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Abstract

Purpose: The chemical attributes of Technetium-99m have made it popular for most medical imaging procedures.
However, in recent years, the decay product of molybdenum-99, i.e., technetium-99m, has become expensive, and its
routine availability can no longer be taken for granted. We proposed scenarios to maximize the throughput of
Technetium-99m which is used to produce radiopharmaceuticals in a medical imaging center.

Methodology: We proved a recursive function to imitate the decay dynamics of Technetium-99m, which is used in 80

percent of medical imaging. Then, we proved necessary and sufficient optimality analysis for this function.

Findings: We found optimal scenarios for distributing the radiopharmaceuticals into elusion periods according to clinical
considerations.

Originality/Value: We developed a tigorous mathematical model based to maximize the throughput of
radiopharmaceuticals in a molecular imaging center.
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Figure 1- Theoretical build-up vs practical build-up according to Bateman equation.
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m&—"

S anlia b 0dedied Slaoyss (saled )3 (aeasd 4 578 Gl aedbe e g pemme (Silailo slore 4w s b 5w 0l 0o
b ooeons atg saple3) adalas el iie L a8 Sl l sl oy sl 350 () alaly 5 a5 (MAXY ), Ry) 5ols
e Gabolas (5l (SKagr ool i aols) 53 (W) gty dde) 55 Sl 35 5 aidiy mas 4 58] ()l 4S50 (T

.))Jg@ J")ﬂF(T)
max F(T),
TeR,
F(T) = gafe—ﬂMTk (e—/lM (M=) _ oA (M=) )’ Cp)
k=0

G (T)=-T, <0, Vk efL...g}.

(st Ll il oy -V -

ol 2l 5 s b T €R, (sl 4 F(T) GU'\VJ

rdl a2 B 5 p e F(T) mlbaS b ol ol oo L



F(T) :{eﬁMTl + ie—iﬂkj ,
k=2

F(T)= [ e AT 4 %e_Tk (M —Ar )—/ITTk+1J , )

k=1

F(TM)=0(FR(T)-F,(T)).

— . = —_ _;‘TTl —
izze AT Sl it e 5 pdogiie LU 53 «Cute Sen ke{2, 0} sl o €Tk 5 €T e Ly

bl ol DT AT )y o 3 Sl s G e il a4 1 o oo
s BT 5 FT) @ 53 nlnly 355 00 ds ol s (a5 @770 5 @ KD &t o 5 53 0 48
Al )1 3 35 o pade by s sy ot 4 Sodan 5l e 16 53 32 5 1 Ol Slaial s it s
284S oo 0l ol Jle SO L ol IS (53 3yl 50 4355 L Al e b odoms ol 50 F(T) 855100 3505 ada s
i s s Gl Gl os polie Slag analoes G,k 51 $=2 05 L el sl 5 o Bal ey Ol G Sl &

2= (~0.000234,0.00009848) :(J3 43> o T, =500 5 T, =500

L KKT o 3Y Ll & a5 peiay T o s g Sl S CIJA;MIL}?LB(O)@IJ CVolas alawl g KKT o 3Y Lyl 3 )b 5
Al Sz s o 8 (g5luang (o3ds sla sy SaS 4 cdled Lo

OF(TY)
a1/ =0, Vke{l ..
oT, =0, il-d}, ()

Tk 20, Hi >0 or Tk >O, Hi :O, vk E{l,..,.¢}.

551 o1 e il 0 3 e S0 35500 sl ol 5% oy iy F(T) sl B8 a2 3 51

23 B (s 22050 b g (il o) SeS AL adls
iy S 00 55 p 8 4 (1) (il s . ( adlipras pudo by odome Jils (613 KKT 315 Jayf,2) .Y ]

max, f(x)
s.t. g(x) <0,

h(x) =0,

X e X.

*)

o N0 = (B0, R 00) R 2R s s G0 = (800, G (0)): RT 12 R™ 55 asgams X S5
S Loyl 1 (V) adasly a8 ael assls 355 (UV) O (ool

VE () + S0 (%) + Sy (%) =0, W)
1

I= =1

' KKT Sufficient Conditions for Generalized Convex Problems
" Pseudoconcave
" Quasiconcave

