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MATERIALS	
  AND	
  METHODS	
  

1. DATA	
  SOURCES	
  AND	
  PREPARATION	
  

A. England	
  &	
  Wales	
  

Measles	
  data	
  

Age-­‐	
  and	
  gender-­‐structured	
  quarterly	
  measles	
  virus	
  (MV)	
  incidence	
  data	
  for	
  E&W	
  

came	
  from	
  the	
  Annual	
  Reviews	
  of	
  the	
  Registrar	
  General	
  of	
  England	
  and	
  Wales	
  and	
  the	
  

Statistics	
  of	
  Infectious	
  Diseases	
  published	
  by	
  the	
  Office	
  of	
  Population	
  Censuses	
  and	
  

Surveys	
  (OPCS),	
  as	
  described	
  in	
  Anderson	
  and	
  Grenfell	
  (41).	
  	
  

Non-­‐measles	
  infectious	
  disease	
  mortality	
  

Age-­‐	
  and	
  gender-­‐structured	
  mortality	
  data	
  were	
  collected	
  from	
  the	
  Office	
  for	
  

National	
  Statistics	
  (ONS;	
  http://www.ons.gov.uk/ons/datasets-­‐and-­‐

tables/index.html).	
  The	
  datasets	
  can	
  be	
  found	
  by	
  searching	
  for	
  "The	
  20th	
  Century	
  

Mortality	
  Files".	
  See	
  Table	
  S1	
  (column	
  headers)	
  for	
  specific	
  names	
  of	
  each	
  data	
  set	
  

used.	
  	
  Mortality	
  data	
  was	
  listed	
  as	
  yearly	
  totals	
  for	
  each	
  age	
  and	
  gender	
  by	
  ICD	
  codes	
  

specific	
  for	
  each	
  respective	
  ICD	
  era	
  (5,	
  6,	
  7,	
  or	
  8;	
  see	
  Table	
  S1).	
  Codes	
  used	
  to	
  create	
  

the	
  ‘non-­‐measles	
  infectious	
  diseases	
  mortality’	
  data	
  are	
  listed	
  in	
  Table	
  S1.	
  	
  

To	
  specifically	
  observe	
  associations	
  between	
  measles	
  and	
  non-­‐measles	
  

mortality	
  that	
  would	
  be	
  affected	
  by	
  underlying	
  changes	
  in	
  acquired	
  immunity,	
  four	
  

basic	
  criteria	
  for	
  inclusion	
  of	
  a	
  cause	
  of	
  death	
  in	
  our	
  analysis	
  were	
  required	
  to	
  be	
  

met.	
  The	
  infectious	
  cause	
  has	
  to:	
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• Generally	
  present	
  as	
  an	
  acute	
  (rather	
  than	
  chronic)	
  infection,	
  	
  

• Be	
  present	
  at	
  a	
  common	
  enough	
  frequency	
  such	
  that	
  development	
  of	
  

acquired	
  immunity	
  would	
  be	
  expected	
  within	
  the	
  population	
  (which	
  we	
  

defined	
  as	
  greater	
  than	
  one	
  death	
  in	
  each	
  year	
  of	
  the	
  analysis),	
  

• Is	
  not	
  the	
  result	
  of	
  an	
  infection	
  recorded	
  as	
  food	
  poisoning	
  or	
  a	
  bite	
  from	
  

an	
  animal	
  

• Is	
  not	
  a	
  vaccine	
  preventable	
  cause	
  of	
  death	
  (as	
  inclusion	
  could	
  bias	
  

results	
  toward	
  an	
  association	
  between	
  measles	
  and	
  mortality).	
  

These	
  exclusions	
  had	
  no	
  qualitative	
  (and	
  very	
  little	
  quantitative)	
  effect	
  on	
  the	
  

results	
  and	
  conclusions	
  presented.	
  

Population	
  data	
  

Annual	
  age-­‐	
  and	
  gender-­‐stratified	
  population	
  data	
  were	
  also	
  collected	
  from	
  ONS	
  and	
  

can	
  be	
  found	
  by	
  searching	
  for	
  "The	
  20th	
  Century	
  Mortality	
  Files	
  –	
  Populations	
  1901-­‐

2000".	
  	
  

B. United	
  States	
  

Measles	
  data	
  

Age-­‐	
  and	
  gender-­‐structured	
  annual	
  measles	
  mortality	
  incidence	
  data	
  were	
  collected	
  

from	
  source	
  documents	
  accessible	
  from	
  National	
  Center	
  for	
  Health	
  Statistics	
  

(NCHS),	
  housed	
  within	
  the	
  US	
  Centers	
  for	
  Disease	
  Control	
  and	
  Prevention	
  (CDC)	
  and	
  

can	
  be	
  located	
  online	
  at	
  (http://www.cdc.gov/nchs/nvss/mortality/hist290.htm).	
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Age-­‐	
  and	
  gender-­‐stratified	
  measles	
  incidence	
  rates	
  were	
  reconstructed	
  using	
  

annual	
  measles	
  mortality	
  rates	
  previously	
  published	
  by	
  the	
  CDC	
  (42).	
  We	
  ensured	
  

this	
  method	
  captured	
  the	
  true	
  annual	
  measles	
  dynamics	
  by	
  comparing	
  the	
  

reconstructed	
  data,	
  after	
  summing	
  over	
  all	
  age	
  strata,	
  to	
  unstratified	
  measles	
  data	
  

previously	
  published	
  for	
  the	
  entire	
  US	
  population	
  for	
  each	
  year	
  of	
  interest	
  (42).	
  No	
  

important	
  differences	
  existed	
  (pearson	
  correlation	
  coefficient	
  =	
  .94).	
  

Yearly	
  measles	
  incidence	
  data	
  was	
  further	
  partitioned	
  into	
  quarterly	
  (3	
  

month)	
  incidence	
  data.	
  To	
  most	
  accurately	
  accomplish	
  this,	
  we	
  collected	
  weekly	
  

surveillance	
  data	
  from	
  all	
  50	
  states	
  from	
  each	
  year	
  of	
  analysis	
  using	
  only	
  level	
  1	
  (the	
  

highest	
  quality)	
  data	
  within	
  the	
  Project	
  Tycho®	
  database	
  (see	
  (43)	
  for	
  details).	
  We	
  

then	
  summed	
  the	
  numbers	
  of	
  cases	
  within	
  each	
  quarter	
  of	
  each	
  year	
  over	
  all	
  50	
  

states,	
  and	
  from	
  this	
  calculated	
  proportions	
  of	
  measles	
  cases	
  for	
  the	
  whole	
  of	
  the	
  US	
  

for	
  each	
  3-­‐month	
  period,	
  relative	
  to	
  the	
  respective	
  annual	
  sum.	
  The	
  yearly	
  measles	
  

incidence	
  data	
  was	
  then	
  partitioned	
  into	
  quarterly	
  data	
  by	
  multiplying	
  each	
  datum	
  

across	
  the	
  proportions	
  calculated	
  within	
  each	
  respective	
  year.	
  	
