-
Polise

Akinr

Protokollbilaga AM-178088-22

Signerat av

Petra Johansson

Enhet Arkiv/Akl. ex SIAEIDIATUNGSRATT

Region Syd, BINR 3 PO S Skane

Handlaggare (Protokollforare)
Petra Johansson
Bitr. handlaggare
Magdalena Csiky
Undersokningsledare
Ingegerd Jigin
Polisens diarienummer

5000-K1548032-22

Personer i arendet

2028+14-0710:47

DAINROM: 2023-11-09
2023+0624683-22

AKTBIL: 186

Fortursmal Beslag

Malsagande/misstankt under 18 ar

Malsagande vill bli underrattad om tidpunkt for huvudférhandlingen

Nej

Ersattningsyrkanden

Tolk kréavs

Missténkt (Efternamn och férnamn)

Inkvist, Thord Daniel

Personnummer

19801228-4058

Brott

Forhandsgodkannande enligt RB 48:10

Nej

Missténkt har delgivits information om att férenklad delgivning kan komma att anvandas av polis och tingsratt (skriftligt dverlamnad vid ett personligt sammantréffande).

2023-02-01

Missténkt har delgivits information om att tillganglighetsdelgivning kan komma att anvandas av tingsratt (skriftligt dverlamnad vid ett personligt sammantréffande).

Underréattad om slutférd férundersokning / utredning enligt RB 23:18a

2023-09-15, muntlig underrattelse

Yttrande senast (radrum)

2023-10-27

Resultat av slutunderrattelse

Erinran

Forsvarare

Elvingsson, Anders, forordnad 2022-12-27

Underréattad om slutférd férundersdkning / utredning

2023-09-15, muntlig underrattelse

Yttrande senast (radrum)

2023-10-27

Resultat av slutunderrattelse

Erinran

Misstankt (Efternamn och férnamn)

Inkvist, Jasmine

Personnummer

19890204-4125

Brott

Forhandsgodkannande enligt RB 48:10

Nej

Misstankt har delgivits information om att férenklad delgivning kan komma att anvandas av polis och tingsratt (skriftligt 6verlamnad vid ett personligt sammantraffande).

2023-02-01

Misstankt har delgivits information om att tillganglighetsdelgivning kan komma att anvéndas av tingsratt (skriftligt dverlamnad vid ett personligt sammantréffande).

Underréttad om slutford forundersokning / utredning enligt RB 23:18a

2023-09-15, muntlig underrattelse

Yttrande senast (radrum)

2023-10-27

Resultat av slutunderrattelse

Erinran

Forsvarare

Gerleman, Ebba, forordnad 2022-12-27

Underréattad om slutférd férundersdkning / utredning

2023-09-15, muntlig underrattelse

Yttrande senast (radrum)

2023-10-27

Resultat av slutunderrattelse

Erinran




Notering

HYPOTERMI



Innehallsférteckning

Diarienr Uppgiftstyp Sida
Utlatande
5000-K1548032-22  Sakkunnigutlatande Utlatande hypotermi...........cccoeeeiiiiie e 4
Berakning
GOrdon GIESHIECNT..........oiiii s 9
Forskningsrapport
Vetenskapligt underlag for SIMUIEIING.......cccooviiiiiieeieee e 13
Personalia
Bilaga skaligen misstankt, InKVist, JASMINE...........cccoveeiieeiiie e 25
Bilaga skaligen misstankt, Inkvist, Thord Daniel..............cccoooeeiiieeiieeieenne, 26

Personalia, INKVISt, ThOrd DAnI€l........cooovemeeeee e 27
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andtarmen var 33,9°C.

Petra Johansson (PJ) kontaktade undertecknad 2023 03 07 med forfragan om
sakkunnigutldtande/sakkunnigforhor avseende lag kroppstemperatur/hypotermi, i ett brottmal som
gallde synnerligen grov misshandel (ej vallande till annans dod). Formell begaran fran Petra
Johansson Polismyndigheten i Lund och kammaraklagare Ingegerd Jigin (1)) Sodra Skénes
aklagarkammare inkom 2023-03-13 mot bakgrund av att Rattsmedicinalverkets rattsintyg inte
besvarade alla fragor avseende ZI:s ldga kroppstemperatur.

