rute) and u scalar (expocted time to death),

Of course, more generally, we should consider mortalivy rate as a random function and time to death as
« randoin variable instend of their expected values. However, this would complicate appreciably our problemn that is
ulreudy difficult, since it would require determination of the respective probability distributions. Instead, we
simplity the problem even further and replace the function of time that expresses expected mortality rate by it
values ut preselocted puints, say, ty.t3, .. ., ty. These may be, {or instance, as follows: 1) = 30 sec, t2 = Smin, t3 =
30 win, t4 =12 hours, tg = S days, ur any other collection of interest. Thus, we define mortality as a sixdimensional
victor whose components are flve expected mortality rates within specified periods of time and the expected time to
Jdeuth.

Morbidity cun be defined us the deviation of an injured person from normal. We call this deviation
derangement. It can be meusured in terms of the changes in physiological functions such us ventilation, circulation,
melabolisin, endocrine secretion, und neurological tunctions. Obviously, this deviation is a function of time and, a3
In the case of the rate of mortality, we repluce this vector-valued function by its values at specified instances of time.

Another measure of niorbidity is the time interval that an injured person can wait tor medical treatment
without un appreciable stfect on his chunce for tecovery, We call this tolesance period.

The third measure of muibidity Is the expected hospitalization period which we call recovery time,

We are alsu interested in a loug-runge efiact of injury. Hence, we include permanent dissbility as » =art
ol vut detinition of murbidity. The Committee on Rating of Mental and Physical Impairment divider the problem of
deicnmination of disbility into the nedical and administrative parts. The medical problem consiats of determination
ol pehinunent impairment; i.e., a change in physiological and biomechanical functions due to damage to organs and

7
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tssues. The admiuisizative past is an interpretation of impairment in terms of disability. Besides the dependence on
impairment, the resulting disability s influenced by the age of the person, by his working conditions, his
adaptability, and by other factors.

The Committee publishod Guides to Evalustion of Permanent Impairment,?"!? which enumerate
impairments and the associated symptoms and pathology in the following sreas of medical interest:

1. Ear, nose, throat, and related struc*ures
2. Extremities and back

3 Visual system

4. Cardiovascular systems

5. Central nervous system

6. Digestive tysiem

1. Peripheral spinal nerves

8. Raspiratory system

9. Endocrins system
10, Mental ilinen
1L Reproductive and urinary system

Impairments and related pathological conditions are further delineated in these guides. For instance, un
impairment of extremities includes deficiencios in fingers, hands, arms, legs, otc., as separate impairments. The guides
also provide a conversion of impairments in’ o percentage of disability. Thus, these guides can be used to express this
aspect of morbidity as percentage of permanent disability,

The third consequence of injury Is incapacitation; ¢, reduction of ablity to perform specified military
tasks such as asssult, defense, supply, and reserve. We feel that this consequence should be divided into medical and
administrative (tactical) parts in a fashion simflar to the permanent diubility discussed above. The medical problem
again is a determination of the impairment of physiological and biomechunical functions. We define this as a present
impairment, in contradistinction to the permanent impairment discussed zbove.

We may begin by refining the functional groups that are being used in the studies of incapacitation and
consider the level of consciousness and the ability to comununicate as separate functional groups instead of
expressing them in terms of functions of extremities as is currently done. We may further refine the groups that
constitute & part of the presently employed assessment of incapacitation by adding separate groups for loss of
dexterity of fingers and hands. An analysis of activities required in the performance of selected combat duties may
also be very useful in choosing @ proper refinement of the present groups.

Another approach to a definition for present impairment is to begin with the list of permanent
impairments which can be constructed fium Information contained in the guides?*!# and modify this list to obtain a
meaningful collection of present impairments.

In any case, we would define present impairments either by constructing a list of the familiar
16 functional groups, or a refinement of these groups, or by tabulating a more comprehensive groupingcomprised of
the various cases analogous to permanent impairments enumerated in the guides.2-12

The list of present impairments must be supplemented by formulas and tables that convert the
impalrment into incapacitation in a fashion similar to that for converting a permanent impaimment into permanent
disabllity as described in the guides.? 12

At this point, it should be noted that thers are two types of synergiatic effects of impairments. Ono is
due to direct intersction of impaired hinmacharieal funmntiong and the other fs dua o the fsadbast: booo

IR+ I
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wound and systemic response. The first type of effect is analyzed in the guides;2*12 and, sccording to the rules for
converting impairments to disability as formulsted in the-e guides, the results of some impairments are added. There




are unpuirments that juintly produce jess dissbility than une would obtain by simply adding the results of euch
impairment, and there are also impmurments that jointly produce mre disability than just the sum of individual
contiibutions. All this must be considered 1n the evaluation uf synergistic effects of multiple present impairments.
Of cuurse, the feedback effect mentioned above must be considered additionally.

fv. INJURY.