  

Non-­‐measles	
  infectious	
  disease	
  mortality	
  data	
  

Age-­‐	
  and	
  gender-­‐structured	
  infectious	
  disease	
  mortality	
  data	
  was	
  collected	
  from	
  the	
  

same	
  NCHS	
  source	
  documents	
  described	
  above.	
  In	
  these	
  datasets,	
  mortality	
  is	
  

grouped	
  by	
  infectious	
  disease	
  class,	
  rather	
  than	
  ICD	
  code.	
  Using	
  the	
  same	
  selection	
  

criteria	
  as	
  in	
  the	
  UK,	
  we	
  extracted	
  causes	
  of	
  mortality	
  for	
  analysis,	
  which	
  included:	
  

“acute	
  bronchitis	
  &	
  bronchiolitis”,	
  “bronchitis”,	
  “other	
  bronchopulmonic	
  diseases”,	
  

“diarrheal	
  diseases”,	
  “dysentery”,	
  “infections	
  and	
  parasitic	
  diseases”,	
  “meningitis”,	
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“pneumonia	
  (separate	
  from	
  influenza)”,	
  “scarlet	
  fever”,	
  “pneumococcal	
  sore	
  throat”,	
  

and	
  “septicemia”.	
  	
  	
  

Population	
  data	
  

Age-­‐	
  and	
  gender-­‐structured	
  population	
  data	
  for	
  the	
  US	
  was	
  also	
  collected	
  from	
  the	
  

NCHS,	
  as	
  described	
  above.	
  

C. Denmark	
  

Measles	
  data	
  

Measles	
  incidence	
  data	
  for	
  Denmark	
  was	
  collected	
  from	
  the	
  World	
  Health	
  

Organization	
  (WHO)	
  vaccine	
  preventable	
  diseases	
  monitoring	
  system	
  

(www.apps.who.int).	
  For	
  the	
  secondary	
  analysis	
  mentioned	
  in	
  the	
  main	
  text,	
  these	
  

yearly	
  data	
  were	
  partitioned	
  into	
  quarterly	
  intervals	
  by	
  assigning	
  specific	
  

proportions	
  of	
  the	
  yearly	
  incidence	
  into	
  their	
  respective	
  months,	
  based	
  on	
  data	
  

describing	
  the	
  monthly	
  proportion	
  of	
  annual	
  measles	
  cases	
  in	
  Denmark	
  (33).	
  

Non-­‐measles	
  infectious	
  disease	
  mortality	
  data	
  

Age-­‐	
  and	
  gender-­‐structured	
  mortality	
  data	
  came	
  from	
  the	
  Denmark	
  national	
  

statistics	
  registry	
  (Statistics	
  Denmark:	
  www.statbank.dk),	
  which	
  contains	
  deaths	
  by	
  

sex,	
  age	
  and	
  cause	
  of	
  death.	
  Similar	
  to	
  the	
  US	
  data,	
  causes	
  of	
  death	
  were	
  grouped	
  

together,	
  so	
  we	
  used	
  all	
  infectious	
  causes	
  of	
  diseases	
  that	
  fit	
  the	
  criteria	
  as	
  specified	
  

for	
  the	
  E&W	
  data.	
  Categories	
  used	
  were:	
  “acute	
  respiratory	
  infections”,	
  “infective	
  

and	
  parasitic	
  diseases”,	
  “meningitis”	
  and	
  “pneumonia”.	
  	
  

Population	
  data	
  

Hilary Butler
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Age-­‐	
  and	
  gender-­‐structured	
  population	
  data	
  was	
  also	
  retrieved	
  from	
  Statistics	
  

Denmark.	
  

2. TRANSFORMATION	
  OF	
  MEASLES	
  INCIDENCE	
  TO	
  PREVALENCE	
  OF	
  

MEASLES-­‐INDUCED	
  IMMUNOMODULATION	
  

We	
  transformed	
  measles	
  incidence	
  data	
  into	
  1-­‐year	
  period	
  prevalence	
  of	
  

immunomodulation	
  by	
  applying	
  either	
  of	
  two	
  distinct	
  transformations	
  (as	
  

mentioned	
  in	
  the	
  text):	
  i)	
  a	
  simple	
  additive	
  function	
  or	
  ii)	
  a	
  gamma	
  distributed	
  

function	
  to	
  the	
  measles	
  incidence	
  data,	
  to	
  derive	
  the	
  number	
  of	
  individuals	
  with	
  

immunomodulation	
  (i.e.,	
  with	
  immune	
  memory	
  loss	
  that	
  has	
  not	
  yet	
  been	
  fully	
  

regained)	
  during	
  each	
  3-­‐month	
  (or	
  1-­‐year	
  for	
  Denmark)	
  interval	
  (described	
  below),	
  

and	
  then	
  converted	
  from	
  total	
  numbers	
  of	
  individuals	
  with	
  immunomodulation	
  

within	
  each	
  interval	
  to	
  1-­‐year	
  period	
  prevalence	
  as	
  described	
  below.	
  	
  Illustrations	
  of	
  

the	
  transformation	
  from	
  measles	
  incidence	
  data	
  to	
  measles	
  immunomodulation	
  

data,	
  using	
  both	
  the	
  additive	
  and	
  gamma	
  transformations	
  are	
  depicted	
  in	
  Figure	
  S1	
  

and	
  Movie	
  S1.	
  

The	
  distribution	
  of	
  measles	
  cases	
  within	
  a	
  given	
  interval	
  for	
  which	
  the	
  data	
  

were	
  collected	
  or	
  prepared	
  (i.e.	
  3-­‐months	
  for	
  the	
  E&W	
  and	
  US	
  data,	
  plus	
  a	
  sub-­‐

analysis	
  of	
  the	
  Denmark	
  data	
  and	
  1-­‐year	
  for	
  the	
  Denmark	
  data	
  –	
  see	
  text)	
  was	
  

assumed	
  uniform,	
  and	
  the	
  shortest	
  duration	
  of	
  immunomodulation	
  possible	
  was	
  

equal	
  to	
  the	
  length	
  of	
  the	
  interval.	
  Thus,	
  on	
  average,	
  half	
  of	
  the	
  burden	
  of	
  

immunomodulation	
  developed	
  as	
  a	
  result	
  of	
  MV	
  infections	
  in	
  a	
  given	
  interval	
  would	
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reside	
  within	
  the	
  succeeding	
  interval.	
  Therefore,	
  we	
  first	
  processed	
  the	
  data	
  by	
  

shifting	
  half	
  of	
  the	
  burden	
  of	
  measles	
  cases	
  from	
  the	
  quarter	
  or	
  interval	
  in	
  which	
  

they	
  were	
  recorded	
  to	
  the	
  succeeding	
  interval.	
  To	
  account	
  for	
  changes	
  in	
  age	
  class	
  

(and	
  assuming	
  uniform	
  distribution	
  of	
  measles	
  cases	
  within	
  age	
  classes)	
  a	
  fraction	
  

of	
  the	
  shifted	
  burden	
  (defined	
  as:   !"#$%!  !"  !"#$%&'(  (!!)
!"#$%!  !"  !"#  !"#$$  (!!)