Bakgrundsinformation
Sammanfattning av polisens utredningshandlingar, réttsintyg fran Réttsmedicinalverket,
patientjournaler fran sjukvarden och temperaturuppgifter fran SMHI.

Zlvar vid handelsen 6 ar och 11 manader. ZI ar for tidigt fodd, v 31 + 4. Féraldrarna Daniel Inkvist (DI)

nrh lacmina Inlaict [ ninnaav att 71 3r cant ntuarcklad arh hir hlAia | hammat 71 har incan k3and

L L T R T R LA R S S AT SR SR TR e R R - - - e

Vikt var 16,2 kg vilket utgér minus 2,92 standardawvikelser jamfort med normal tillvaxt. Langd 117
cm. ZI hade vid inkomsten till sjukhuset normalt blodtryck, puls ca 90 slag/min. Det var svart att
kanna puls vid artaren i handleden men pulsen kunde kdnnas i ljumsken. ZI hade langsam andning
med 3-4 andetag per minut och hon beskrevs vara lattblédande. Det gick inte att mdta syremattnad i
blodet. ZI:s ultraljud av hjartat visade nedsatt kammarfunktion. ZI hade uttalade fratskador i
matstrupe och magsack vilket gjorde att hennes magsack permanent opererades bort.
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Gordon Giesbrecht, Ph.D., FASMA, FAWM

Legal Consultant 92 Colebrook Dr.

Thermophysiologist Winnipeg, MB Canada R3T 5Y8

Professor and lecturer Phone (204} 995-6599
’ o ‘esbrec

Date: April 27, 2023

To: Helge Brandstrom

Re: Child hypothermia case
| have been asked to provide answers to the following case.

INFORMATION PROVIDED:

Situation:

6-year-old girl, close to seven, born 2016 01 09

Length 117 cm

Weight 16.2 Kilogram

Arrived at ED at university hospital 2023 12 24 05.00 AM. After intake of 50-150 ml 24% vinegar
essence at about 03.30 AM.

Assessment at the ED room

T rectal 33.9°C

Semiconscious with Glasgow Coma Scale 9-10, very drowsy, responds to strong stimulation
(loud talk, shaking, pain stimulation).

Cyanotic

Peripherally cold and vasoconstricted

Radial pulse not palpable

Respiratory Rate 4-5/minute

Heart Rate 90 beats/minute

Bleed easily

Ciothing:

Diaper only at home

In car on way to hospital, 20-25 minutes’ drive, shoes, socks, diaper, trousers, women’s
sweater, women’s winter jacket

According to police investigation:

Tied down and immobilized to mobile child car safety seat in laundry room.
Temperature in laundry room from police investigation 15°C

Temperature in house from parents’ description 19-20°C
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Temperature outdoors 0.7°C (06.00 PM the evening before) down to -2.5 (06.00 AM the day
when she came into the hospital)
Superficial wounds at lower back and lower abdomen, buttocks, and genital area.

According to parents:

The girl had been sleeping in their master bedroom and came in groaning from pain in her
stomach.

Telling she had been drinking vinegar essence from a glass in the laundry room.

Fully awake, not especially cold, waved goodbye to her mother while ready for the car drive
with her father to hospital.

QUESTIONS
1) How long would it take to cool down to a core temperature of 33.9°C.

a. With diaper only (screen shots of the model predictions are included on next
page):
i. In 0°C air — 3 hours (Figure 1)
ii. In 15°C air - 26.6 hours (Figure 2)
jiii. In 19°C air - >36 hours (Figure 3)
b. With sweater and parka on:
i. In0°C air - >36 hours (Figure 4)
(this is the maximum time the model predicts for)
Thus, at 15 or 19°C air, the predicted time would also be > 36 hours.

2) Comparative effects of being immobilized or mobile.
| do not think there would be much effect of being immobilized compared to mobile in a cold
environment.