There are four aspects of injury: the wound, its local effect, the systemic response, and their
interuction. By the wound we mean u disruption of structursl integrity of the injured tissue and the
histopathological conditivns. Systemic response consists. among others, of a changs in blood pressure, heart rate,
endocrine secretion, We must also conskler the local effect of the wound snd the feedback between the wound and
the systemic response.

A specific description of the wound und of the systemic response depends on the consequences that we
wutis (0 consider, Therefore, we discuss the injury in relation 1o each of the three aspects described above,

Mortulity is a result of 8 chunge of physiological functions; therefore, we nued only to consider systemic
wespunge anedstied in leems of distuption of hoineostusis, Immediate change in homeostusis Is the chunge of
henwdynaniivs wnd vendlation, This, in turn, attects the 1wsponse of the endocrine und nervous systems, The vesult
of 1l of thews chunges i3 an alteration ot blowd gases and metabolism whicl, affect hematological parameters unu
fntegrity of cells and, consequently, the level of serum enzymes. Therefore, we can describe the systemic responss in
tenns of paraneters thut characterize the following: (1) hemodynamics, (2) ventilation, (3) endocrine and
symputhunnmetic secretion, (4) blvod guses, (5) sweum colloids, (0) metabolites, (7) enzymes, (8) hematology, und
(9) cuuguiusiou,

Nunterous eiforty huve been nwmtle (o determing mortality mte (probabllity of death) in terms of the
vatiuoles inted above, For imtxmw. the probubility of death is vbtained us a function of & single metabolite, namely,
fuctute, by Well und Afifi.}3 v wus diown that, for a group of’ 142 patients suffering shock of varying eticlogles, the
predicuon v susvival and nuisurvival bused on this parameter was 88% accurate.

Afirierat b chowe u set ur suceessive determaations of w terial systolic blood pressure (hemodynamic
padiiewn) gt pH tbluod gus) as predictons of the outcome of 52 patients thut were in shock because of overdoses
ol batwuwiawe, plutcintide, ur mepiobumaie. A discritninunl function bused on these variables computes mortality
With 8ty avcdiagy. Thus, varivus lineas and ronlineur discisidnators are avatlable that can be used to determine
0L Bt o s ol systemic paaneters, Expecied tinie 10 geath can also be estimated on the basis of the
Lt varlubivs, We diasuss speciiic models for these variables 1o sevtion VII,

Muibluity uspeets are ol two categones, Lerangeiient, telerance period, und recovery time belong to
the bt culepoy cud can be expressed in wrms of sysiennc vuriubies i o tashion sisular to mortality. The wcond
Catepory hoabdts poliiaient impad tneats, These depend va a woutid and on the systeng response, A description of
wobaus thin wan be wadily reluted to ponnanent ipubaend niign be ubtained us lollows. First we list all the
petiianeid hupainmats desiibed in the gudes. 215 por wach unpuiient, we list putiulogical conditions explicitly
weiitoned or aniplicd. Neat, wr eweh pulioiogieul coniuun, we describe @ cluss of wounds Mt leud to the
Lundihonn, Hius, we consedes the 10lluwing wienig:

thgiui-hibant INu. 1

r-— vouid . 1
o ome Pavnbopdeul € uadiuvn N, | - -L- wound No. N

Do) wanniin ivo, ke

eee Palliviogical Cutitiaon No, M
Impusiein No. b

y o roduc¢ lri{'m
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It should be noted that the relation of a wound to the permanent pathological condition may be
stochastic; i.e., we may consider probabilities of aeveral pathological conditions togethes with specification of a

wound. Similarly, permanent pathological conditions may be related to permament impairnients in terms of
probabilities.

The sublists of pathological conditions extracted from the guidss?"!2 should be examined *.r mequacy
and supplemented, if necessary, by a procedure bused on the Delphi method; i.e., proper questionnaires shouid be
designed and the snswers should be collected and edited according to the Delphi technique. The same procedure
should provide sublists of wounds for each pernanent pathological condition. This would yield a relation between
permanent impairments and the wounds.