)	
  was	
  also	
  shifted	
  to	
  the	
  next	
  

age	
  class.	
  Thus,	
  for	
  age	
  group	
  (𝑧)	
  and	
  interval	
  (𝑖),	
  the	
  number	
   𝑛 	
  of	
  measles	
  

incident	
  cases	
  is:	
  

𝑛!! =   
!
!
𝑛!! + 𝑛!!!! ∙ 1−

!!
!!

+  𝑛(!!!)!!! ∙
!!
!!!!

	
  	
   	
   Eq.	
  (1)	
  	
   	
  

The	
  details	
  of	
  this	
  initial	
  transformation	
  had	
  no	
  qualitative	
  effects	
  on	
  any	
  of	
  the	
  

results,	
  and	
  very	
  little	
  quantitative	
  effects,	
  however	
  we	
  felt	
  this	
  initial	
  processing	
  

step	
  was	
  important	
  to	
  best	
  represent	
  the	
  prevalence	
  of	
  measles-­‐induced	
  

immunomodulation	
  over	
  time.	
  

Both	
  transformations	
  were	
  based	
  on	
  applying	
  a	
  cumulative	
  lag	
  such	
  that	
  the	
  

full	
  (additive),	
  or	
  partial	
  (gamma)	
  numbers	
  of	
  measles	
  cases	
  from	
  previous	
  intervals	
  

persist	
  and	
  contribute	
  to	
  the	
  numerator	
  of	
  the	
  rate	
  of	
  individuals	
  with	
  measles-­‐

induced	
  immunomodulation	
  for	
  the	
  interval	
  of	
  interest	
  (see	
  Fig.	
  S1	
  and	
  Movie	
  S1).	
  

The	
  additive	
  transformation,	
  for	
  example,	
  sums	
  together	
  the	
  current	
  interval	
  of	
  

interest,	
  plus	
  contiguous	
  preceding	
  intervals.	
  The	
  number	
  of	
  intervals	
  summed	
  

together	
  times	
  the	
  length	
  of	
  each	
  interval	
  thus	
  represents	
  the	
  duration	
  of	
  

immunomodulation	
  for	
  the	
  additive	
  transform.	
  As	
  a	
  simple	
  example	
  of	
  the	
  additive	
  

transform	
  (and	
  if	
  we	
  ignore	
  age	
  class	
  for	
  a	
  moment),	
  if	
  the	
  duration	
  of	
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immunomodulation	
  is	
  considered	
  to	
  last	
  for	
  9	
  months,	
  then	
  the	
  number	
  of	
  

individuals	
  with	
  immunomodulation	
  (𝑁)	
  within	
  a	
  given	
  quarter	
  (𝑖)	
  would	
  be	
  the	
  

combined	
  cases	
  from	
  the	
  quarter	
  of	
  interest	
  plus	
  the	
  previous	
  two	
  quarters:	
  

𝑁! = 𝑛! + 𝑛!!! + 𝑛!!!.	
  

For	
  both	
  transformations,	
  as	
  the	
  duration	
  of	
  immunomodulation	
  is	
  extended	
  

from	
  its	
  known	
  baseline	
  of	
  3	
  months,	
  the	
  incident	
  cases	
  from	
  each	
  interval	
  move	
  

through	
  age	
  classes.	
  Thus,	
  similar	
  to	
  Eq.	
  (1)	
  above,	
  as	
  time	
  increases	
  and	
  previous	
  

measles	
  incident	
  cases	
  are	
  carried	
  to	
  more	
  recent	
  intervals,	
  for	
  each	
  interval	
  carried	
  

forward,	
  a	
  fraction	
  of	
  the	
  incident	
  cases	
   !!
!!
	
  are	
  simultaneously	
  moved	
  to	
  the	
  (𝑧 +

1)	
  age	
  class	
  and,	
  later,	
  to	
  the	
  𝑧 + 2	
  age	
  class,	
  𝑧 + 3,	
  etc…	
  depending	
  on	
  the	
  duration	
  

of	
  immunomodulation	
  (Fig	
  S1	
  and	
  Movie	
  S1	
  illustrate	
  this	
  process).	
  Further,	
  

because	
  MV	
  incidence	
  within	
  age	
  classes	
  was	
  assumed	
  uniform,	
  any	
  age	
  classes	
  with	
  

a	
  duration	
  greater	
  than	
  one	
  year	
  were	
  uniformly	
  partitioned	
  into	
  one-­‐year	
  classes	
  

(i.e.	
  0-­‐1,	
  1-­‐2,	
  2-­‐3,	
  etc…)	
  in	
  order	
  to	
  simplify	
  calculations	
  by	
  making	
   !!
!!
	
  into	
  a	
  

constant	
   !
!
.	
  	
  

Both	
  transformations,	
  the	
  additive	
  and	
  the	
  gamma	
  transform,	
  take	
  similar	
  

forms,	
  but	
  differ	
  based	
  on	
  a	
  controlling	
  parameter	
  𝜹,	
  which	
  directly	
  controls	
  the	
  

duration	
  of	
  immune	
  suppression.	
  The	
  transformed	
  value  (𝑁!!)	
  for	
  the	
  number	
  of	
  

individuals	
  with	
  immunomodulation	
  for	
  a	
  given	
  age	
  class,	
  𝑧,	
  and	
  interval	
  𝑖,	
  and	
  given	
  

a	
  duration	
  of	
  immunomodulation	
  (described	
  by	
  𝜹)	
  can	
  be	
  calculated	
  directly	
  from	
  

equation	
  2	
  (depicted	
  in	
  Fig.	
  S1	
  and	
  Movie	
  S1):	
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N!!    𝛿,𝑚

=

𝑛!! ∙ 𝛿[!] + 1 −
𝑖 − 𝑘
4

∙ 𝑛 !!! !!!!
∙ 𝛿 !!!! !!!!

!!!

!!!

                            

    

!!!!!

!!!!!

𝑛!! ∙ 𝛿[!] +

1 −
𝑖 − 𝑘
4

∙ 𝑛 !!! !!!! ∙ 𝛿 !!!! !!!!