3) Effect of diapers being wet from urine only.
A wet diaper (especially if it is a disposable one) would have little effect on core cooling rates.

4) Effect of clothing shoes, socks, diaper, trousers, women’s sweater, women’s winter jacket
This clothing would essentially prevent core cooling as noted above.
The predictions to reach a core temperature of 34°C assumes no clothing on the torso.

T environment 19°C (>36 hours)

T environment 15°C (26.6 hours)

T environment 0°C (3 hours)

With the clothing noted above, the time to reach a core temperature of 34°C would be > 36
hours at 0, 15 or 19°C air temperatures. Whether the victim was in the house and/or in the car
for 20-25 minutes, would not affect these predictions.
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Thank you for the opportunity to assist in this matter.

Sincerely,

Mt

Gordon Giesbrecht, Ph.D.
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Abstract

A multi segmental mathematical model has been developed for predicting shivering and thermoregulatory
responses during long term cold exposure. The present model incorporates new knowledge on shivering ther
mogenesis, including the control and maximal limits of its intensity, inhibition due to a low core temperature,
and prediction of endurance time. The model also takes into account individual characteristics of age, height,
weight, % body fat, and maximum aerobic capacity. The model was validated against three di erent cold con
ditions i.e. water immersion up to 38 h and air exposure. The predictions were found to be in good agreement
with the observations.
© 2004 Published by Elsevier Ltd.

Keywords: Mathematical model; Thermoregulation; Shivering; Cold stress; Hypothermia

1. Introduction

Thermal modeling is useful for understanding and predicting human responses to extreme condi
tions, whether by degree or duration (e.g., long exposure to cold air or water). Such models are
especially valuable for predicting responses under conditions that cannot be tested ethically using
human volunteers. Their application is very broad based, from analyzing possible scenarios for rescue
organizations to assisting post mortem criminal investigations.

* Corresponding author. Tel.: +1 508 233 4805; fax: +1 508 233 5298.
E mail address: xiaojiang.xu@na.amedd.army.mil (X. Xu).

0010 4825/$ see front matter © 2004 Published by Elsevier Ltd.
doi:10.1016/j.compbiomed.2004.01.004
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Predictive models for long term exposure to cold are quite limited, because of the lack of infor
mation on human responses to these conditions for extended periods of time. Most of these original
thermoregulatory models predictions are extrapolated to conditions of deep hypothermia, but they
do not fully consider shivering exhaustion [1 4]. This factor is an important determinant of the
balance between heat production and heat loss over a long duration. Tikuisis [5] has developed a
shivering exhaustion model and incorporated it into a single cylinder model of basic thermoregula
tion for predicting survival time of prolonged cold exposure. However, this model does not consider
regional aspects in the body (e.g. composition, blood ow, etc.) nor their contribution to temperature
regulation.

The six cylinder model of human temperature regulation developed by Xu and Werner [6] is a
suitable alternative for examining whole body response to extreme conditions. This model has been
validated for heat and cold stress, various exercise loads, and for various clothing ensembles, but
only for limited durations. When applied for long term cold exposure, the model predicts that a
thermal steady state can be maintained inde nitely as long as shivering is not fatigued. Clearly,
shivering exhaustion must be taken into account for a more realistic prediction. The purpose of this
study is to further develop the six cylinder model of Xu and Werner by incorporating the control
of shivering intensity using results from several previous studies [2,5,7,8] so that the revised model
can be used to predict whole body human thermoregulatory response to long term cold exposure.

2. Methods

The six cylinder model of Xu and Werner [6] is subdivided into segments representing the head,
trunk, arms, legs, hands, and feet. Each segment is further concentrically divided into compartments
representing the core, muscle, fat, and skin. The integrated thermal signal to the thermoregula
tory controller is composed of the weighted thermal input from thermal receptors at various sites
distributed throughout the body. The di erence between this signal and its threshold activates the
thermoregulatory actions: vasomotor changes, metabolic heat production and sweat production. Re
vision of the model to incorporate shivering is detailed below, but rst we describe the control of
shivering intensity to aid in the conceptualization of the model.