\VA

;
3
>
¥
)
,;}

WY-VAY taseio NF e QU..M.:U Al a)Lo.«il N4 6)9> LCJL:LQ&).: 3l



\va

e _ols ;e )

s

Fr 3 0l 4 il (sLag)ls 6357 50

R 5

B3Nse Sl

uig;(x)=0,i=1,...,m.
el sl (Gl (el iy Sy S Xl

(Y . \V ¢ d_L:o.:Sj &Lq.:.‘v:ab Yo \q ¢ éLZiC,.”.o\.G YeVA C;..I_\ASL)):;LQ.:Lw YoV o ub\.{oﬁj \)‘)L) -&:JL;‘

(V) dslan 5l 5l it S W 2 2 Ay 5Bl el Lol L KKT 033 Lol 2068 T s sy Sl 3 ¥

.w‘

U'.’.‘J"L‘" sl Sl 4 L.S"’b F(T) 45&) Hlas ol L’JLS ‘w\iv.:a.d j&ia JELW.A LS‘J" KKT 69[5 ‘ki\)“:‘ odel® dﬁb .Qu‘

V-"')b
(i —Ag)e DT (T T ) <0= F(T) <F(T), vke{0,...¢g-3 W

AN ol e b s (A = Ay e P TN e 2> Ay o5 o 5 (A) sl 5 i 5B b

SlS slagy L - =¥

LI )le alusgdos opl 3,8 513 sy w350 sl 50 SlS SaCus sdoes (Odediss 13 conlie (Slagy sl 5wl (61

5]

O g 2 2 D030 03350 B S 555 Dehsd Gl sl (A ot e 6B S 5 53 (S 555 0) wha Sy H5\55 es e
P R ST T P N e 9\ WGP E S [ SLIR VY

5 S o 53 UEs Y 55155 SN e S T 3505 3 VX NN Sl s 0 35 g ¥ s ) (65580 55 By —
el B 0 el ) 5 ey Sy ids 45 Lo s 3338 o (65 5 5 583 Sy S

’ 335 155 023 595 G\ B 8 355 G [ s \adedis A —

33 e w58 Bl (eSSl gt Bl w il (o) Bl e Wil e 3 S 0 0dd £ Stes 4 538\ P Sl —
W 315 Lo Bl A8 gaes

O s 53 a5 W5 4 S\ Bl SN\ G895 033 W NV ol s il e N ol s (A5 48 Sope s —
o SR ) 53 5038 LB Y 5105 5 e S 5568 T e 50395 \i Sl 1) 55 s &V U8\ 5 S Dlgie Ol 8 e
PEE Y PR I U 5 VD P (APPSO LY YW SO I VS SIS U N JUPWS PLCH SIS NI CH VIS A T SO W
35155 I 53 (6 Rt 4 5S) 035 Sl Jes ) B BB seu Vsl ) dols SN 53 03 s S e oy el G\ 2

MVREAPES

4 Solwtintiy olg ddbe 250 Bl il (9) Ly dde & ) 0 4 oo sdoes ol e Slla=Ne 4y a5 L ol ol

b o 53k (1) dslas ¢

' Bazaraa et al.

" Soleymanpour Bakefayat
" Edalatpanah
‘Rahpeymaii and Kimiaei

b a8 S s ailer BT 5,5 el aid (S50 Jsl 55, °



st. Ry — e Tk (e—ﬂM (Tk=Tk-1) _ =41 (Tk_Tk—l)), vk e{l,... 4},
T, s( %] H+(11-7), Vk e{l,...d}, (1)

T, z(%] H, Vke{l..d}

Tk > mianJ{Uj}, Vk E{l,..,¢},
TO :0.

Jsl Cazgdoms 33 ol 355 S 3 keess sl ol 7 el 5 O(IN(Ar) =In( Ay ))/(Ar = Ay) dslae H el Joe ol s
oS 0 g s 42 5581 (e JBl> 45 A oo (adal AT o sidos 5035 555 03 ol o)l 4 3sdoms |y Geiss glaple
e Oy a ‘(\)dw| SEVRUTNUNEPREPRY W (ot S w30 QLS 5550 SoiliS 53 ils jaseine aliud §lie )

) (6 o S 03305 Lol 5315 KKT il IS b3 0SS el oo [y KKT 039 b3 368

(V) s (51, 5 o i i Lol (5131 4 eoylod Lioy) 1y 48l KKT 315 T 2008 T s sty i 52 .Y 08

el

J...:’éjf QLS‘ Ay vJ BE) (Q) d”bli) d-\ﬁ [ENTY cU 034 J&Le‘\.\..: 44:\31._{(...%3}&&& ij.w.a LS\J" KKT u_elS J".’.‘J‘:’ odeld C,ﬁla .Qu‘
el JolS DU s 35 ade de (3 o s 4 Jde nl (Slays gdeee oS ol =2l

gy L 414l g  Slawlowo Judoxs -V

W5V Slole s diags ediss slaples Q) Lol doe I 51 g 7= 2 5 Ay (0)=1000 §=10 1S o5 cJleelsisn,
' :ﬁ@yb“‘.}g)h}udﬁbcﬂp

