How likely is cholera in crowded quarters?

Leon Ta ylor

1

Preliminary draft

For discussion only

Abstract

                                                  T he number of severe cases of cholera may rise linearly with the number of mild cases.  [JEL I12]

                                                  Cholera, a form of severe diarrhea, killed 370,000 in India alone between 1898

and 1907.  It still threatens developing areas:  A 1991 epidemic in Peru killed more than

4,200 there b y 1994 and evidently spread to other countries in Latin America.

2

                                                  Models to predict the incidence of cholera ma y have value, particularl y in refugee

camps and slums, where the infectious disease may spread too rapidly to be quickly

contained.

                                                                     3
                                                                             In the inner city of Trujillo, Peru, the 1991 epidemic evidentl y began among

poor residents who drank unboiled water.

4
  Because they had access to tap water for only

a few hours throughout the da y, most had stored their drinking water in containers; these

often also served as basins for washing hands.

5
  The resulting epidemic soon

overwhelmed labs with cases of cholera to identif y.

                                                  Generally, onl y 7% to 15% of the cases that occur earl y in an epidemic can be

identified readil y.

                                                                                                                      6
  Without early identification, however, cholera can easily kill.  It can

so dehydrate its victim ˘ robbing her of a tenth of her weight, and thickening her blood ˘

that she may die of shock in 12 hours.

7
  Without treatment, a fifth to a half of the cholera

patients may die.

                                                                                                                 8
                                                                                                                         While treatment is simple, a patient ma y not receive it in time, since

cholera shows no s ymptoms before diarrhea.

                                                  This paper proposes a probability function based on conditions that can be

observed before an epidemic.  Conceivabl y, health officials might avoid man y deaths b y

projecting the number of cholera cases that would occur, given the population densit y and

the size of the region affected as well as its food and water sanitation.

9
  Treatment need

not cost much: In a refugee camp in Uganda, health workers found that fully immunizing

a person cost 53 cents on average for an oral vaccine that was provided and stored for

1
        7883 T all Pines Court, Apartment I, Glen Burnie, Md.  21061-5836.  taylorleon@aol.co m

2
        Swerdlo w  et al. , 1994; Morbidity , 1991.

3
        Britannica , 1997.

4
        T hat finding was according to a stud y o f 46 hospital cases ˘ and of 65 controls with no symp to ms.

5
        Swerdlo w  et al. , 1992.

6
       Vugia  et al. , 1992.   Denote as E  the number of cases that workers nor mally associate with the start of an

outbreak.  Let r  be the rate at which the cholera spreads over time.  Let the actual number of cholera cases

at time t be C(t) = e

                                                                                                              rt
                                                                                                                    .  T hen wor kers may mistakenly identify the start of the epidemic as time v , where E =

. 11e

                        rv
                                   and .11 represents a typical share of cholera cases that are correctly identified.  (T hat is, (.07 + .15)/2

= .11.)  Workers should identify the start o f the epidemic as the earlier time w , where E = e
rw
.  Solving this

crude model suggests that w = v + ln .11 , or a lag of 3 or 4 time units.

7
        Van Heyningen  and Seal, 1983; CDC, 1991.

8
        Legros, et al. , 1999.

9
        Pascual et al.  provide evidence that El Niño may also affect cholera epidemics.

free.
                              10

                                           Conceivabl y, however, officials ma y not recognize an outbreak until well after it
has begun, since most cases of chol era lack s ymptoms.  In the El Tor variant of the
bacterium, more than 99 percent of the infections ma y lack s ymptoms.
11

  Once an
outbreak has occurred, one m a y forecast the number of chol era cases from the number of
existing cases; but this may not provide enough time for treatment.  After 24 to 48 hours,
the bacterium that causes chol era, vibrio cholerae , can resist a standard antibiotic,
streptom ycin.
                                                                                           12

                                                                                                         One study found that, once severe diarrhea had begun, workers should
provide intravenous therap y in less than 28 hours.
13

   Supplies as well as time may be
limited: Medical supplies of sterile bicarbonate, essential for repl acing the bicarbonate
lost in diarrhea, are often scarce.

                                                  Below, Section II sketches a probabilit y model for cholera; Section III provides
crude empiri cal estimates; and Section IV concludes.

II. Model

                                                  Definitions follow.  A person infected b y vibrio cholerae is a ^carrier~ until
diarrhea begins.  She is then a ^cholera case~ for the duration of the diarrhea.  One must
distinguish between carriers and cases, since hi gh carrier rates often accompan y low case
rates.
                                    14

                                                 In a populace of n , the number of cholera cases at time t is m(t) .  The number of
carri ers of the vibrio  bacteri a is c .