2.1. Shivering intensity

Various aspects of the shivering response are de ned and shown schematically in Fig. 1. Shivering
increases metabolism above basal values (line A) according to the integrated thermal cold signal
from core and skin receptors. Shivering metabolism (M, ) increases as core (7;) and skin (7)
temperatures decrease (line B), as predicted according to Tikuisis and Giesbrecht [7] until a maximal
value (line C) is attained. Maximal Mg, has been predicted to occur at skin temperatures between
17 and 20°C [8,9], and is dependent on the maximal aerobic capacity but inversely proportional to
age and the body mass index [8]. Therefore, the primary shivering response includes the theoretical
maximum response to a maximal stimulus when 7y ~ 20°C and 7, ~ 32°C (line B C), and a
submaximal response when 7y 20°C with a constant 7. (line B D) or when 7, is gradually
decreasing (line B E). However, My,;, may be lower than expected, secondary to either shivering
inhibition (line F, when 7, 32°C) [5] and/or shivering fatigue (line G, when metabolic substrates
are limited) [2,5].
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Shivering metabolism (W)

Core temperature (°C)

Fig. 1. Conceptual model for control of shivering intensity. (A) basal metabolism, (B) predicted shivering intensity, (C)
theoretical maximum shivering intensity, (D) observed shivering plateau when 75  20°C and T; constant, (E) observed
shivering intensity as 7t decreases or Ty nears 20°C, (F) thermoregulatory inhibition when 7. 32°C, (G) shivering
fatigue when shivering time exceeds the endurance time, and (Qjo) tissue temperature/metabolism relationship in absence
of shivering.

2.2. Metabolic heat production

The primary shivering response (B of Fig. 1, Mgy 1) was predicted using the following expression
derived from steady state metabolic heat production data from three separate studies [7]:

155.5- (37 — T.) + 47.0 - (33 — ) — 1.56 - (33 — T} 0
V%BF

where Mgpiy 1o 1S in W/mz, T. and T, are the core and mean skin temperatures (°C), respectively,
and BF is body fat. Eq. (1) is particularly suited for predictions involving long term cold exposure,
as the data included in its derivation 7, as low as 33.25°C during immersion in 8°C cold water for
up to 70 min. The maximal shivering intensity (line C), that Mg,;, cannot exceed, is estimated by
the following recently developed equation [8]:

Mgy 10 =

Mhiv.max = 30.5 4+ 0.348 - Vo,max — 0.909 - BMI — 0.233 - Age (2)

where My max 18 in ml Oy/min kg, Vo,max 1S the maximal O, consumption (ml O,/min kg), BMI
is the body mass index (weight/height® in kg/m?), and Age is age in years. Eqs. (1) and (2) de ne
the primary shivering response (Mghiy, 1o )-

The secondary shivering response (line F of Fig. 1, Mgy o) has been empirically de ned by a
hyperbolic secant function that smoothly and sigmoidally reduces shivering by a factor of 100 as 7,
decreases from 32°C to 30°C as follows [5]:

Mshiv,2° :Mshiv,l" sech{Z . (32 _— Tc)1'4} (3)

When 7. decreases below 30°C, shivering is essentially arrested and any further metabolic heat
production varies according to Qjo e ects [5].
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Estimation of shivering exhaustion is presently based on a glycogen depletion model [2] that
assumes that time to exhaustion decreases exponentially as the relative intensity of shivering ap
proaches a maximum value:

—4.0L
fend = — € " 4
end Lr ( )
where t.,q4 1S endurance time (the time until fatigue onset) in hours, is a calibration factor having a
value of 18 that corresponds to observed shivering fatigue during shivering [2], and L, is the relative
shivering intensity
Mpiv, 10

L. =
Mshiv,max

(%)
Eq. (4) was found to be satisfactory in a recent study [10] where the onset of shivering fatigue was
analyzed with experimental water immersion data.