Activity (mCi)

Time (hour.) inside MT-G

L SailS (L Yl S (gl diontr (s lo Y S
Figure 3- Optimal elution times according to clinical scenarios.

s bl ol oo MT-G 51535 Odadiss 5lo Sl sl slezr codlsailyl Sl oo a5 L 0l ol

ol 0T oy (350l 3 SCIPY WSS dany Jaos 5 ylad Loyl 1y KKT Loyl a8 lows aigy Sl ol

4
]
>
¥
Y
>

r—_-o«d

'ﬁdf.s/

BER

WY-VAY taeao NF 0 e L)L"wu Y o)Lo.«:l & 0)93 <



KD P50 AN 5 (A) 25 doe i 3 3893 1550 G mdlin QAo (BN (ol 5s) (ke S pds p e S Sypeys —
Sed oD P

Deh 3P e T3S I 53 05 e IV S Do )y Bk 75 ) 3555 655 Bl (s Dlesy Gy s oS 550>
395 D5 33 d5h e i anllas s ol G“Jﬁdt‘\"g‘:"\éf‘“‘éﬁ)“\;ﬁ@’d@"\\"' vl ) 1B 3B ey et N
35 g &S0 ) 4 sy g dRl fUL(JC))}.pAg'Q_\ Moged dash i sl Lo gl ad S a3 adlysy el alole o 5l e SG e
T s S 2 G2 B 33 Mk a8 de s Yoo 53 s o Sl e oSV IS Bl (6 Bl 4 (acigs 3aas &S
Sebad S Al ps e 338 sy Bdadisd Slabs S\l (T e 51555 (ST modlal 5 dlisd g 350

O35 Jusl oS 5503 DS (158 0 Lalons JB) B0BL pasilin J03e 3 2aS Wph AITg 5 Sy win G 5368 e 3 oS 555055 —

1000
800
2 6
;:? Z 4w
3
S 200
—i
0
3 . . e e :
1{ 0 24 48 72 06 120
}* Time (hour.) inside MT-G
el

WS SG Sl o (SalS Gbagy)low Lo (adigd i sLaploj - F S
Figure 4- Optimal elution times according to clinical scenarios and one perturbation

Bl & 6@.)3’“")5 RO a.L'LGa)ﬁ ou&z)\{,»i By JA..p 'Q\.A") 3 \\—V.:.:A.\:X‘,A AiixIS\ J.:::G LS\';':'“ ) (1)/@)9’.&@\.@ }..\z_:* 53—
W s S 503 5385 5oien L Bl ke 3 B0 Gaeb o a5 s sSW MT-G 5o 8- 5l e 555 9IS Jas
S8 Yo Ao GRiASs3 3 5 W6 4 58\ Do\

Fr 3 0l 4 il (sLag)ls 6357 50

3500
----- Apr(0) = 1000
b e e e | e Ea s - Ap(0) = 2000
210 1) MR S A AN | R _—... . B Ay (0)=3000
1 & -== Au(0) = 4000
b § — § ! — Ap(0) =5000
iy P
x 2 1500
KZ,) 1000
™
5001~
ol

0 24 43 2 96 120
Time (hour.) inside MT-G

o oy 33 A= s g0 AiigeS| i (Sl 12 8 (oL ) Joo Sl o -0 S
Figure 5- Mathematical model 9 sensitivity analyses based on zero activity of Molybdenum-99.

o ol g g S azs - ¥

S35 ol 83550 Mg d s .ol QQ—V.:...:&S (‘U“fu’l’: SN F54 dﬁkjﬁﬁ‘j&jgd)bﬁxr‘; (J:«):
FShe ol e e Sla ¥ ol eeslal b ol 5155 Gk 3l Sl # sasod b ol e ol dldb o |y Gl s Dl
S ks G Join | lodzey Sl SlaCussdone baygili5 ol (550 K L1502y 30 g0 0305 Jy 52

abt;w) a«\mswﬂh AL@J LY b OTW.H} Gl €dn g.i.)‘ )jsb.vj ‘)\ oslaul QLG)C)JA J.'«'S‘.o\> Jus‘;a ‘}_{:ﬂ;‘: 6)\.5;0:’.}*,43 JS\J“