                                                  In a crowded and unsanitar y area, carriers and cases ma y transmit the disease to
others.  More carri ers and cases connote more new cases.  The change in cholera cases,
dm , thus increases in m  as well as in c .

                                                  When cases are man y, the y ma y t ransmit so many vibrio  organisms to the carriers
that these begin diarrhea, thus becoming new cases.  Without this transmission, carriers
may not turn ill.  In a stud y of prisoners, none contract ed cholera after ingesting 10
4

 to

10
                 7

                       organisms of the O1 strain of vibrio ; but five of nine did develop infections after
ingesting 10
                                                                                  8

                                                                                         to 10
11

 organisms.  One becam e so ill as to require intravenous fluids.
15

This suggests that the threshold number of organisms that must be ingested to develop
cholera ma y be hi gh -- especi all y in severe illnesses, for which the threshold ma y be 10
11

.

                                                  In summar y, the numbers of carriers and existing cases ma y interact to produce
new cases:

Equation 1

                                                                                 .

                                                               )

                                                  ( m

                                                        c

                                         a

   dm
                           =

                                                  Consider now the carriers.  B y replacing epithelial cells in the gastrointestinal
tract at the rate of 250 grams per da y, the bod y may flush out vibrio  organisms within a
week or so.
                                                                            16

                                                                                          One ma y thus distinguish between carriers infected b y vibrio several da ys

10

            Legros  et al. , 1999.

11

            Van Heyningen and Seal, 1983.

12

            Stewart, 1972.

13

            Cash, 1974.

14

            Stewart, 1972.

15

            Bennish , 1994; and Cash et al ., 1974.

16

            van Heyningen and Seal, 1983, page 218.

ago and those infected more recently.  Denote the number of carriers infected da ys ago as

c

       0

             ; the number of carriers infected recently is c

1

.

                                                  The number c

0

 ma y relate indirectly to income per capita, y , since it depends on

the capacity of the populace to achieve and sustain good health.  In effect, income

correlates with the stock of health capital.  Healthier workers produce more.

                                                  The number of recent carriers, c

1

, relates instead to conditions that can give rise

quickly to cholera infections: Untreated water, uncooked seafood and unwashed

vegetables.

                                                                          17
                                                                                        The standard of water treatment is w ; it may be indexed by the percentage

of dwellings with plumbing.  The standard of food quality is f ; it may be indexed b y the

average price of a restaurant meal, since diners who are willing to pa y more for safer

meals are also likely to handle food with more care at home.

                                                  The total number of carriers sums two functions:

Equation 2

).

,

(

                                                                                                            )

                                                                                             (

1

                                                                                     0
f
w
c

                                                                                                    y

                                                                              c

                                                    c

                                                                                                                     +

                                                                =

                                                  Given: The number of carriers and cases is substantially smaller than the

populace.  Then one ma y take as roughl y constant the probability that a given number of

existing cases ma y convert an additional carrier into a new case.  In that event, a given

rise in the number of carriers is likely to lead to a proportional rise in the number of new

cases.  The coefficient function a(c)  in (1) is thus linear.

                                                  Define the probability of a cholera case, p(t) , as a relative frequenc y -- the ratio of

existing and new cases to the populace:

Equation 3

.

)

                                                                                                                (

                                                                           )

                                                               (

n
dm

                                                                                                                     t

                                                                                                   m

                                                                     t

                                                       p

+

                                                                                     =

                                                  Solving (3) with the use of (1) yields

Equation 4

Equations (2) and (4) define the probabilit y of a

cholera case.  The analysis will treat a case as a ^success~ in a Bernoulli trial.  It assumes

that, earl y in an outbreak, the number of existing cholera cases is small compared to the

populace.  For simplicity, assume that the probability that one person ma y contract

cholera is independent of the probability that another person would also contract it at time

17
            Swerdlo w  et al. , 1992.

.

                                                                                                           )]

                                                                                            (

                                                         1

                                                    [

                           )

               (

)

(

                                                                                                        n

                                                                                                                        Ae

                                                                                                  c

                                                                                  a

                     t

     p
c
a

                                                                    +

                                      =

t .
         18

                      In effect, one draws cholera cases from a bottomless urn.  The probability p  of
another cholera case, then, determines the binomial distribution for the probability of k
new cases of cholera in a populace of n :

.