The next step would be to collect accident and battiefield data of wounds that are included in the
sublists and check the walidity of the relation. Obviously, we cannot hope to collect enough data for checking svery
branch of the list of impairments, psthological conditions, and wounds. Tharefore, most of the relations will remain
smibjective assessments. However, they will be objective in that they will repressnt a pooled opinion of several
amessors and will remain the mme for each application until revised and improved.

Present impairment in the incapacitation should be handled in u simflar manner. Again one should begin
with a list of impalrments of biophysical functions, including communication and consciousness. The sub*ats of
pathological conditions for each impairment and the sublists of corresponding wounds should be constructed. A
relation of a wound to systemic response should be taken ito account by specifying pathological conditions for
various periods of time. In other wordy, for a specified impairment such as loss of dexterity of digits, we may choose
seversl pathological conditions of varying severity according to the period of time between wounding and the
manifestation of the impairment. It may be expedient to consider aggravation of the impairment by derangement
obtained in the asssssment of morbidity, Such a relation of physical impairment to the leve! of derangsment may be
a proper vehicle for introducing the synergistic effect of multiple wounding,

The validity of the relation between the present impairments and the corresponding wounds should be
tested by available accident and battlefleld data.

In summary, the injury consisis of the values of systemic variables determined at a specified time after
wounding, the description of a wound in terms of damage to structural integrity, and pathology. The type of tisue
and the organ or physiological system involved must also be specified in this description. Wound description may
remain qualitative, However, it may be expedient to quantify the wounda.

We may quantify a wound by a triplet of numbers as follows. Let w be the total volume of tissue that
must be removed befors suture of the wound. We call the cavity that results from debridement (assuming no
contraction or expansion of the remaining tissue) the ultimate cavity. For brevity, we also call its volume, w,,
ultimate cavity. Let wo bo the maximum cross-sectional area of the ultimate cavity, We call w ultimate cut. These
two quantities correspond to two different wounding mechanisms that are frequently referred to as energy
deposition and cutting. Histopathological conditions are quantified as follows. After debridement, the wound is
flushed with saline and the washed-out tissue cells are spun off for a dye-exclusion test of viability. The percentage of
the dye-exclusion cells is determined. Lot this percentage be w3. Thus a complete definition of the wound for each
type of tissue requires a triplet of numbers: w, w5, and w3,

One can expect o considerable varlability in the estimates of these numbers, especially because f
variability in judging how much tissue should be debrided. In animal experiments, the procedure for debridement
can be prescribed in detail in order to reduce this variability, which also affects the histopathological value w3 . One
possible approach may be to use the change in color of liquid crystals sprayed on the injured tissue In order to
detormine the amount of tissue to be debrided. Experiments at the Biophysics Division using this technique suggest
that it may be profitable to search for a refinement of this method. A reﬁ.‘ wmay ia-ﬁeuﬁ‘:li-ﬁn“ viday
effecting relatively uniform debridement,
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Experimental data may be employed to uvbtain un anaiyti approximation of ultimate cavity and
ultimate cut in terms of the force exerted on the tissue. Let us assume that the postulated wounding mechr niam
leads to tv.0 different types of interaction forces, say, F and Fy. In the next section, we discuss a hypothesis that
leads tu two such forces. We may iry to represent the ultimate cavily, the ultimate cut, and histopathology in teims
of functionals of these forces. Lot us sssume that the area .at) ot the vrous section of the ultimate cavity normal (0
the path of the projectile is proportional to F), and the muximum diumeter of this cross section, Dm“(t), is
proportional to Fy; i.e., A(t) = uF | und Dpnax(t) = bF;. Then the formulus

- ﬁ(ﬂﬂ'ﬂdt (1)

w, = j Dyyax (Ot ()

with Integmtion over the duration of penetrution, approximate the cuviy w j and the ultimate cut wo. The quantity
w3 may be attributeu to hydrudynaniic force only and hence we miuy consides the following upproximation;

WS = Gﬁ‘(tnt ‘ (3)

where C is a constant,

This chulce of yuuntification of a wound iequiws L the questionnaires discussed above be
complemented with autopsy plctuies und the histologicul findings cunesponding to the various levels of damage.
This information should be ussuciuted with the correspondiy values ot v/, wo,, wd w3, The questionnaire would
also require the values, or ranges of values, of w), Wy, and w to produce the puthologlwl conditions contained in
the lists of permanent and present anpuliments, bf coursg, ull experlm-..nlal duts, including autopsy and histological
records, should first be examined tu test it the proposed quantificution of wounds is adequule.