!!!

!!!

+

𝑖 − 𝑘
4

∙ 𝑛 !!! !! !!!! ∙ 𝛿 !!!! !!!!

!!!

!!!

      
!!!!!

!!!!!

	
  

:  𝑚 = 0	
  

Eq.	
  (2)	
  

:  𝑚 > 0	
  

	
  	
  

Here,	
  𝑖	
  refers	
  to	
  the	
  absolute	
  interval,	
  such	
  that	
  the	
  first	
  interval	
  of	
  the	
  time	
  

series	
  is	
  𝑖	
  =1,	
  the	
  second	
  interval	
  is	
  2	
  and	
  so	
  on.	
  	
  𝜹	
  is	
  a	
  row	
  vector	
  of	
  length	
  𝑑,	
  where	
  

𝑑	
  is	
  the	
  number	
  of	
  preceding	
  intervals,	
  plus	
  the	
  𝑖!!	
  that	
  contribute	
  to	
  𝑁! ,	
  and	
  each	
  

element	
  of	
  𝜹   ∈	
  [𝛿!, 𝛿!, 𝛿!,… , 𝛿!]	
  describes	
  the	
  proportion	
  that	
  the	
  respective	
  

interval	
  (∈ 𝑖, 𝑖 − 1, 𝑖 − 2,… , 𝑖 − 𝑑 + 1 )	
  contributes	
  to	
  𝑁! .	
  In	
  other	
  words,	
  𝜹	
  is	
  a	
  

vector	
  of	
  weights	
  describing	
  the	
  contributions	
  of	
  each	
  of	
  the	
  𝑑	
  intervals.	
  Thus,	
  each	
  

element	
  of	
  𝜹	
  is	
  a	
  value	
  between	
  0	
  and	
  1,	
  inclusive,	
  and	
  for	
  reasons	
  that	
  will	
  become	
  

evident,	
  its	
  length	
  (𝑑)	
  must	
  be	
  a	
  multiple	
  of	
  4	
  (but	
  this	
  does	
  not	
  mean	
  that	
  the	
  

durations	
  of	
  immunomodulation	
  must	
  be	
  multiples	
  of	
  4).	
  

The	
  parameter	
  𝑚	
  in	
  Eq.	
  2	
  takes	
  on	
  a	
  non-­‐negative	
  integer	
  value	
  equal	
  to	
  

!
!
− 1	
  and	
  represents	
  the	
  number	
  of	
  years,	
  beyond	
  the	
  incident	
  year,	
  for	
  which	
  some	
  

level	
  of	
  immunomodulation	
  (including	
  0%	
  if	
  using	
  the	
  additive	
  transformation),	
  

persists	
  following	
  measles.	
  Thus,	
  values	
  of	
  𝑚  of:  0, 1, 2  or  3	
  represent	
  inclusion	
  of:	
  1,	
  

2,	
  3	
  or	
  4	
  years	
  of	
  previous	
  measles	
  cases	
  to	
  the	
  interval	
  of	
  interest	
  or,	
  equivalently,	
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𝑑 = 4, 8, 12, or  16	
  intervals	
  contributing	
  to	
  𝑁! 	
  (assuming	
  3-­‐month	
  durations	
  for	
  each	
  

interval).	
  	
  

Thus,	
  while	
  𝑚	
  (or	
  𝑑)	
  dictates	
  the	
  number	
  of	
  years	
  (or	
  intervals)	
  that	
  

potentially	
  contribute	
  in	
  some	
  way	
  to	
  𝑁! ,	
  𝜹	
  indicates	
  the	
  proportion	
  of	
  each	
  of	
  those	
  

intervals	
  that	
  is	
  ultimately	
  contributed	
  (including	
  0%).	
  The	
  values	
  that	
  populate	
  𝜹	
  

comprise	
  the	
  distinguishing	
  feature	
  between	
  the	
  additive	
  and	
  gamma	
  

transformations.	
  (Note	
  that	
  for	
  clarity	
  of	
  illustration	
  in	
  figure	
  S1	
  and	
  movie	
  S1,	
  we	
  

did	
  not	
  include	
  all	
  of	
  the	
  d	
  intervals	
  that	
  contribute	
  0%	
  of	
  their	
  measles	
  cases	
  to	
  the	
  

interval	
  of	
  interest.)	
  

A. Additive	
  transformation	
  

For	
  the	
  additive	
  transformation,	
  each	
  element	
  of  𝜹	
  takes	
  on	
  only	
  values	
  of	
  1	
  or	
  0,	
  

meaning	
  that	
  each	
  of	
  the	
  𝑑	
  intervals	
  either	
  contributes	
  entirely	
  or	
  not	
  at	
  all	
  to	
  𝑁! .	
  

The	
  first	
  element	
  of	
  𝜹	
  should	
  be	
  a	
  1,	
  indicating	
  that	
  100%	
  of	
  the	
  cases	
  within	
  the	
  𝑖!!	
  

interval	
  (𝑛!)  contribute	
  to	
  the	
  number	
  with	
  immunomodulation	
  within	
  that	
  same	
  

interval	
  (𝑁!).	
  Following	
  the	
  first	
  element	
  of	
  𝜹,	
  elements	
  2	
  through	
  d	
  must	
  be	
  

contiguous	
  1’s	
  or	
  0’s	
  (1’s	
  must	
  always	
  precede	
  0’s).	
  The	
  total	
  number	
  of	
  contiguous	
  

1’s	
  (including	
  the	
  first	
  element)	
  is	
  the	
  number	
  of	
  intervals	
  for	
  which	
  

immunomodulation	
  persists	
   ie:   !"#$%&'(   !"#$%&   !"  !""#$%"%&#'()!%$
!  !"#$%&

.	
  Thus,	
  for	
  the	
  

additive	
  transform,	
  duration	
  of	
  immunomodulation	
  must	
  be	
  a	
  multiple	
  of	
  3	
  months.	
  

For	
  example	
  if	
  8	
  intervals	
  contribute	
  to	
  the	
  number	
  with	
  immunomodulation	
  (𝑑 =

8)	
  in	
  the	
  𝑖!!	
  quarter	
  (𝑁!),	
  and	
  the	
  immunomodulation	
  lasts	
  for	
  9	
  months,	
  then	
  𝜹  in	
  

Eq.	
  2	
  would	
  be	
   1, 1, 1, 0, 0, 0, 0, 0 .	
  Thus,	
  using	
  this	
  example,	
  if	
  age	
  structure	
  were	
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neglected	
  (as	
  it	
  is	
  with	
  the	
  yearly	
  Denmark	
  measles	
  data),	
  then	
  to	
  transform	
  MV	
  

incidence	
  data	
  (𝒏𝒊),	
  into	
  total	
  numbers	
  of	
  individuals	
  with	
  immunomodulation	
   𝑁! :	
  

𝜹 = 1    1    1    0    0    0    0    0 	
  and	
  	
  

𝑁! =   𝒏𝒊𝜹𝑻	
  	
   	
   	
   	
   	
   	
   	
   	
   Eq.	
  (3)	
  

where	
  :	
  𝒏𝒊 = 𝑛!           𝑛!!!        𝑛!!!        𝑛!!!        𝑛!!!     …       𝑛!!!!! .	
  	