Tikuisis [5] developed a method to calculate ., when shivering intensity varies. The end of
endurance is predicted when > #/feq equals unity where ¢ is the time step and feq is the
endurance time corresponding to the shivering intensity calculated for that time step. After shivering
fatigue onset, secondary shivering due to fatigue (line G of Fig. 1) is assumed to continue, but at
an intensity that is reduced by the following empirical factor:

2t 1
Mshiv,2° = Mshiv,l" sech {knd—} (6)
where is a tting constant with a value of 0.38.

2.3. Blood ow to muscle

Peripheral vasoconstriction redistributes blood ow away from the extremities and skin during
cold exposure. This heat conservation measure diminishes the heat transfer from the core to the skin
surface. For example, basal blood ow in the extremities of the calf and forearm is reduced from 3
(ml/100ml tissue min) to near zero (nutritive only) during cooling [11]. This reduction has also been
attributed to a reduced muscle blood ow [12 14]. Shivering, however, demands increased muscle
blood ow, expressed as

Q_ QOZ a + Mgpiy (7)

where O (m’blood/h m*tissue) is the required muscle blood ow, Qp is basal muscle blood ow,

(m?/h m*°C) is a distribution factor for vasomotor activity in muscle, a (°C) is the a erent thermal
signal for the controlling system, and (m3/h W) is a constant ranging from 0.2 to 3.5 m*/h m*°C
for the six model cylinders. Eq. (7) was implemented into the controlling system of the original
six cylinder model and has been described elsewhere [6].

2.4. Numerical method

The numerical technique is a simple implicit method with central di erences. The spatial grid is
101 nodes in each half cylinder. The time step begins at 3.6 s and is adjusted to each computed core
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temperature. The simulation program is written in FORTRAN and runs on PCs. For details, please
refer to papers [6,18].

2.5. Goodness of t

A root mean square deviation (RMSD) was calculated between the time courses of observed and
predicted values. The RMSD is de ned as [15,16]

(8)

where d; is the di erence between the observed and predicted result, and »n is the number of com
parisons. Where data are scattered over time, the t is considered valid if the RMSD falls within
the average standard deviations found for the observed data [15] or if the model prediction falls
within one standard deviation of the subject mean [16]. Where single event comparisons are made
(e.g., endpoint data), a paired ¢ test was applied with acceptance at the 0.05 level. Unless otherwise
indicated, all mean results are reported with +SD.

3. Results

The above constraints on shivering metabolism were integrated into the six cylinder model [6]
and validated against documented data. Data selected for the validation involved water immersion,
air exposure, and a well documented accident case report of water survival.

3.1. Water immersion

The experimental data used herein involved a group of 10 t, non smoking subjects (3 females
and 7 males) with a mean (£SD) age of 25.4 (£6.8) years, body mass of 73.5 (£13.8) kg, height
of 1.76 (£0.1) m, and body fat of 24.8 (£6.2)% [10]. The subjects, wearing only bathing suits,
were immersed to the upper chest level in cold water at a temperature of about 8 10°C in a seated
position with arms out of water for 2 6.5 h. The stirred water was initially set at a temperature of
20°C, then lowered to approximately, 8°C over 15 min by adding ice.

The model was used to predict the thermal responses of the individual subjects to the water
immersion. The inputs for each individual were height, weight, body fat percentage, age, maximal
oxygen consumption, and water temperature. The mean measured core temperature (rectal) and mean
skin temperature were compared with the predicted values at the end of the immersion. The results
included the immersion time (termination was due to extreme discomfort) and metabolic rate, as
summarized in Table 1.

