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The containment effort consists of four phases:
Preparedness - Outbreak investigation — Response - Evaluation
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Epidemics control and logistics opera
Preparedness

 Maintaining a certain level of
available resources so as to
reduce morbidity and mortality
when an outbreak occurs

o Pharmaceuticals and supplies in
large quantities in order to assist
a prompt response, if necessary

* Procurement of vaccines and
medical supplies and their exact
storing location play a crucial
role.

Epidemics Logistics 5



Epidemics | and logistics opera
reak investigation |

o Detection of any suspected
outbreak and its confirmation
through laboratory testing.

o Surveillance systems must be
placed to provide the essential
information regarding any A giGEaIiGw oF HIV iTecton

i : - : 39.5 million people [34.1-47.1] living with HIV in 2006
unexplained infection increases
seen over a period of time.

o Determine the type and magnitude

- = o
e
B
==
!
p
§

of the containment effort once o o
epidemic thresholds have been |
reached.
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Epidemics control and logistics operati S

nse

Once an epidemic outbreak is confirmed, measures and control strategies
must be implemented as soon as possible at a regional and/or national level.
Treatment centers should be established and available resources such as
medical supplies and personnel should be deployed rapidly in order to contain
the epidemic.

Epidemics Logistics Z



Epidemics control and logistics operati

_Evaluation

The evaluation phase is very useful
as it provides strong insights
towards a series of modifications
that need to be made in order to
increase the resilience of the
control mechanisms in future
epidemic outbreaks.

Despite the fact that the evaluation
phase entails limited physical
movement of medical supplies and
complementary commodities, it
remains important from a logistical
point of view.

Epidemics Logistics
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Epidemics control and logistics operatio

o Establish an emergency supply
. chain

"« Manufacturers should produce
vaccines, antiretroviral drugs
and complementary medical
supplies

"« Governments and public health
institutions should purchase
and stockpile well in advance

o Transportation and distribution
of these supplies from central
warehouses to regional store
sites and then to local Points of
Dispensing (PODs).
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Epidemics control

_Managerial issues

and logistics operatio

o Affected people proceeding to
treatment centers - patient flow
operations - dispensing activities of
the medical supplies

Reverse logistics activities (dangerous
wastes must be treated carefully or
disposed)

Coordination among manufacturers,
governments, primary health care

institutes, possibly military agencies,
NGOs, etc.

Managing the information regarding
the demand for medical supplies as
well as the flow of funds.

Epidemics Logistics 10



Materials Flow (Dasaklis et al.,

1 1 I
Supplier A Distributor A Stockpile Local POD A > Sub-population A
Manufacturer A Centre A 7
™ 4
Supplier B Distributor B Local POD B > Sub-population B
W N
! 3 Manufacturer B ! Stockpile Y
Supplier C Distributor C Centre B Local PODC > Sub-populationC
P Medical Supplies i
Sourcing Manufacturing Warehousing Stockpiling Dispensing

Materials flow of the epidemics control supply chain (End-to-End approach).

Epidemics Logistics
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Literature review— e

Classification based on a three-level assessment framework:

First level: the various logistical features incorporated in each
reference are classified according to the time framework in which
they take place (pre-event or post-event)

Second level: a context-specific classification is made where the
logistics features are correlated to the nature of the outbreak

Third level: the logistical features and the methodologies applied
(qualitative or quantitative) for solving the problem tackled are
classified.

Epidemics Logistics 12



Literature review—

Epidemics logistics literature classification

Level 1: Time frame

A

Pre-event || | evel 2:Context-specific aspects

Bioterrorism s ~
oot Natural Levgl 3: Logistical
__outbreaks attributes and
> 4 Disaster || methodologies
Integrated Miscellaneous | \o J
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A framework for epidemics logistics literature classification.

Epidemics Logistics
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Literature review —— s

Facts:

Epidemic control measures may vary depending on the nature of
the outbreak and their implementation time horizon

Communicable disease outbreaks may also occur in the aftermath
of natural disasters where certain sub-populations are dislocated
or subject to a humanitarian crisis

Disease outbreaks may also occur during big events and mass
gatherings such as the Olympic Games

The time frame in which control measures apply may also be
different.