  

B. Gamma	
  transformation	
  

For	
  the	
  gamma	
  transformation,	
  𝜹	
  is	
  drawn	
  from	
  the	
  survivor	
  function	
  (𝑆)	
  of	
  the	
  

cumulative	
  gamma	
  distribution	
  function	
  (Γ!"#).	
  This	
  is	
  depicted	
  in	
  figure	
  S1(c-­‐ii-­‐iii).	
  

Eq.	
  4	
  shows	
  the	
  form	
  of	
  the	
  survivor	
  function,	
  𝑆:	
  

𝑆 𝑥,α, γ =   1− Γ!"# 𝑥|α, γ 	
  	
   	
   	
   	
   	
   Eq.	
  (4)	
  

where	
  α  and  γ	
  are	
  the	
  shape	
  and	
  rate	
  parameters	
  that	
  control	
  the	
  gamma	
  

probability	
  distribution,	
  and	
  𝑥	
  represents	
  time	
  in	
  months	
  since	
  measles	
  infection.	
  

The	
  cumulative	
  gamma	
  distribution	
  function	
  takes	
  the	
  form:	
  

Γ!"# 𝑥|α, γ = !!

! !
𝑡!!! ∙ 𝑒!!"  𝑑𝑡!

! 	
   	
   	
   	
   	
   Eq.	
  (5)	
  

where	
  	
  Γ α 	
  is	
  the	
  gamma	
  function:	
  

Γ α = 𝑡!!!!
! ∙ 𝑒!!  𝑑𝑡 = (  α− 1)!	
  	
  	
   	
   	
   	
   Eq.	
  (6)	
  

(the	
  latter	
  simplification	
  in	
  Eq.	
  (6)	
  is	
  appropriate	
  for	
  all  α	
  that	
  are	
  positive	
  real	
  

integers).	
  When	
  used	
  to	
  populate	
  𝜹,	
  𝑥	
  is	
  a	
  row	
  vector	
   𝒙 	
  of	
  length	
  𝑑	
  where:	
  

𝒙 = 3, 6, 9,… , 3𝑑 	
  indicates	
  an	
  index	
  of	
  each	
  interval	
  (𝑖	
  to	
  𝑖 − 𝑑 + 1)	
  that	
  

contributes	
  to	
  𝑁! .	
  Thus,	
  𝑆 𝑥,α, γ 	
  represents	
  the	
  probability	
  that	
  an	
  individual	
  will	
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remain	
  in	
  an	
  immunomodulated	
  state	
  at	
  𝑥	
  months	
  after	
  measles	
  infection	
  or,	
  

alternatively,	
  the	
  proportion	
  of	
  individuals	
  in	
  the	
  (𝑖 − !
!
+ 1)!!	
  interval	
  with	
  

immunomodulation	
  contributing	
  to	
  𝑁! .	
  Thus,	
  for	
  the	
  gamma	
  transformation:	
  

𝜹 = 𝑆 𝒙,α, γ 	
   	
   	
   	
   	
   	
   	
   	
   Eq.	
  (7)	
  

and,	
  similar	
  to	
  the	
  additive	
  transform,	
  if	
  age	
  class	
  were	
  ignored	
  then:	
  

𝑁! = 𝒏𝒊𝜹𝑻	
  =  𝒏𝒊 ∙ 𝑆 𝒙,α, γ ! 	
   	
   	
   	
   	
   	
   Eq.	
  (8)	
  

and:	
  	
  𝒏𝒊 = 𝑛!           𝑛!!!        𝑛!!!        𝑛!!!        𝑛!!!     …       𝑛!!!!! .	
  

Although	
  the	
  intervals	
  remain	
  in	
  3-­‐month	
  segments,	
  using	
  the	
  gamma	
  

distribution	
  essentially	
  changes	
  the	
  nature	
  of	
  the	
  transformation	
  from	
  a	
  cumulative	
  

step	
  function	
  (as	
  it	
  is	
  for	
  the	
  additive	
  transform	
  above)	
  to	
  a	
  continuous	
  

transformation.	
  This	
  is	
  evident,	
  for	
  example,	
  by	
  inspection	
  of	
  the	
  survival	
  curve,	
  

𝑆 α, γ ,	
  that	
  resulted	
  in	
  the	
  best-­‐fit	
  transformation	
  for	
  the	
  E&W	
  data	
  	
  –	
  shown	
  in	
  Fig.	
  

2g,	
  where	
  α	
  =	
  35	
  and	
  γ=1.236.	
  The	
  curve	
  itself	
  shows	
  the	
  distribution	
  of	
  proportions	
  

in	
  an	
  immunomodulated	
  state	
  as	
  a	
  continuous	
  function	
  over	
  time	
  since	
  measles	
  

infection	
  –	
  and	
  𝜹	
  takes	
  on	
  the	
  values	
  of	
  the	
  curve	
  at	
  𝒙	
  =	
   3, 6, 9,…    , 3𝑑   months.	
  For	
  

reporting	
  purposes,	
  we	
  considered	
  the	
  time	
  at	
  which	
  𝑆 α, γ 	
  =	
  0.5	
  to	
  be	
  the	
  mean	
  

duration	
  of	
  immunomodulation	
  for	
  a	
  particular	
  transformation	
  (28.3	
  months	
  for	
  the	
  

best-­‐fit	
  transformation	
  shown	
  in	
  Fig	
  2),	
  as	
  this	
  represents	
  the	
  time	
  post-­‐measles	
  for	
  

a	
  given	
  α, γ	
  combination	
  where	
  50%	
  of	
  individuals	
  are	
  considered	
  ‘recovered’	
  from	
  

the	
  immunomodulatory	
  effects	
  of	
  immune	
  memory	
  loss.	
  Estimation	
  of	
  the	
  mean	
  

duration	
  of	
  immunomodulation	
  for	
  any	
  α, γ	
  pair	
  is	
  straight	
  forward,	
  as	
  the	
  mean	
  of	
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𝑆 α, γ 	
  (i.e.	
  𝑥	
  for	
  which	
  𝑆 𝑥,α, γ = 0.5)	
  is	
  simply	
  !
!
	
  	
  (e.g.	
  !

!
= !"