Table 1 indicates that the mean of predicted results for the core and mean skin temperatures, and
metabolic rate are within the range of the respective measured +SD values. Paired ¢ tests indicated
that there was no signi cant di erences between the measured and predicated core temperatures
(p =0.35) at the end of the immersion. The RMSD of the core temperature over the experimental
period using 10 min interval data is 0.78°C, well within the maximum SD of 1.17°C for the observed
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Table 1
Immersion time, mean measured and predicted core and mean skin temperatures, and metabolic rate at the end of the 8
10°C water immersion trials [10]

Subject Time (min) T. (°C) Ts (°C) M(W)

Meas Pred Meas Pred Meas Pred
1 380 35.0 35.0 14.2 14.3 444.0 411.8
2 250 34.7 35.1 16.8 14.7 327.0 314.4
3 240 349 34.6 12.1 14.4 340.0 261.4
4 200 343 35.5 18.5 16.0 323.0 335.9
5 190 35.5 352 17.1 15.8 322.0 298.0
6 180 34.7 34.8 15.9 15.0 302.0 246.0
7 170 34.2 35.1 14.8 15.5 447.0 397.0
8 160 33.1 34.6 19.3 15.6 404.0 378.2
9 130 35.7 352 17.5 16.2 345.0 351.7
10 120 36.3 35.5 16.7 15.1 342.0 253.7
Mean 202 34.8 35.1 16.3 15.3 359.6 324.8
SD 75 0.9 0.3 2.0 0.7 52.5 60.2

data. There was no signi cant di erence between the average measured and predicted mean skin
temperatures at the end of the immersion (p = 0.09). The RMSD of the mean skin temperature
over the experimental period was 1.25°C, also well within the maximum SD of 2.28°C for the
observed data. The average predicted metabolic heat production was 34.8 W below the measured
value at the end of the immersion (p = 0.01). However, this di erence would not be signi cant if
the female subjects (i.e., subjects 3, 6, and 10) were excluded from the analysis. In that case, the
average measured and predicted metabolic rates for the 7 remaining male subjects are 373.1 + 57.0
and 355.3 +42.4 W, respectively (p = 0.08), and the RMSD of 75.0 W for the metabolic rate is
within the maximum SD of 141.0 W for the observed values.

Figs. 2 and 3 show the measured £SD and predicted core temperatures and metabolic rates,
respectively, during the course of the immersion. The predicted values fall within the SD of the
measured values over most of the immersion, but there were biases in the predictions that were
revealed by a residual analysis. The correlation between (7¢ pred — Tc_meas) and T meas using all
the data (n =212) is 18.2 — 0.50 T_peas (# = 0.79). That is, the model tends to over and under
predict T, for T ness less and greater than 36.1°C, respectively. Similarly, the correlation between
(Mprea — Mincas) and Mipeas 18 121.5 —0.49 - M5 (# =0.68). In this case, the model tends to over and
under predict M for Mp.s less and greater than 250.8 W, respectively. The tendency of an overall
underprediction of the metabolic rate is attributed to the poor t of the female response, as already
noted and discussed later.

3.2. Air exposure

The experimental data used herein involved a group of 9 healthy males of 1.77 (+0.06) m in
height, 74.3 (£11.4) kg body mass, and 14 (£3)% body fat [17]. The subjects, wearing only shorts,
were seated and exposed to 5°C air at a wind speed of about 1.0 m/s. Predictions were made for
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Core temperature
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Fig. 2. Comparison of the measured ({>) mean £SD and predicted (e) core temperatures for the 8 10°C immersion study
[10].

Metabolic rate

Subject number:
10

0 T T T T T 1
0 50 100 150 200 250 300 350 400

98 76543 21

Time (min)

Fig. 3. Comparison of the measured (<)) mean +SD and predicted (o) metabolic rates for the 8 10°C immersion study
[10].

the average subject since individual characteristics were not reported. Further, the current model
assumed a default value for Mgy max Of 4.5 X resting metabolic rate for Mgpiv,max, @S Vo,max Was not
measured.