)

1

(

                                                         )

                                          ,

                           ,

           (
k
n

                                                                                                                     k
p

                                                                                                           p

                                                                                        k

                                                                                        n

                                                n

                                 k

                   p

  b
-

-

                                                                                                  ÷

                                                                                                  ÷

                                                                                                  ø

                                                                                                  ö

                                                                                ç

                                                                                ç

                                                                                è

                                                                                æ

                                                                   =

III.  Estimates

                                                  Preliminary estimates indicate that the accurac y of the model is sensitive to the
specification of parameters.  The estimates are based on published data from a 1969 study
in which 111 prison volunteers received oral doses of vibrio cholerae  that ranged from

10
                 4

                       to 10
                                                            11

                                                                        organisms.
19

  Of the prisoners, 79 (71%) developed cases of cholera ˘ i.e.,
where at least one stool culture was positive ˘ accompanied b y diarrhea.  The stud y ma y
thus indicate the characteristics of a small, contained epidemic.  The outbreak was brief:

The mean period from ingestion of 10
6

 vibrio organisms to the first diarrheal stool was 53
hours for the main serotype used, Inaba 569B; and 36 hours for Ogawa 395.  The brief,
intense outbreak ma y provide an analogy to refugee camps.

                                                  The severit y of cholera is measured in discrete categories.  In Grade 2 cholera, at
least one stool culture tests positive for vibrio , and at least one diarrheal stool occurs.  In

Grade 3 cholera, diarrhea is so severe that it requires intravenous treatment.

                                                  Assume a linear relation between the severit y of the cholera, measured b y the
diarrheal response, and the log of the vibrio  dose:

Equation 4

.

                                                                                                             log dose

                                                                                                   b

                                                                           a

   Severity
                                                                                      +

                                                             =

                                                  The severit y of cho lera arises from an enz ymatic reaction that floods the lumen
and produces diarrhea.  It is speculated that the amount of fluid may relate linearl y to the
log of the number of vibrio  organisms that attach to the cell walls of the small intestine
beneath the mucus la yer.  When more organisms colonize the intestinal wall, they ma y
induce more enz ymes.  These, in turn, ma y provoke more diarrheal fluid -- but at a
diminishing rate, since the intestinal capacity to support vibrio , as well as to produce
diarrheal fluid, may be limited.

                                                  The expected number of victims of cholera of a given severity s , E[N
s

] , sums
alread y-existing cases, N

0,s ,

 and the expected increase in cases that occurs because milder
cases of cholera have worsened through larger ingestions.  Consider this expected
increase.  Since the vibrio  pool  is common to all in the populace, each person ma y face
the same probabilit y of a large ingestion of bacteria.  A larger population of vibrio in the
pool connotes a higher probability of a large ingestion for each person.  Denote this
probability as p

                                                                                                       1

                                                                                                             .  Then

18

            T wo persons may contract cho lera at the same time, and independently of one another, yet not
independently of the number of existing carriers.

19

            Cash, et al., 1974.

5

                                                                                                           Equation 5

.

]

                                                                                                                        [

1

,

0

1

,

0 -

+

=

s
s
s

N
p

N

N

                                                                                                              E

Equation (6) suggests that Equation (1) ma y be proxied by a linear relationship

                                                                                                           between the two more severe grades of cholera, Grades 2 and 3.

20
  The number of Grade

                                                                                                           3 cases is modeled as a function of the number of Grade 2 cases, for a given maximum

                                                                                                           dose of  vibrio .  The figure below shows the two series of cholera cases; the maximum

                                                                                                           dose associated with a point is not shown.  For example, doses of up through 10

10
 vibrio

                                                                                                           organisms resulted in 44 cases of Grade 2 cholera and 26 cases of Grade 3 cholera; doses

                                                                                                           of up through 10

11
 vibrio organisms resulted in 53 cases of Grade 2 cholera and 26 cases

                                                                                                           of Grade 3 cholera.  That is, increasing the dose from 10

10
 to 10

11
 organisms adds 9 cases

                                                                                                           of Grade 2 cholera but no new cases of Grade 3 cholera. The correlation coefficient, .99,

                                                                                                           suggests a linear relationship.

 21

                                                                                                           20
                                                                                                                       T he proxy may be suitable here because the choleric episode studied might have been too short to let

                                                                                                           one observe ho w the number of cholera cases may have related to the number of carriers.

                                                                                                           21
                                                                                                                       T he linear regression model, estimated with Minitab, is Grade 3 cases  = .35 + .52 Grade 2 cases , with

                                                                                                           t -statistics of .49 and 19.12 respectively on the two coefficients.  Adjusted R

2
 is .98.  T here are only seven

                                                                                                           observations, ho wever.

S eve re c ho lera  levels ...

as  mild c holera ris es

0

5

10

15

20

25

30

0 10 20 30 40 50 60

Grade 3 c holera

Grade 2 c holera

S eries  1

                                                  While the data points are too few to permit much confidence in estimates, o ne can
conjecture that a piecewise linear function ma y fit them.  The implied linear slope
coefficient between (4,2) and (44,26) is .6.  This value is used for a(c )  in (1).