A simple and yet suiticieatly accurate description of local injury scems to be the most complicated part
of the wound ballistics. An extensive unulysis of existing experimentat duta, inctuding tissue simulunts, should be
conducted and a few simple hypothuses on interaction mechunismy betweon u projectile und the tissue should be

tested. Some new experiments, uspoctally wah tissue simulunts, muy be required for determination of an acceptable
interaction model.

V. HIT.

Description of a hit depetus i the chaive of quuntilication of the ijury. We introduced a concept of
sublists of pathological conditivns that lcud  u presvnt of peimanent inipuirment. These conditions are associated
with certain anatomical parts of the buiy. Uence, for & specified pari, protective envitonment, and weapon or
weapon system, we can determine the cu..ditionu! probubility of & hit of thut unatumical part, given a hit of the
body. Conditional probabilities fur seveiul unacoticul purts may be greater thun zero for certuin single hits,




The wound is described in terms of disruption of structural integrity of the tissue and in terms of
induced histopathological conditions. Therefore, a hit should also inclide a conditional probability of exerting that
rorce which produces the damage. Thus, we need to determine an irteraction mechanism between projectile and
tissue and derive {rom this relation the fr=quencies of verious magnitudes of the interaction force. We choose the

: following hy pothesis: the force consists of two components, one being of hydrodynamic drag typs and the other of

: slastic-plastic reaction type. Thus we propose to test the fellowing simple equation of motion of s projectile within
the tissue:

VTR ML T T T T

dv R
¢ ' m-d-;ﬂ V2 - 5% “)
:

E where m is the mass of the projectile, v Is its speed, and ¢ and c, are proportionality coefTicients that depend on
1 properties of tissue and projectile, such ss shape and orientation. If, for sach type of tissue, we replace c and ¢y in

equation 4 with their expected values taken over all the possible orientations of a projectile, we can integr:te

} equation 4 to obtain

c1x oyx

i Ve v m-2<-e m) (5)
z 1
& where x is the depth of penetration and

'3

¢ _"_1: ¢y + OV -

3 m m

. ..2., - .——L.o- -@ (6)
4 Vo Vo

1
|

where v is the striking velocity. Now we can obtain the two forces (their expected values) of the interaction
between the projectile and the tissue, namely, Fy = clvz and Fy = c,v, as functions of time.

We can obtain a description of a hit either by examining available battleflsld data or by comparing the

geometry of the involved anatomical part with the geometry of the missile path and, if applicable, with protective
barriers.

R T

The dats on projectile retardation by mammalian tissue and by tissue simulantr can be used to test the
interaction model and to determine its parcmeters such as ¢ j and ¢, in equations $ and 6.

The model and the geometry of the tissuc involved cun be used for determining probability of the
interaction force or of some functional of this force such as, say, total work (energy deposited) or total momentum.
Of couise, these parameters of hit depend on the projectile descriptars,

VL. PROJECTILE.

A complete description of the projectile shc uld include joint frequency distribution of its mass, speed,
and shape parameters, However, for the sake of simplicity, we propose to consider the mmesn values (or rather their
estimates) of projectile descripturs. This remerk completes our deflnition of the mass and the striking speed of a
specifiec! projectile at u specified range.
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For definiteness, we sssumo that the shape of a projectile is described by four parameters. The first
parameter is the maximum presented area; the second, the mﬁmnmdhmﬂnoﬁhh‘ml;du third, the minimum
presented area; and the fourth, the maximum diameter of the minimal area. The sphere of radius r has, sccordingly,
the following shape parametens: w1, 2r, #r2, and 2r. The cube of edge a is characterized by the following

parameters: ‘WOWW‘%.M of dimensions a X bX cwitha > b
amdb>care:y +blc + aéc?, 3abe/v/adh? + bécé + adcd, be, and Vb4 ¢ ¢4, The shape parsmeters of ey
projectile of regular geometric form can be expressed in terms of its geometry. Howeves, it is simpler to derive these
parameters empirically. This can be done by obtaining the two orientations of the projectile that produce the
'smallest and largest shadows, with the projectile placed in the path of paralle! rays. Such orisntations can be reachly
determined with the aid of a photometer. Messurement of aress and maximura diameters of these shadows produces
ths desired parameters. The shape parameters of bullets and fachettes can be readily approximated in terms of their
geometric parameters. For instance, if the stem of a flechette has madius r and length £ and two fing of
dimension 2 X b X ¢, then the shape parameters of the flechette are, approximately, 2(rf ¢ ab), £, #14 + 2bc, and
2( +1). ,