Epidemics Logistics 14



I.it/e@ure review: Essential question//f

How and to what extent the availability of certain quantities of essential
medical supplies (vaccines) could affect the progression of a disease
outbreak?

Need to define:

the amount of commodities to be utilized during the control effort

the selection of modes of transportation/distribution and relevant
capacities

the inventory level of medical supplies and commodities held in each
node (facility) of the network

the capacity of stockpile centers (National, Regional and Local)

Epidemics Logistics 15
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Epidemics control logistics network configuration.
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OR/MS contribution to resources’ a ion
and scheduling for epidemics control
Problems:
Limited resources’ allocation among Techniques:.
subpopulations * Linear ~ and integer
Scheduling resources for epidemics programming models :
control * Numerical analysis
c procedures
c; e Cost-effectiveness analysis
* Simulation
Commonly used objectives: * Non-linear optimization
Maximize the number of Quality ° Control theory techniques

Adjusted Life Years gained

Maximize the number of infections
averted (equivalently minimize the
cumulative number of new
infections).

Epidemics Logistics

Heuristic algorithms.
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/ﬂ

_Problems addressed

Controlling infectious disease outbreaks: A
deterministic allocation-scheduling model with
multiple discrete resources.

Emergency supply chain management for controlling
a smallpox outbreak: The case for regional mass
vaccination.

Epidemics Logistics 18



Multiple resources problem (Rachaniotis et al.,-2017)

memal schedule-allocation of limited discrete resources
(mobile medical teams) employed in parallel in a time horizon to
implement a vaccination campaign for infected subpopulations unable
to proceed to vaccination centres either because they are house
bound (elderly, incapacitated etc.) or they are in institutions in several
distinct areas in order to minimize the total number of new infections
(or, equivalently, to maximize the total number of infections averted).

Epidemics Logistics 19
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Assumptions - s

The mobile medical teams can be considered as parallel
(identical or non-identical) unrelated resources with constant
service rates

More than one medical team may be allocated to a specific
regional population

Pre-emption is not allowed

Control actions rely on vaccination of specific groups of the
population (house bound, institutionalized etc.)

All the available medical teams at any time are employed for
controlling the epidemic

The resources’ traveling times are assumed to be negligible.

Epidemics Logistics 20



Notatlon and objective -

P {Pl,Pz, ...,Pn} be the set of n populations in different regions, and let N; be the size of P;, i=1,...,n

to>0 be the common for all populations time required for the resources to commence vaccination.

t be the discrete time units (days).

tena De the end of the vaccination campaign in all regions. This time is not known in advance, since it depends on
whether additional (resources) medical teams become available and when (time and resource-dependent problem).
m; be the resources (medical teams) available at time t.

(ro(t),r2(2), ...,m(t)) be the vector of the number of medical teams assigned for vaccination in every regional
population at time t, where ri(t) €/0,1,...,mi}, i=1,...,n. This is the problem’s decision vector variable.

Rei be the effective reproduction number in P;.

li(ri(t)) be the number of new infections therefore infective in P; at time t.

C(ri(t)) be the completion time of the vaccination campaign for controlling the epidemic in P; at time t (i.e. Rgi<l),
having ri(t) medical teams assigned to region i.

The objective is to minimize the total number of new infections, given the available number of mobile medical
teams:

tend

min ZZ 1.(r. (1))

t=t, i=1

S =mt=t ot

i=1

n) e{0L..m}t=t,t,+1..,t,,

The number of new infections at any time instance can be calculated using as input any existing disease
transmission model (from compartmental modeling to agent-based modeling approaches).

Epidemics Logistics 21



Solution methodology — i

Step 1: Allocate resources to populations according to the incremental
algorithm (Shih, 1974) for solving the respective static discrete
resource allocation problem. The vaccination time duration under the
current assignment is calculated.