!.!"#
= 28.3  months).	
  In	
  

practice	
  however,	
  we	
  used	
  the	
  quantile	
  function	
  of	
  the	
  gamma	
  distribution	
  

(qgamma)	
  available	
  in	
  the	
  base	
  R	
  statistical	
  language	
  (see	
  below)	
  to	
  calculate	
  the	
  

mean	
  centered	
  duration	
  and	
  1-­‐the	
  cumulative	
  gamma	
  distribution	
  function	
  (1-­‐

pgamma(𝒙,α, γ);	
  also	
  available	
  in	
  base	
  R)	
  to	
  calculate	
  𝜹.	
  

C. Setting	
  the	
  parameters	
  𝒅  𝐚𝐧𝐝  𝒎.	
  

It	
  was	
  important	
  to	
  set  𝑑	
  (the	
  number	
  of	
  intervals	
  that	
  contribute	
  some	
  fraction	
  of	
  

MV	
  cases	
  –	
  even	
  zero	
  -­‐	
  to	
  𝑁!)	
  and	
  thus	
  𝑚	
  (the	
  equivalent	
  number	
  of	
  years	
  to	
  include)	
  

as	
  conservatively	
  as	
  possible,	
  while	
  still	
  ensuring	
  to	
  capture	
  the	
  best-­‐fits,	
  because	
  

the	
  first	
  calculable	
  𝑁! 	
  from	
  the	
  beginning	
  of	
  the	
  time	
  series	
  is	
  the	
  𝑑!!  interval	
  (𝑁!!!)	
  

as	
  any	
  𝑁! 	
  for	
  𝑖 < 𝑑	
  would	
  be	
  incomplete.	
  For	
  example	
  if	
  d	
  =	
  4	
  (representing	
  a	
  

maximum	
  immunomodulation	
  of	
  12	
  months),	
  calculation	
  of	
  𝑁!!!,	
  would	
  be	
  missing	
  

the	
  contributions	
  from	
  the	
  2	
  intervals	
  just	
  prior	
  to	
  the	
  start	
  of	
  the	
  time	
  series.	
  	
  

For	
  all	
  transformations	
  reported,	
  we	
  set	
  𝑑	
  =	
  16	
  (and	
  thus	
  𝑚 = 3),	
  as	
  the	
  

proportions	
  with	
  immunomodulation	
  at	
  48	
  months	
  (d=16	
  intervals)	
  after	
  measles	
  

were	
  negligible	
  for	
  all	
  transformations	
  within	
  the	
  95%	
  confidence	
  of	
  the	
  best-­‐fit	
  

transformations	
  (methods	
  for	
  determining	
  best-­‐fit	
  are	
  described	
  below).	
  

D. Post-­‐transform	
  conversion	
  to	
  immunomodulation	
  

To	
  convert	
  the	
  (transformed)	
  numbers	
  within	
  each	
  age	
  class	
  with	
  

immunomodulation	
  in	
  each	
  interval	
  (𝑁!!)	
  to	
  1-­‐year	
  period	
  prevalence	
  for	
  fitting	
  

against	
  the	
  yearly	
  mortality	
  data,	
  we	
  first	
  summed	
  𝑁!! 	
  across	
  all	
  age	
  groups	
  (𝑧)	
  of	
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interest	
  (e.g.	
  z=1-­‐9)	
  within	
  each	
  interval	
   𝑖 	
  to	
  get	
  𝑁! 	
  and	
  divided	
  𝑁! 	
  by	
  the	
  total	
  

population	
  of	
  interest	
  for	
  the	
  respective	
  interval	
  (populations	
  were	
  assumed	
  

constant	
  within	
  a	
  give	
  year)	
  to	
  get	
  interval	
  rates.	
  The	
  1-­‐year	
  period	
  prevalence	
  for	
  

each	
  year	
  was	
  then	
  calculated	
  as	
  the	
  integral	
  of	
  the	
  curve	
  of	
  the	
  interval	
  rates,	
  

within	
  each	
  respective	
  year.	
  	
  

3. OPTIMIZING	
  THE	
  BEST-­‐FIT	
  DURATION	
  OF	
  IMMUNOMODULATION	
  

The	
  goodness-­‐of-­‐fit	
  of	
  the	
  transformed	
  measles	
  immunomodulation	
  data	
  was	
  

determined	
  by	
  regressing	
  the	
  yearly	
  incidence	
  of	
  non-­‐measles	
  infectious	
  disease	
  

mortality	
  against	
  the	
  transformed	
  yearly	
  prevalence	
  of	
  measles-­‐induced	
  

immunomodulation	
  (i.e.	
  non-­‐MV	
  mortality	
  =	
  𝛽! + 𝛽! ∙ (MV  immunomodulation)),	
  

and	
  calculating	
  R2.	
  Examples	
  of	
  these	
  regressions	
  are	
  the	
  scatter	
  plots	
  shown	
  in	
  Figs.	
  

1,	
  2	
  and	
  3.	
  The	
  best-­‐fit	
  duration	
  of	
  immunomodulation	
  was	
  then	
  optimized	
  by	
  

searching	
  for	
  the	
  duration	
  of	
  immunomodulation	
  that	
  provided	
  the	
  highest	
  R2	
  value.	
  	
  

A. Optimizing	
  the	
  duration	
  of	
  immunomodulation	
  in	
  different	
  eras	
  and	
  

calculating	
  beta-­‐coefficients	
  

As	
  described	
  in	
  the	
  main	
  text,	
  we	
  first	
  optimized	
  the	
  durations	
  of	
  

immunomodulation	
  by	
  finding	
  the	
  best-­‐fit	
  using	
  the	
  entire	
  set	
  of	
  years	
  and	
  

subsequently,	
  to	
  check	
  for	
  vaccine	
  effects,	
  also	
  optimized	
  these	
  durations	
  over	
  the	
  

pre-­‐vaccine	
  years	
  only	
  and	
  post-­‐vaccine	
  years	
  only.	
  For	
  each	
  of	
  these	
  three	
  

individual	
  optimized	
  transformations	
  of	
  the	
  data,	
  we	
  also	
  calculated	
  the	
  coefficients	
  

of	
  association	
  (𝛽!)	
  for	
  the	
  full	
  data,	
  the	
  pre-­‐vaccine	
  data	
  and	
  the	
  post-­‐vacccine	
  data	
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(see	
  Figs.	
  S5	
  and	
  S9).	
  Thus,	
  in	
  total	
  for	
  each	
  country	
  we	
  derived	
  nine	
  different	
  values	
  

for	
  𝛽!	
  as	
  shown	
  in	
  Figs.	
  S5	
  and	
  S9.	
  There	
  was	
  only	
  slight	
  ‘intra-­‐transform’	
  variation	
  

between	
  the	
  𝛽!values.	
  This	
  means	
  that	
  the	
  variation	
  in	
  the	
  𝛽!values	
  for	
  the	
  full	
  data	
  

set,	
  the	
  pre-­‐vaccine	
  years	
  and	
  the	
  post-­‐vaccine	
  years	
  for	
  a	
  given	
  optimal	
  

transformation	
  (i.e.,	
  the	
  optimal	
  transformation	
  based	
  off	
  of	
  the	
  full	
  dataset	
  or	
  the	
  

optimal	
  transformation	
  based	
  off	
  of	
  only	
  the	
  pre-­‐vaccine	
  data)	
  was	
  minimal.	
  