The choice of these shape parametens is dictated by our hypothesis concerning the relation betwesn
projectile descriptors and the hit chamacteristics. Our hypothesis assumes that, for a fixed type of tissue and a fixed

type of projectile, L.¢., projectiles with the same stability properties, the cosfficients ¢, and ¢, in equations § and 6
can be approximated as follows:

€] = 6)0) + ax3 Q)
and

¢3=P1p2+ B0y ‘ ®

where 0y, £, 03, and py are the missile shape parameters defined abowe. The cosfficients a;, g, 8y, and B, depend
on mechanical properties of tissue and on the stability dthuprojntﬂo.lfelm?mwmlmdfum
shapes by the method described in the preceding section, we can use equations 7 and 8 to compute a, a5, ;, and
£, by the least squares method or some other estimating technique. If the hypothesis is changed in any way, then it

may be expedient to choose different shape parameters. The ones chostn were sslected because we proposs to test
our hypothesis.

We also consider the type of weapon as a part of the description of the projectile, since conditional
probabitities of hitting various anatomical sites of the body may depend on the type of weapon.

VII. MORTALITY.

In the preceding sections, we attempted to describe the consequences, injuries, hits, and projectiles.
Now we turn to relations between these elements. Let C be the set of consequences, W be the set of injuries, H be
the set of hits, and P be the set of projectiles. The elements of these sets have been defined in the preceding sections
with the following relations (mappings) in mind:

h: P> H
w: H-W ®)
e W

The combination of these mappings produces 1 mapping of the set P into the set C; l.e,, relates the
descriptors of projectiles to the consequences. This is the ultimate goal of the wound bailistics which csn be achieved
if we succeed in deriving the three mappings indicated in equation 9.
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In view of the complexity of these sots, sspocially of the set of injuries, W, it is advisable to examine a
possibility of deriving mappinys of simpler sets. For instance, instead of considering all of the complexities of the set
W, we may study only the injuries to certain parts of the body, uay, extremnities. Suppose we succeed in obtaining »
mapping of the set P (projectile descriptors) into a subset of ror<aquences that result from injuries to extremities.
This mapping can be used in two ways. First, we can use it to evaluate the relative effect of projectiles if we assume
that whenever one prajectile is, say, twice 8 " uctive on extremities ss another, then it is also twice as effective in
general. Secondly, the general mapping of P into C can be readily obtained from partial mappings of various wbssts.

There is also another way of choosing partial problems that are much simpler than the general problem.
Thess partial problems can be obtained by considering various projections of the ssts P, H, W, and C. We recall that
the slements of them sets uic voutors (n-tuples of numbers). We can ignote soms of the components of these vectorns
and consider the mappings of the mts of lower dimensions. We begin now with such a choics. Let V be the set of
systemic rssponses (0 wouids and D be the st of mortality rates at a specifled time ¢, after wounding. We seek the
mapping of V into D,

Tha patient duta recorded in the Center for Study of Shock and Trauma at the University of Maryland
during the last several years establish our departure point in a search for such s mapping. These data contain various
systemic parameters measured in shock and trauma patients. The patients are classified into survivals and
nonswvivals, The survivals aie those who left the intensive care unit well enough to be iransferred to a genenal
hospital or to u sehabilitutivi center for physical therapy or to thelr homes. All nonsurvivals died in the intensive
care unit.

Sume of thes: patients came to the Shock-Trauma Center after unsuccessful trestment at other
hospitats. For thix and other 1easons, the time of injury is not known in muny cases. However, we postulate s model
in which this is not impotiuni, because we assume that a sufficiently detalled record of the peesent state of every cell
and every organelle in & cull duvs describe the condition of the patient so completely that his medical history cannot
add anything to our kno.ledge of his condition, Of course, such a record is not available. However, we may test a
hypothesis that a sufficient number of systemic varlables can be selected 5o that the past medical history, including
the time of onsct of traunw und shock, is superfluous, If this hypothesis is correct, then the measurement of
systemic variables at any instunt should be sufficient for predicting whether the patient will die or live. On the basis
of this hypothesls, we initially do not differentiate between causes of traumu and shock. This is consistent with our
assumption thut systemic response variubles cun be used to predict the mortality rate without reference to the
wound thut produced this iespuie.