                                                  Estimating the probability function in (4) also requires a specification of A , where
the number of cases is m = Ae
a

.  Setting m  equal to the number of Grade 2 cases of
cholera, 53, renders A = 43.4  and p = .764 .  This probability estimate is somewhat close
to the actual relative frequenc y of .71.

                                                  The estimate, however, is sensitive to how one characterizes the equilibrium
number of cholera cases.  Setting m  equal to the sum of Grade 2 and 3 cases yields an
infeasible estimate for the probabilit y, p = 1.1 .  One can conjecture this: Suppose that an
equilibrium connotes no new cases of severe cholera; also suppose that severe cases
would derive from milder cases of cholera.  Then Grade 2 cases in themselves ma y
represent an equilibrium.

IV.   Conclusions

                                                  Preliminary estimates, based on too little data to permit much confidence, sug gest
that the number of cases of severe cholera ma y relate linearl y to the number of cases of
mild cholera.  Conceivabl y, more robust estimates ma y someda y enable health officials to
use the number of mild cases of cholera, which occur earl y in an epidemic, to predict the
number of severe cases that require emergenc y treatment.  Future research ma y identif y
socioeconomic conditions that predate and predict epidemics.

References

                                                  Bennish, Michael L.  ^Cholera: Pathophysiology, clinical features, and
treatment.~  In I. Ka ye Wachsmuth, Paul A. Blake and Øijan Olsvik, Vibrio cholerae and
cholera: Molecular to global perspectives,  Washington, D.C.: American Society for

Microbiology, 1994.

                                                  Cash, Richard A., Stanley I. Music, Joseph P. Libonati, Merrill J. Snyder, Richard

P. Wenzel, and Richard Hornick.  Response of men to infection with Vibrio  cholerae .  I.

Clinical, seriologic, and bacteriologic responses to a known inoculum.  The Journal of

Infectious Diseases  129:1, pp. 45-52, Januar y 1974.

                                                  Centers for Disease Control, National Center for Infectious Diseases, Division of

Bacterial and M ycotic  Diseases, Enteric Diseases Branch.  Cholera ˘ Western
hemisphere, and recommendations for treatment of cholera.  Morbidity and Mortality

Weekly Report  40: 562-565, August 16, 1991.

                                                  Encyclopedia Britannica .  Cholera.  3:258-9, 1997.

                                                  Feller, William.  An introduction to probability theory and its applications.

Volume I, third edition, revised printing.  New York: John Wiley & Sons, 1968.

                                                  Legros, D., C. Paquet, W. Perea, I. Mart y, N. Ken ya Mugisha, H. Royer, M. Neira

and B. Ivanoff.  Mass vaccination with a two-dose oral cholera vaccine in a refugee

camp.  Bulletin of the World Health Organization  77:10, 1999.

                                                  Morbidity and Mortality Weekly Report.  Update: Cholera ˘ Western Hemisphere.

40: 860, December 13, 1991.

                                                  Pascual, Mercedes, Xavier Rodó, Stephen P. Ellner, Rita Colwell, Menno J.

Bouma.  Cholera d ynamics and El Niño -Southern Oscillation.  Science  289: 1760-1769,

September 8, 2000.

                                                  Stewart, Gordon, editor.  Trends in epidemiology .  Communicable diseases.

Springfield, Ill.: Charles C. Thomas, 1972.

                                                  Swerdlow, David L., Eric D. Mintz, Marcela Rodriguez, Edgar Tejada, Cecilia

Ocampo, Luis Espejo, Timothy J. Barrett, Judy Petzelt, Nanc y H. Bean, Luis Seminario,

and Robert V. Tauxe.  Severe life-threatening cholera associated with blood group O in

Peru: Implications for the Latin American epidemic.  Journal of Infectious Diseases  170:

468-472, 1994.

                                                  Swerdlow, David L., Eric D. Mintz, Marcela Rodriguez, Edgar Tejada, Cecilia

Ocampo, Luis Espejo, Katherine D. Greene, Wilton Sandana, Luis Seminario, Robert V.

Tauxe, Joy G. Wells, Nanc y H. Bean, Allen A. Ries, Marjorie Pollack, B. Vertiz, and

Paul A. Blake.  Waterborne transmission of epidemic cholera in Trujillo, Peru: Lessons

for a continent at risk.  The Lancet 340: 28-32, July 4, 1992.

                                                  Van Hehningen, W. E., and John R. Seal.  Cholera: The American scientific

experience, 1947-1980 .  Boulder, Colo.: Westview Press, 1983.

                                                  Vugia, Duc J., Jane E. Koehler, and Allen E. Ries.  Surveillance for epidemic

cholera in the Americas: An assessment.  Morbidity and Mortality Weekly Report .  41:

SS-1, pp. 27-41, March 1992.