Further,	
  there	
  was	
  virtually	
  no	
  ‘between-­‐transform’	
  variation	
  in	
  the	
  each	
  of	
  the	
  

respective	
  eras’	
  𝛽!values.	
  Effectively,	
  this	
  means	
  there	
  was	
  consistency	
  across	
  the	
  

time-­‐series	
  in	
  terms	
  of	
  the	
  optimal	
  duration	
  of	
  immunomodulation	
  and,	
  as	
  well,	
  

regardless	
  of	
  the	
  transformation,	
  the	
  effect	
  of	
  measles	
  on	
  non-­‐measles	
  mortality	
  was	
  

consistent.	
  	
  Thus,	
  particularly	
  for	
  E&W,	
  where	
  the	
  𝛽!coefficients	
  between	
  eras	
  were	
  

virtually	
  identical,	
  parameterization	
  using	
  only	
  the	
  pre-­‐vaccine	
  era	
  data	
  can	
  predict	
  

out-­‐of-­‐sample	
  the	
  post-­‐vaccine	
  era	
  mortality	
  data	
  almost	
  as	
  well	
  as	
  the	
  post-­‐vaccine	
  

era	
  data	
  can	
  perform	
  an	
  in-­‐sample	
  prediction	
  of	
  the	
  same	
  post-­‐vaccine	
  mortality.	
  	
  

This	
  was	
  shown	
  by	
  the	
  red	
  line	
  in	
  Figure	
  2F.	
  	
  

B. Additive	
  Transformation	
  

When	
  using	
  the	
  additive	
  transformation,	
  optimizing	
  the	
  transformation	
  by	
  the	
  

highest	
  R2	
  was	
  done	
  simply	
  by	
  calculating	
  R2	
  for	
  each	
  set	
  of	
  the	
  transformed	
  data	
  as	
  

the	
  duration	
  of	
  immunomodulation	
  was	
  increased	
  from	
  3	
  months:	
  

𝜹 = [1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]	
  	
  

to	
  48	
  months:	
  	
  

𝜹 = 1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1 	
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note:  𝑑 = 16  elements 	
  as	
  shown	
  in	
  Figures	
  2d	
  and	
  3d.	
  The	
  optimal	
  or	
  best-­‐fit	
  

duration	
  of	
  immunomodulation	
  was	
  then	
  identified	
  as	
  the	
  transformation	
  with	
  the	
  

highest	
  R2	
  value.	
  	
  

C. Gamma	
  Transformation	
  

Determination	
  of	
  the	
  best-­‐fit	
  duration	
  of	
  immunomodulation	
  using	
  the	
  gamma	
  

transformation	
  was	
  similar	
  in	
  principle,	
  however	
  it	
  required	
  optimization	
  via	
  a	
  

search	
  over	
  the	
  parameter	
  space	
  of	
  both	
  the	
  α  and  γ	
  parameters	
  of	
  the	
  survival	
  

function,	
  S(α, γ).	
  We	
  used	
  an	
  implementation	
  of	
  the	
  Nelder-­‐Mead	
  optimization	
  

algorithm,	
  which	
  is	
  standard	
  in	
  the	
  base	
  R	
  statistical	
  environment;	
  to	
  minimize	
  the	
  

negative	
  R2	
  value	
  of	
  the	
  linear	
  regression	
  of	
  the	
  non-­‐measles	
  mortality	
  against	
  the	
  

gamma	
  transformed	
  measles	
  data.	
  	
  

While	
  the	
  best	
  fit	
  reported	
  was	
  based	
  on	
  this	
  Nelder-­‐Mead	
  optimization,	
  the	
  

curves	
  displayed	
  in	
  figures	
  2c	
  and	
  3c	
  (R2	
  versus	
  mean	
  duration	
  of	
  

immunomodulation)	
  were	
  derived	
  by	
  holding	
  the	
  best-­‐fit	
  shape	
  parameter	
  (α)	
  

constant	
  at	
  its	
  “Nelder-­‐Mead-­‐optimum”	
  and	
  varying	
  the	
  rate	
  parameter	
  (γ).	
  The	
  

peak	
  and	
  shape	
  of	
  the	
  curve	
  were	
  consistent	
  regardless	
  of	
  which	
  parameter	
  was	
  

held	
  constant.	
  

95%	
  boot-­‐strapped	
  confidence	
  intervals	
  were	
  also	
  calculated	
  (shaded	
  

regions	
  in	
  Figs.	
  1g	
  and	
  2g)	
  for	
  each	
  parameter	
  while	
  holding	
  the	
  other	
  at	
  its	
  

respective	
  optimized	
  value	
  from	
  the	
  Nelder-­‐Mead	
  optimization.	
  This	
  was	
  essential	
  

because	
  the	
  shape	
  of	
  the	
  of	
  Γ!"# α, γ 	
  curve,	
  and	
  thus	
  the	
  S(α, γ)	
  curve,	
  at	
  any	
  

particular	
  α	
  is	
  highly	
  dependent	
  on	
  γ,	
  and	
  vice	
  versa.	
  Thus,	
  similar	
  curves	
  could	
  be	
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generated	
  from	
  values	
  of	
  the	
  parameters	
  spanning	
  logs	
  of	
  either	
  variable’s	
  

parameter	
  space	
  when	
  the	
  other	
  parameter	
  scaled	
  with	
  it.	
  	
  

4. ADJUSTING	
  FOR	
  YEAR	
  

Because	
  mortality	
  generally	
  trends	
  downwards	
  in	
  time,	
  it	
  was	
  important	
  to	
  ensure	
  

our	
  results	
  are	
  not	
  simply	
  an	
  artifact	
  of	
  increasing	
  time	
  causing	
  declines	
  in	
  both	
  

measles	
  incidence	
  and	
  all-­‐cause	
  non-­‐measles	
  infectious	
  disease	
  mortality.	
  Thus,	
  as	
  

discussed	
  in	
  the	
  main	
  text,	
  we	
  adjusted	
  for	
  year	
  by	
  including	
  it	
  as	
  a	
  covariate	
  in	
  the	
  

linear	
  regression	
  used	
  to	
  assess	
  the	
  fit	
  between	
  measles-­‐induced	
  

immunomodulation	
  and	
  mortality	
  (i.e.	
  non-­‐MV	
  mortality	
  =	
  

  𝛽! + 𝛽! ∙ MV  immunomodulation + 𝛽! ∙ year).	
  	