The patient duw inzlude S5 systemic variubles. Our flrst step is to select a subset of these variables that
is as small us possible and yet adequate for defining vur mapping with sufficient accuracy. Therefore, we choore the
so-called terminal point for cuch patient; L., the lust determinations vt the variables either before the death of the
putient or before his dischwyc from the Intensive care ward. The tenninal sample should show the differcnce
between near normal and poci prognosis conditions more clearly than any other choice of patient data.

Let x stand for su a-tuple (ndimemsional column vector) of' systemic variables. We ussume that the

components of x are jointly noumially distributed with the means ¥ and ¥ for survivals and nonsurvivals,
respectively. Let M be the covariauce ruatrix of the components of x. Then 1he likelthood ratio of x 1s

Lx) = expfil(x - HIML (x - 9) - tx - 5i'WL x - W)




where superscript T denotes a transpose and M-} is the inverse of M. Consequently, the probability that a patient
will die with systemic vuriables x is

Iex) ]
Fx) 1+ L(x)

(10)

We selected 32 systemic variables that, by the Student’s ¢-test, had the most significant differences
between mean values for survi: als and nonsurvivals. The dats of 581 patients were used to estimate the mean values
X and ¥ and the covariance matrix M, Using these estimates, the probability l(x) for each patient was computed by
equation 10. If we sssume that r1(x) < 4 indicates that the patient will survive andthat t'(x) » ¥ shows that he will
die, then we find that this rule misclassifies 10% of the patients. Of course, this does not indicate that the estimate
of probability is only 90% accurate. Indeed, a patient with the probability of 0,51 by this rule, for example, is
classified as dead, yet he has 0.49 chance to survive. The uccuracy of this probability must be tested by comparing
the frequency of nonsurviving with the comresponding probability : that is, by comparing the expected number of
nonsurvivils with the observed number of deceased patients. The sum of the probabilities computed for every
patient yields the expected number of nonsurvivals, In our case. this sum is 238, i.e., the computed mortality rate is
0.4096 whereus the actual mortality rate is 0.4010.

This is only a preliminary result. The following steps must be taken to arrive at the formula for
mortality rate, First, the normality of the distribution of each variable and the hypothesis on equality of covariances
for survivals and nonsurvivals must be tested. Secondly, the selection of variables 10 be used in the model must be
made according to their joint discriminating power instead of individual discriminating power as indicated by the
statistical significance of the difference of the mean values or by some other criterion. Thirdly, other than terminal
data should be used and the formulas for mortality rate during severs! periods of time should be derived. Finally, the
dependence of the model on the cause of injury should b2 examined.

Successful completion of these steps will yield a mathematical model for mortality rate: i.e., an analytic
formula that expresses the mapping of systemic vectors, x, into montality rates, t'(x), for selected time intervals,
Together with this we will obtain a collection of systemic variables that are adequate for relating a patient's
condition to the corresponding mortality rate. Let X denote the set of vectors, x, of systemic variables, and let R be
the set of k-tuples of mortality rates, r{x), in the specified time periods, Thus, we huve

n X-R (n

The next step is to collect a set of human accident and battlefield data that include the needed
information about the projectile, the hit, and the systemic variables, x. at a certain time after wounding. Suppose
that we collect such data for several types of projectiles, The same type of injury can be simulated through animal
experiments und the systemic response variables in the animal can be measured. For each peP,. we get the animal
systemic varfables, We denate the collection of these variables by the vector g. Thus, for each pePy, we obtain a pair
(8. x). Hence, we cun derive an empirical mapping, x = x(g), that maps a subset, G. of a set of all pu..vible animal
systemic variables, G, into a subset, X, of systemic variables in humans. By assuming that the derived formula, x =
x(g), holds for every point, geG, we obtain an extension ¢ of this mapping

n: G - X (1)

More generally, we may use suitable interpolution and extrapolution procedures to construct  mapping! 2 from the
pairs (g.x).

15
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Now we can conduct animal experiments with projectiles and hits not inciuded in the accident data and
we can generate a number of triplets (p,h,g), where p is a set of projectile descriptors, h is a set of hit characteristics,
and g is the set of animal systemic response variables. We can use these sets to obtain an empirical mapping

g = sg(p.h) (13)

The combination of this mapping with equations 11 and 12 yields r = f{p/h); i.c., the collection of mortality rates for
a projectile, p, and the hit, h,