Step 2: Check whether the current resource allocation should be
altered. The resource allocation changes in two cases: a) arrival of
additional resources, b) the region’s vaccination with the shortest
completion time finishes. If yes, move to Step 3. If not, then the
vaccination campaign is completed (time t, , is reached) and the
algorithm ends calculating the total number of infected people.

Step 3: Calculate new populations’ susceptibles numbers and return to
Step 1.

Epidemics Logistics 22



Natural Death - HR

The SVEIR influenza epidemic model (Samsuzzoha et al., 2012).

Population is divided into five subgroups: susceptible (S), vaccinated (V), exposed (E),
infective (/) and recovered (R).

Epidemics Logistics 23



odel’s parameters

B: Contact rate

Bg: Ability to cause infection by exposed individuals
B;: Ability to cause infection by infectious individuals
1-3,: Vaccine effectiveness

o': Mean duration of latency

Yy’ Mean recovery time for clinically ill

&7: Duration of immunity loss

u: Natural mortality rate

r: Birth rate

k: Recovery rate of latent

o: Flu induced mortality rate

0: Duration of vaccine-induced immunity loss

CSR: the mobile medical teams’ constant service rate

@,: Rate of vaccination. It is ¢,=r(t)CSR, which differs from the common SVEIR
models’ assumption that the vaccination rate is constant during the control effort.

=== Epidemics Logistics 24



Mequations\/

TheBnmodeldsEepresentedbyEheHollowing@ystemBDrdinary@ifferential@®quations:k:
E IS .
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istricts and targeted

= District Estimated targeted

subpopulation

CFFIGIAL ELROSEAN LNCN NAMES

EAST MACE DONIA & THRACE E East Macedonia and Thrace 15,000
RN MR CE IR e Central Macedonia 43,000
WEST MACEDONIA )
S G West Macedonia 9,000
EPIRUS = Epirus 14,000
IONIA ISLANDS -
Thessaly 25,000
' —
| CENTRAL GREE CE
' G e g e 2265 West Greece 25,000
PELOPONESSOS - Central Greece 22,000
ATTICA - .
Attica 128,000
poy S L CRETE =
o,
ZAK KYH % | SOUTH AEGEAN G Peloponnese 28,000
\ .
—~ HORTH AEGEAN == lonian islands 9,000
" e
-
e “ W L L North Aegean 10,000
e
/
,-' G $ - e ks South Aegean 9,000
l|II o SO .’ -’1
h \‘M;’ U e e 1 NI 25,000
\ J
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Intervention strategy Resource allocation policy

No intervention =

Allocation of a single resource to all sub-populations

Reactive mass vaccination starting at day 7, 14, 21,

28 and 60 from the onset of the outbreak . .
Allocation of a constant amount of resources by using

the size of each sub-population as the main driver

Dynamic reallocation of resources

Epidemics Logistics

Scenario

Baseline

Fixed strategy

Maximum resources

Heuristic
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Vaccination at day 7 Vaccination at day 14

50000
|
50000
|

40000
1
40000
1

Infected individuals
Infected individuals
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1
20000
1

0
1
0
1

I I I I I I I I
20 40 60 g0 100 120 0 20 40 &0 g0 100 120

L]

time (days) time (days)
= Baseline scenario
= Maximum resources
~— Heuristic

Vaccination at day 21 Vaccination at day 28

50000
1
50000
1

40000
1
40000
1

Infected individuals
Infected individuals

20000
1
20000
1

0
|
0
|

0 20 40 60 80 100 120 0 20 40 60 80 100 120
time (days) time (days)
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AHD1
AHD2
AHD3
AHD4
AHD5
AHD6
AHD7
AHD8
AHD9
AHD10
AHD11
AHD12
AHD13

31 50 54 565758 62 63 66 Time (days)
Heuristic algorithm’s solution Gantt chart for d=7

The maximum resources scenario outperforms the no vaccination scenario (the
percentage difference of total infective cases ranges from 31.8% to 52.7%
respectively, increasing when the vaccination campaign initiates earlier).