Table 2 summarizes the comparison between the observed and predicted results. The core tem
perature approaches the lower end of the range of the measured core temperatures, the metabolic
rate approaches the upper end of the range of the measured metabolic rates while the skin tempera
ture is underpredicted. Considering that the seated subjects would not have experienced a streamline
wind exposure, as less than half of their bodies faced the wind, predictions were made assuming a
lesser wind of 0.5 m/s on the entire body surface. In this case, the predicted core temperature, skin
temperature and metabolic rate fall within the SD of the measured values.
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Table 2

Measured (£SD) and predicted core and mean skin temperatures, and metabolic rate for a group of 9 subjects after 3 h
of 5°C air exposure [17]

T. (°C) T, (°C/h) M (W/m?)
Measured 36.47 (£0.81) —3.88(+0.48) 145.0 (+45.0)
Predicted at 1 m/s wind 35.70 —4.67 190.0
Predicted at 0.5 m/s wind 35.88 —4.19 180.5

Table 3
Casualty characteristics and observed and predicted survival time (ST in h)

No Age (yrs) Height (m) Mass (kg) BF (%) Obs ST Pred ST
1 62 1.78 91 26.0 38 26.5%
2 63 1.83 83 18.4 14 14.25
3 35 1.80 86 21.6 12 18.25
4 56 1.68 73 17.0 11 10.0
5 45 1.64 68 15.0 9 7.25

*Casualty wore a wet suit whereas prediction assumed a nude condition [4].

3.3. Accidental water immersion

The accidental data used herein involved a group of 5 individuals who were immersed in 16.7°C
water after their dive vessel capsized [4]. The 5 casualties clung to a wooden door, one (No. 1) clad
in a full wet suit and the others only in pajamas. A rescue vessel arrived on the accident scene 38 h
later and found only one survivor (No. 1); the others having slipped away at intervals chronicled by
No. 1. Table 3 provides the basic characteristics of the casualties, and their recorded and predicted
survival times (assuming nude immersions). The body fat percentage was calculated from the height
and weight of the subject [18]. The predicted survival time was based on when the core temperature
fell below 30°C. A paired ¢ test of the recorded vs. predicted survival times indicates no di erence
(p =0.64) between the two times for the four casualties that were the most severely exposed (i.e.,
No. 1 was excluded from the paired ¢ test since this individual had worn a wet suit that the model
presently cannot account for).

4. Discussion

The present new conceptual model for shivering intensity (Fig. 1) combines a shivering predictive
model [7], a glycogen depletion model [2], a shivering exhaustion model [5], and a model of
maximal shivering intensity [8]. There is, however, some uncertainty regarding the validity of the

glycogen depletion model. The study by Tikuisis [10] concluded that the glycogen depletion
model was satisfactory as a mathematical construct for the prediction of shivering fatigue, but that
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the underlying physiological basis is questionable, as most recently acknowledged by Wissler [19].
Indeed, another recent study demonstrated that during prolonged low intensity shivering, the heat
production is unequally shared among lipids (50%), muscle glycogen (30%), plasma glycogen (10%),
and proteins (10%) [20].

Yet, the current model prediction for the four casualties of the dive vessel accident were quite
reasonable, and con rmed the provisional applicability of the glycogen depletion model as a use
ful mathematical construct. While the present model prediction of survival time is not more ac
curate than that reported by Van Dorn [4] using a much simpler approach, nor that of Tikuisis
model [21], it provides greater capability to simulate the complexity of the human thermal response
to cold and potentially will enable greater insight into thermoregulatory processes, as emphasized
below.

The human body regulates shivering heat production and vasomotor activities to maintain its heat
balance. The goal is to keep the core warm and stable. There is no clear de nition of what constitutes
the core, but it should compose the viscera in the torso, the brain, and the blood constituents [22].
While the shivering heat production in the extremities (i.e., legs and arms) is bene cial to the
maintenance of the core temperature during cold water immersion, this bene t may be o set for the
following reasons: (1) the heat conduction from the extremities to the core is minimal due to the
low heat conductivity of tissues; (2) the temperature of the venous blood returning from extremities
to the core would be low, as the tissue temperature can be rapidly reduced due to its physical
shape and size [23]; and (3) as shivering demands more blood ow to the muscle, the perfused
muscle thereby facilitates heat conduction from deep tissues to surface, and is eventually lost to the
ambient cold. Bristow et al. [23] measured the tissue temperatures at depths of 15, 30 and 45 mm
from the skin surface in the upper and lower leg during ~ a 1 h immersion in 8°C water. All the
tissue temperatures varied from about 0.7°C (the deepest upper leg location) to 14°C (the shallowest
lower leg location) below the core temperature of about 34°C at the end of the immersion. This
indicates that net heat was transferred from the core to the leg, acting as a heat sink despite the
heat generated by the leg muscles during shivering. This concurs with the study by Bell et al.
[24], who demonstrated that most of the increased metabolism (about 75%) was generated in the
torso. Therefore, redistribution of blood from the extremities, and from the cutaneous and peripheral
vasculature to more central locations (i.e. core) is a critical consideration of the present model that
others ignore.