Let hy, hy. ., hy, represent a collection of hits that are of interest and let q). q7. .., G, be the
p..Dbabilities of these hits. Then the mortality mte model for projectile p is given by

op) = i‘hf(l"h;) (14)
i=1

In order to cumplete the mortality model, we need to obtain a relation for expacted time to denth. We
propose to derive this by modifying the Gompertz mortality law of actuarial mathematics. This law states that
mortality rate m(t) (probability of death) at the age t is given by

m(t) = a exp [b exp (ct)}, (15)

where a, b, and ¢ are model parameters. We assume that deterioration of the patient's condition Is of t..¢ exponential
type, as aging is; but the rate of deterioration is much faster than the rate of aging. Therefore, the same mortality
law follows, except the time scale is different. Thus, we can obtain an empirical mortality law from equation 15 by
changing the time scale. The new scale is a function of injury; Le., a function of systemic variables. We denote the
scale factor by k(x) with systemic varisbles, x, chosen at some fixed time. The resulting mortality law is:

ut)=aexp {b exp[ck(x)t]'. ' (16)

Since the rate of deterioration increases with the severity of injury, we may obtain an adequate
representation of k(x) in terms of r(x) which reflects the severity of injury. We may even limit ourselves to just one
camponent of the vector r(x), say, ri(x). Since the scale factor increases at an accelerated rate as ry(x) goes to 1, it
seems reasonable to expect that k(xS has a vertical asymptote at ry(x) = 1 or at least an increasing slope as r(x)
approaches 1. Therefore, imple candidates for k(x)are either & reciprocal of a homogeneous polynomialin 1 - ry(x)
(or more generally in (1 - cry(x)) for some c < 1) or an exponentisl of this reciprocal; L.e., we write

Q(x) =ag[1 -1y ()] "+ a1 -r,(x)]"" +tap [1ry(x)] an

with ap ; > 0. We may choose either

1
k(x) = .O_(;) (18)
-
k(x) = ae I (19)




The expected time to death, T, Is given by

T =f wiudt, (20)
[+]

where u(t) is defined by equation 16 with k(x) replaced by equations 18 or 19 or some other suitable function such
ask(x)= a |l - r(x)] @ with a > 0, but not necessarily an integer. Integration of equation 20 yields

T = T, k%) @1

where T,, is the expected lifetime with no injury. Substitution of actually observed data for r 1(x) and survival time,

T, yields an overdetermined system with coefficients of Q(x) as unknowns, The least squares mlution of this system
yields the values of the coefficlents,

VIIl,  MORBIDITY.

A mathematical model] for derangement and recovery period can be obtained in the same fashion as the
mortality model described in the preceding section. In fact, derangement may be defined as probability of death
which is a measure of deviation between the patient's present condition and his normal state,

A model for the tolerance period could also be obtained in a simllar fashion if we could get data within
this period. Obviously, the tolerance period cannot be measured directly. It can be obtained as an assessment by
experienced surgeona. However, another way to estimate the tolerance period is as follows:

Suppose we have at least two determinations of systemic response, X, at the successive instances of time,
say. t) and t5, and that no effective therapy was instituted prior to the time t4, With these and the mortality model,
we can compuu the mortality rates ry and rq at the times t; and t5. By deﬂni%on the chance for recovery does not
chunge appreciably during the tolerance perfod. Thus, the eﬂnitlon of the tolerance period must in. “1de a bound
on this change. Suppose we allow the probability of death to incre:ase during the tolerance period by the factor | + ¢
for some small positive, e. We use the values of t; and r4 to extrapolate for the value r, at t = 0 and then for tp 90
that r(tp) (1 +ar, ‘l‘hent is the tolerance period.

If the data as just described are not availuble in sufficient umounts for determiniag an empirical relation
between systemicvariablesa J the tolerance period, we may try todetermine the effectiveness of the therapy instituted
prior to t4 and, consequently, to reduce the value of r4 to discount this effect. The effectiveness of the therapy cun
be estinated by comparing the mortality rates of critically injured people brought to the hospltal thortly after injury
with the mortality rate in a similar patient group who arrive at the hospital with some delay.

Once the tolerance period for a number of patients hus been estimated we can obtain an empirical formula

thut expresses this period as a function of systemic vuriables in o manner similar to that described in the preceding
section,

The problem of permanent impsirment and permanent disability is quite different since here the outcome
depends on wound as well as on systemic variables. A model for permanent dlmbllltx may require a series of
formulus. at least ane for each subsystem that constitutes a topic of any one of the guides. 12

This problem is similar 1. the problem of incapacitation, which seems tu be of a greater practical
importance than the problem of permanent disability. ‘Therefore, incapacitation should be addressed first and then

the approach to the permanent disability should be patterned according to the method developed in the study of
incapacitation.
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IX, INCAPACITATION.