The heuristic algorithm’s solution also outperforms the maximum resources
scenario where the percentage difference of total infected cases ranges from
1.1% to 2.3% respectively, translated into 15-20 less deaths per 1,000 infective

cases averted.
Epidemics Logistics 29



Small utb
‘vaccination (Dasaklis et al., 2017)

Smallpox is considered one of the most feared
bioterrorist agents with a case-fatality rate ranging from
15 to 30%.

Epidemics Logistics 30



Problem’s description —— —_—

Two types of supplies should be transported from a central warehouse to RSCs
and then to local PODs:

Crucial medical supplies like vaccines. For these supplies certain
transportation protocols should be followed and separate vehicles should be
used.

Vaccine administration supplies (smallpox vaccine coolers/refrigerators,
vaccine diluents, sterilized bifurcated needles, etc.), general supplies and
equipment (tables, chairs, water and cups, paper, telephones, fax machines
etc.) and other emergency supplies (blankets, food meals, etc.). These
supplies could be bundled together.

Different types of vehicles (in terms of capacity) and different modes of
transportation should be used (according to the type of commodity
transported/distributed). The objective is the minimization of the total amount
of unsatisfied demand over all types of commodities, final demand points
(Points of Dispensing), for all periods.

=== Epidemics Logistics 31



Problem’s formulation

The modelling approach consists of two parts. The first part
is the compartmental modelling approach related to the
disease’s progression. The second part relates to the
epidemics control logistics network configuration model.

Epidemics Logistics 32



Susceptible

Incubating

Prodromal

Symptomatic

N

Recovered Dead

(No intervention, no herd

immunity)

Susceptible (not Susceptible
eligible for (eligible for
vaccination) vaccination)

Infected (stage 1)

Infected (stage 2)

Infected (stage 3)

Infected (stage 4)

A.

Dead Recovered &+

Mass vaccination (blue lines)

Epidemics Logistics

Infected but

asymptomatic,
non-infectious,
and vaccine-
sensitive (I,)
Infected but
asymptomatic,
non-infectious,
and vaccine-
insensitive (I,)
Infected but
asymptomatic and
infectious (I,)
Symptomatic and
isolated (1,).
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Notation " B

T: be the planning horizon.

t: time period (day), t-1,...,T.

Cy: be the set of different essential medical commodities (vaccines)

Cg: be the set of different ancillary supplies (bifurcated needles, food, blankets etc)
C: be the set of commodities in total. It is C=C,,Cq

NSC: be the set of National Stockpiling Centres

RSC: be the set of Regional Stockpiling Centres

POD: be the set of local Points of Dispensing

N=NSC+RSC+POD: be the union of nodes in the network

Parameters
Let
S,c(t): be the supply of commodity type c in time period t at the National Stockpiling Centre i, ieNSC, ceC, t=1,...,T

M(t): be the set of kinds of transportation means {M,(t),..., Mi(t)} in time period t, i.e. there are K different kinds (subsets) of non-identical
transportation means with |M, (t)| identical means of each kind, k=1,...,K

Vi.: be the capacity of transportation mean k for commodity type c, k=1,...,K, ceC.

v.: be the volume of commodity type c, ceC

G(N,E): be a graph, where E is the set of edges (i,j,k), i,jeN, k=1,...,. K

d,.(t): the demand for commodity type c in time period t at dispensing point i, iePOD, ceC, t=1,...,T

U, (t): Unloading capacity for the facility in node i for transportation mean of kind k in time period t, ieN, k=1,..., K, t=1,..., T
SC,(t): Storage capacity for the facility in node i in time period t, ieN, t=1,...,T

LC,(t): Loading capacity for the facility in node i for transportation mean k in time period t, ieN, k=1,...,K, t=1,..., T

Decision variables

X;i(t): amount of commodity type c transported from node i to node j by the k-th kind of transportation in period time t, i,jeN, i#j, ceC,
k=1,...K, t=1,...,T.

u,.(t): unsatisfied demand of commodity type ¢ at node i in period time t, icPOD, ceC, t=1,...,T

[,.(t): Inventory of commodity type c at node i in period time t, ieN, ceC, t=1,...,T