The predicted metabolic heat productions of the three females in the water immersion study (i.e.,
subjects 3, 6 and 10) were well below their measured values. While there is usually no gender
di erences in thermal responses to environments except for the e ect of menstrual cycle phase
[25,26], the reason for the above anomaly may likely be related to the female subjects having quite
high body fat percentages ranging from 28.6% to 33.6%. Although it is necessary to consider the
body fat in the prediction of metabolic rate [27], Eq. (1) seems to overemphasize the impact of the
adiposity on the shivering heat production for people with markedly high body fat percentage. A
recent study [10] attributed the underestimation of Eq. (1) for females to inappropriate weighting
coe cients and/or too great an attenuation of the shivering response due to body fatness. Moreover,
the metabolic rates per lean body weight (LBW) of these female subjects were between 7.18 and
8.39 W/kg LBW whereas that for male subjects were between 5.06 and 7.54 W /kg LBW, suggesting
there is di erence of the metabolic rate per LBW between males and females. McArdle et al. [28]
also demonstrated that such di erences exist during 1 h immersion tests in 20°C, 24°C, and 28°C
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water. However, whether this gender di erence contributes to e ective metabolic rate requirement
per LBW needs to be studied further.

There are two possible reasons why the predicted core temperature of the air exposure subjects
tended to be lower than the measured one. First, as the subjects were seated on a nylon webbed
lawn chair, their exposure to the wind was not uniform across the entire body, as assumed by the
model. This would result in a lower net rate of heat removal from the body than predicted by the
model, leading to a smaller decrease in core temperature. Second, the measured core temperature at
the end of 3 h of exposure might have actually been lower than reported since one of the subject s
test was terminated at 151 min due to his core temperature dropping below the preset lower limit of
35.0°C [17]. Regarding the mean skin temperature, it is possible that the 12 point weighting system
used for measurement overestimated the actually rate of temperature decrease for the entire body
surface. Indeed, Haslam and Parsons [15] found that model predictions were less accurate under
windy vs. calm conditions at an environmental temperature below 5°C.

Overall, the comparison of the model predictions against the observations from the experimental
data and the accidental case report indicate close and reasonable agreement. However, further work is
required to remove biases in these predictions, as revealed by the residual analysis. While individual
characteristics of age, height, weight, body fat, and Vo,m.x are presently implemented, additional
e orts must be directed to identify several other factors, for instance the state of acclimatization and
the fat content of the torso, that might further improve the predictability and applicability of the
model.

5. Summary

In this study, a multi segmental mathematical model has been developed for predicting shivering
and thermoregulatory responses during long term cold exposure. The foundation for this model is a
previous six cylinder dynamic model of human temperature regulation [6] which was validated for
heat and cold stress, various exercise loads, and for various clothing ensembles, but only for limited
durations. The present model incorporates new knowledge on shivering thermogenesis, including the
control and maximal limits of its intensity, inhibition due to a low core temperature, and prediction of
endurance time. The model also takes into account individual characteristics of age, height, weight,
% body fat, and maximum aerobic capacity. The model was validated against three di erent cold test
conditions, one involving 10 subjects immersed in 8 10°C water for 2 to 6.5 h, a second group of
9 subjects exposed to 5°C air for 3 h, and a case report consisting of 5 casualties from a shipboard
accident following immersion in 16.7°C water for up to 38 h. The predictions of the core and mean
skin temperatures, shivering response, and/or survival times were found to be in good agreement
with the observations.
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