Evaluation of antipersonnel weapons, perhaps, depends on assessment of incapacitation much more than
on any other consequences of the injury. Therefore, this part of the wound ballistics problem may be assigned the
first priority. In view of the complexity of this part, a stepwise solution should be sought.

The present incapacitation models of Kokinakis and Sperrazza! express probability of incapacitation in
terms of the mass and the velocity of a projectile. No estimates of the confidence intervals of computed probabilities
are given. However, there are unpublithed investigations of the confidence intervals. These results were obtained by
at teast two different approaches. Both are based on the assumption that the errors of log [og (I-p)], where p is the
probability of incapacitation, are normally distributed. This, perhaps, is a reasonable sssumption, However, there are
certain other assumptions In this study. In view of the scarcity of the duta, it is not possible to obtain & reliable test
of these sssumptions. Therefore, it is desirable to obtain confidence inteivals based on other assumptions and to
examine the sentitivity of the model to these assumptions. The sensitivity of the model to the values of parameters
of the assumed distributions should also be determined. The results of such a study should be published together
with the confidence intervals of the past investigations and should be made available to the users of the
incapacitation models.

The next step should be to assess the distribution of Incapacitation levels sssaciated with each functional
group and to investigate the effect of this on the final model. If a deﬂ ite incapacitation level is being assigned for
euch functional group as it was done in arriving at the models,! then the assumptions under which such an
assignment holds should be examined and their implications should be investigated.

Similarly, instead of assigning a functional group to each wound class of the present approach, one thould
examine the probability distribution of functional groups as a function of the wound class, The effect of combining
this distribution with the distribution of incapacitation levels should be investigated.

Also each missile trajectory traced on an anatomic chart should not be ussigned a definite wound class.
Instead, some probability distributions of wound classes should be ussociated with the trace of & projectile on an
anatomical chart, A combined effect of all these probability distributions should be thoroughly investigate '

The probability distributions mentioned above can be obtained by upplying the Delphi method to an
appropriately devised questionnaize accompanied by the available experimental data. A much faster and easier
approach would be to assume sultable ranges of the variables mentioned above and simple probability distributions
uver these ranges. For instance, instead of assigning the functional group X to & particular wound, we may say that
the wound causes functional groups IX, X, and XI. ull with equal probubllities of one-third or with some other
probabilities.

Further, probabilities of particular truces should be reevaluated either on the basls of available field data
or by considering more realistic rclaticons beiween the position of the body and the path of a projectile, rather than
an upright frontal exposure to horizontal paths of projectiles.

All that is said so far in this section concerns ftsel! with a recvaluation of the existing experimental data
and of the past analysis of these data, Additional studies should be cunducted in a stepwise construction of new
maodels, First of all, one may examine wounding mecanisms. To begin with a physiological effect, we may examine
autopsy and histological records of the past experiments and attempt to determine if the total amount of tissue that
should be debrided can be estimated from these records. The data of the past experiments also include retardation
coefficients by various tissues. Therefore, it is possible to devise tissue simulants that pruduce the same retardation
and to collect new experimental data with these simulants in order to obtain the forces postulated in a wounding
mechanism as, for instance, F and F, of section V. The tissue simulants could be used to obtain empirica! relations
between projectile parameters md the%' orces Fy and Fy,
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Determination of F; and F5 or some other forces according to the assumed wounding mechanism for
wounds of the past experimenu will ybld a tabular relation between these forces and the ultimate cavities and
ultimute cuts. We can use this tabular relation to determine an empirical model that expresses the wound in terms of

1 #nd F,. If, as suggested above, Fy and F, are cxpressed in terms of projectile parameters, we can obtain a
mnppm. 7hlma patameters onto a wound in a soft tissue.

In order to obtain at least partial results, which would constitute a first spproximation to the desired
solution, we may assss incapacitation induced by the wounds with specified ultimate cavity and ultimate cut only
for soft tissues of gross anatomical components such as the head (brain), thorax, sbdomen, and sxtremitics. Instesd
of considering the sffect of various projectiles, we examine the effect of various wounds and construct an empirical
model of incapacitation that relates the ultimate cavity, the ultimate cut, and histopathology to incapacitation, The
combination of this model with the previoudly described relation of projectile parameters to wound parameters
ylelds a first approximation of the incapacitation model,

Consideration of skeletal structure as well as soft tissue, a finer subdivision of head, thorax, stc. into thelr

anstomical components, and application of analysis described in this report would yield & better approximation toa
desired model.
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