Epidemics Logistics 34



Smallpox prongtion/

/

6, (1)

BS.(0)1,(1)+ A5, (1)1,(1) -1 (1) -y O 1 OLE)

dt =—ﬂ31(t)l3(t)
dSét(t) =B, (t)1,(t) _.Vsa(t)j L (0S, (0
dl, (t) _

dt

dl, (t) _

i = th(t)-rLO
dl,(t) .

dt _r2|2(t) r3|3(t)
di, (t) .

dt —I’3|3(’[) r4|41(t)
dF;Et) = rl, (O +va®
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Smallpox prongtions/
P

e S,(H)
: S,(1) +1,(0)+1,(0) + 15(1)

1, (t)

SN RINGEENGRNT

idic () =S, (t)+L(t)+ L(t) + L (t)

As the vaccine provides protection to those susceptible to the disease and to those at

stage 1 of infection there will be a quantity V,(t) of vaccine wasted per period:

. L)+ 1,0) :
Vw(t){sz(m LOT L0+ w};'“m
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ms network configuration model

Assumptions:

NSC, RSC and POD are disjoint sets, e.g. a RSC cannot
serve as local POD, etc.

The time to transfer commodities from a
transportation mean to another is considered
negligible.

Travelling times between the two most distanced
nodes of the network do not exceed the period of one
day (24 hours).

-fﬁ
===
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: min >’ Ziuic(t)

iePOD ceC t=1

Constraints
K
L =1 (1) + S (8) - D D Xy (B), iENSC, ceC, t=1,..,T
jeRSC k=1
K K
L @=L 1) + D > X - > D Xy V), i€RSC, ceC, t=1,...,T
jeNSC k=1 jePOD k=1
J#i 7
K
i (0)-U (D=1 (t-1) - u (1) - di () + D D X6 (1), i€POD, ceC, t=1,...,1
jeRSC k=1
j#i
D 1 () <SCi(1), ieN, t=1,...,T
ceC
D VX (1) < Vi M (B)], k=1,....K, ceC, t=1,...,T
e
) L an k)
jeRSC+POD ceC
J#l
> X UC, (1), icRSC+POD, k=1,...,K, t=1,..,T
jeN ceC
J#i
Xiiek(t), Uic(t), lic(t)=0, i, jeN, ceC, k=1,... K, t=1,...,T
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Numerical-exp Athens

Regional units Population Intervention Resource
policy Scenario allocation policy
Central Athens 1,029,520
North Athens 591,680 Case isolation Baseline -
West Athens 489,675 Reactive regional mass A Unconstrained
South Athens 529,826 vaccination within 4 days A,
Piraeus 448,997 starting at days 22, 29, 36, 43 A,
East Attica 502,348 and 50 from the onset of the A,
West Attica 160,927 outbreak. A
Reactive regional mass B,
Total 3,752,973 vaccination within 9 days B,
starting at days 22, 29, 36, 43 B,
and 50 from the onset of the B,
Number of VS B perVC outbreak. Bs .
_ Reactive regional mass G Constrained
Number of vaccinators TperVs vaccination starting at days G
. 22,29, 36, 43 and 50 from the G
Vaccination rate 30-60 vaccinations per VS/hour et of the outbreak with 4
Hours of operation for VC 24hours/16 hours | mited vaccine supply. Es
, L eactive regional mass
Estimated overall vaccination 8640/5900 vaccination starting at days D,
22,29, 36, 43 and 50 from the D,
fate per day/POD onset of the outbreak where D,
limited transportation D,

capacity as well as limited
vaccine supply are
considered.
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Wal ex

Parameters

Value

Set of commodities

Periods
Demand for commodities
Set of vehicles

Points of Dispensing
Regional Stockpile Centres
National Stockpile Centres
Storage capacity of NSC
Storage capacity of RSC
Storage capacity of POD

Vehicles capacity (for vaccinesdistribution)

Vehicles capacity (for distributing the other commodities)

Loading capacity of NSC (the same for all commodities and periods)
Loading capacity of RSC (the same for all commodities and periods)
Unloading capacity of RSC (the same for all commodities and periods)
Unloading capacity of POD (the same for all commodities and periods)