S 5 Q8 S5 (s 0 BV Ygame) (5305 Ak MT-G (5l 51,35 55 1] 235 Ll el din 5 355 o
SUH(SK5 G122 5088 Sonid 933,208 5228) Q8= G357 50 5 M55 Lo e T o (alaspslis andllas ) 5
S Bl 2 b3 S ) ST 8,50l 53 (SlS Glacusgdons 55 53 b gileangr b de e S
e (slagle) 33,8 o olgiliy by dlfssl Ohloss (s pde 3 Coslons a5 550053 1o 4Bl 5 o= (6l s Sl il
amin Syt 5 edd gyt el Dbl Gy 53 IV 55 (s ol b 5 2580 DRIl o 1) 5V Slel s
(YY) (LS 5 GG 1Y+ Yo pllSen 5 SIS Y VA ¢ ol 5wl Sad) Combad pude Jedoud 5 (pon 2 2550 451 Gkt
ST Dldlas gl gbaslgiig alexsl o (s G035 Hatle wlul p Q8=0iSS Gediss abr et 5 7 Aetems 4 58] (s

RG]
&b

Bazaraa, M. S., Sherali, H. D., & Shetty, C. M. (2013). Nonlinear programming: theory and algorithms. John Wiley &
Sons.

Cherry, S. R., Sorenson, J. A., & Phelps, M. E. (2012). Physics in nuclear medicine e-Book. Elsevier Health Sciences.

Edalatpanah, S. A. (2019). A nonlinear approach for neutrosophic linear programming. Journal of applied research on
industrial engineering, 6(4), 367-373.

Edam, A. N., Sulieman, A., Sam, A. K., Salih, I., Alkhorayef, M., & Bradley, D. A. (2020). Quality control of
radiopharmaceuticals and diagnostic nuclear medicine equipment. Radiation physics and chemistry, 167, 108247.
Edam, A. N., Sulieman, A., Tamam, N., Abuelhaia, E., Salih, I., Sam, A. K., ... & Bradley, D. A. (2021). Current Sudan
protective practice in diagnostic nuclear medicine and patient dose. Radiation physics and chemistry, 178, 108997.
Nagurney, A., & Nagurney, L. S. (2012). Medical nuclear supply chain design: A tractable network model and

computational approach. International journal of production economics, 140(2), 865-874.

Namakshenas, M., & Pishvaee, M. S. (2019). Data-driven robust optimization. Robust and constrained optimization:
methods and applications, 1-40.

Peykani, P., Mohammadi, E., & Emrouznejad, A. (2021). An adjustable fuzzy chance-constrained network DEA approach
with application to ranking investment firms. Expert systems with applications, 166, 113938.

Peykani, P., Mohammadi, E., Saen, R. F., Sadjadi, S. J., & Rostamy-Malkhalifeh, M. (2020). Data envelopment analysis
and robust optimization: A review. Expert systems, 37(4), e12534.

Rahpeymaii, F., & Kimiaei, M. (2017). A Barzilai Borwein adaptive trust-region method for solving systems of nonlinear
equation. International journal of research in industrial engineering, 6(4), 339-349.

Ruddell, J. H., Eltorai, A. E., Tang, O. Y., Suskin, J. A., Dibble, E. H., Oates, M. E., & Yoo, D. C. (2020). The current
state of nuclear medicine and nuclear radiology: workforce trends, training pathways, and training program
websites. Academic radiology, 27(12), 1751-1759.

Soleymanpour Bakefayat, A. (2018). Solving nonlinear optimization via Nelder-Mead optimization method. Journal of
decisions and operations research, 3(1), 1-10. (In Persian). https://dx.doi.org/10.22105/dmor.2018.63496

Suthummanon, S., Omachonu, V. K., & Akcin, M. (2005). Applying activity-based costing to the nuclear medicine
unit. Health services management research, 18(3), 141-150.

Zolle, 1., Bremer, P. O., & Janoki, G. (2007). Monographs of 99m Tc pharmaceuticals. In Zolle I. (eds), Technetium-99m
pharmaceuticals (pp. 173-337). Berlin, Heidelberg: Springer.

' Namakshenas and Pishvaee
" Peykani et al.

\AY

3
b}
i)

¥
)
5!
,;}
~

1

3
“’\
.
g.
2

N

il

5
B
D
=
:
0
o
>


https://dx.doi.org/10.22105/dmor.2018.63496