Volume of commodities

Vaccine supply at the NSC

« Vaccines
* Three other supplementary commodities
(water, food and blankets)
25
5900/POD/period
* 4 (for vaccines’ distribution)
+10 (for supplementary commodities)
47
7
1
5,000,000 Units
3,000,000 Units
600,000 Units
21,000 It
90,000 It
1,000,000 Units
750,000 Units
750,000 Units
500,000 Units
Vaccines: 0.2 It
Water: 0.5 It
Food: 2 It
Blankets: 4 It
Forty per cent in the initiation of the
vaccination campaign and 60% 10 days after
(for all scenarios)

Epidemics Logistics
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First set of scenarios

= Vaccination at day 22 |
Vaccinaton at day 29

= Vaccinaton at day 36 |
Vaccination at day 43

— Vaccination at day 50 |

a

25000 30000
L L

Results———— ——

~ Table 5. Data when vaccination lasts for 4 days. &1
3
Vaccination’s Number of persons ~ Number of Number of § g1
initiation day  vaccinated perday PODs to open infected individuals £ .
22 625,004 72 1915 2 |
29 624,284 72 3810 “
36 622,931 72 7568 o
K 620,247 72 14,983 X - = - - - —
50 614,747 72 29,484 vme (days)
Figure 3. Number of infected individuals for the first set of scenar-
ios.
Table 6. Data when vaccination lasts for 9 days.
Vaccination’s  Number of persons ~ Number of Number of Second set of scenarios
initiation day  vaccinated perday PODs to open infected individuals ' — Vacanatonatday 22 |
— Vacanabon at day 38
— Vaccination at day 43
2 277,543 32 2408 s | — Vacamasonataay 5|
29 277,0M 32 4788 »
36 276,113 32 9503
43 274187 31 18,790 s
50 270,287 31 36,876 &7

Infected individuals

10000

Y T T T T
1] 20 40 60 80 100 120
ume (days)

Figure 4. Number of infected individuals for the second set of sce-
narios.
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Third set of scenarios

= Vacanation at day 22
8 Vaccination at day 29
R e —— Vaccination at day 36
es - ] === \Jaccination at day 43
= Vaccination at day 50
___ Regional units Population PODs required 9
—~ Q-
Central Athens 1,029,520 13 e
North Athens 591,680 7 P
West Athens 489,675 6 3
South Athens 529,826 7 3
Piraeus 448,997 6 < 8.
East Attica 502,348 6 g2 K
West Attica 160,927 2 s
Total 47
o
. . b4 -
Table 9. Results of the third set of scenarios. 8
Vaccination’s  Vaccination's Day when effective
initiation termination  reproduction number Infected
day day drops below 1 individuals o
T T T T T T T
22 39 35 2833 0 20 40 60 80 100 120
29 46 £ 5623 Yew (eys)
ig gé éz 2]11[;1296 Figure 7. Number of infected individuals for the third set of scenarios.
50 67 62 42,238
Fourth set of scenarios
g —— Vacconabon at day 22
Vaconabon at Gay 29
— YacCNnabon at Gay IS5
—
Table 10. Results of the fourth set of scenarios. g
Day when effective 5
Vaccination's Vaccination's reproduction number  Infected s 8
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Figure 8. Number of infected individuals for the fourth set of sce-
narios.
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Figure 9. Vaccine's stockpile in the National Stockpile Centre for the fourth set of scenarios (per day).
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“Discussion =

Epidemics control supply chain literature is fragmented

Most of the available frameworks have little correlation
with real-case scenarios and, therefore, the applicability
of the modeling approaches might be limited

Several aspects of the nature of the outbreak or of the
agent triggering the outbreak have not explicitly taken
into consideration when relevant supply chain decisions
are to be made.
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lh}atch directions— B

Multidisciplinary synergies
End-to-End approaches

Evaluation of models and large scale exercises (applicability of
existing modeling approaches)

Performance metrics
Cross-functional drivers
Coordination issues.
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