  

If	
  year	
  is	
  an	
  important	
  confounder,	
  it	
  would	
  reduce	
  the	
  significance	
  and	
  

magnitude	
  of	
  the	
  association	
  between	
  prevalence	
  of	
  measles-­‐induced	
  

immunomodulation	
  and	
  mortality,	
  and	
  would	
  itself	
  be	
  a	
  significant	
  predictor	
  of	
  

mortality,	
  as	
  discussed	
  in	
  the	
  text.	
  It	
  was	
  not,	
  as	
  discussed	
  and	
  described	
  in	
  Figs.	
  S4	
  

and	
  S12.	
  

5. UNDER-­‐5	
  YEAR	
  OLD	
  DISTRIBUTION	
  OF	
  INVASIVE	
  BACTERIAL	
  DISEASE	
  

Risk	
  of	
  disease	
  from	
  infectious	
  causes	
  generally	
  increases	
  throughout	
  the	
  first	
  two	
  

years	
  of	
  life	
  (described	
  below),	
  in	
  particular	
  following	
  reduction	
  of	
  maternal	
  

antibodies.	
  During	
  this	
  period,	
  children	
  are	
  building	
  their	
  immune	
  repertoire	
  

through	
  exposure,	
  vaccination	
  and	
  cross-­‐reactive	
  antigen	
  stimulation.	
  When	
  risk	
  of	
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mortality	
  begins	
  to	
  decrease	
  is	
  when	
  children	
  begin	
  to	
  develop	
  a	
  sufficiently	
  diverse	
  

complement	
  of	
  protective	
  immunity	
  that	
  is	
  sufficient	
  to	
  reduce	
  morbidity	
  and	
  

mortality	
  at	
  the	
  population	
  level.	
  	
  

Therefore,	
  the	
  distribution	
  by	
  age	
  of	
  invasive	
  bacterial	
  disease	
  from	
  common	
  

pathogens	
  in	
  under-­‐five	
  year-­‐old	
  children	
  is	
  a	
  good	
  proxy	
  for	
  time	
  required	
  for	
  

development	
  of	
  immune	
  memory	
  through	
  exposure,	
  in	
  particular	
  following	
  the	
  

period	
  of	
  greatest	
  protection	
  from	
  maternal	
  antibodies	
  –the	
  first	
  6	
  months	
  of	
  life.	
  

Given	
  the	
  hypothesis	
  that	
  an	
  ablated	
  immune-­‐memory	
  repertoire	
  (following	
  

measles)	
  requires	
  re-­‐exposure	
  to	
  return	
  to	
  fully	
  protective	
  levels	
  (as	
  discussed	
  in	
  

the	
  main	
  text),	
  full	
  immunologic	
  recovery	
  from	
  measles	
  should	
  follow	
  a	
  similar	
  

temporal	
  pattern	
  to	
  that	
  of	
  initial	
  development	
  of	
  immunity	
  (following	
  depletion	
  of	
  

maternal	
  antibodies).	
  Therefore,	
  to	
  compare	
  the	
  best-­‐fit	
  durations	
  of	
  post-­‐measles	
  

immunomodulation	
  to	
  development	
  of	
  immunity	
  in	
  early	
  childhood,	
  we	
  collected	
  

data	
  from	
  the	
  WHO	
  and	
  developed	
  a	
  global	
  picture	
  of	
  development	
  of	
  immunity,	
  as	
  

reflected	
  by	
  the	
  distribution	
  of	
  under-­‐5	
  year	
  bacterial	
  invasive	
  disease.	
  Data	
  came	
  

from	
  19	
  countries	
  and	
  included	
  17,349	
  cases	
  of	
  disease	
  in	
  under-­‐five	
  year	
  old	
  

populations,	
  as	
  described	
  in	
  (32).	
  Figure	
  S2a	
  shows	
  the	
  distribution	
  of	
  cases	
  among	
  

under	
  5-­‐year	
  olds	
  for	
  each	
  country	
  and	
  Fig.	
  S2b	
  shows	
  the	
  mean	
  with	
  95%	
  

confidence	
  intervals	
  overlaid.	
  Of	
  note,	
  the	
  period	
  in	
  which	
  prevalence	
  of	
  disease	
  is	
  

increasing	
  in	
  the	
  under-­‐five	
  year	
  olds	
  is	
  considered	
  to	
  precede	
  development	
  of	
  full-­‐

immunity.	
  Thus,	
  during	
  this	
  period	
  full	
  immunity	
  has	
  not	
  yet	
  developed	
  and	
  is	
  

therefore	
  analogous	
  to	
  S(α, γ) = 1.	
  The	
  mean	
  curve	
  in	
  figure	
  S2b	
  is	
  the	
  same	
  curve	
  

that	
  appears	
  as	
  the	
  broken	
  line	
  with	
  confidence	
  bars	
  in	
  Figures	
  2g,	
  3g	
  and	
  4c.	
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6. OBSERVED	
  RELATIVE	
  RISK	
  OF	
  MORTALITY	
  FOLLOWING	
  MEASLES	
  

INFECTIONS	
  

As	
  a	
  further	
  test	
  of	
  our	
  results,	
  we	
  compared	
  the	
  best-­‐fit	
  curve	
  for	
  duration	
  of	
  

immunomodulation	
  (which	
  indicates	
  the	
  duration	
  of	
  or	
  recovery	
  from	
  increased	
  

risk	
  of	
  mortality	
  following	
  measles)	
  to	
  observed	
  increased	
  rates	
  of	
  mortality	
  

following	
  measles	
  infections	
  versus	
  matched	
  measles	
  uninfected	
  children	
  reported	
  

by	
  Aaby	
  et	
  al.	
  (see	
  below	
  and	
  (31)).	
  Aaby	
  reported	
  probability	
  of	
  survival	
  at	
  

approximately	
  6-­‐18	
  months,	
  18-­‐29	
  months	
  and	
  30-­‐54	
  months	
  following	
  measles	
  

infections.	
  Thus,	
  we	
  plotted	
  each	
  point	
  at	
  the	
  center	
  of	
  these	
  intervals	
  and	
  relative	
  

risk	
  of	
  mortality	
  for	
  MV	
  infected	
  vs.	
  uninfected	
  controls	
  for	
  each	
  interval	
  was	
  

calculated	
  as:	
  

𝑅𝑅 =    !!!"#$%$&'&()  !"  !"#$%$&'  (!"  !"#$%&$')
!!!"#$%$&'&!"  !"  !"#$%$&'(!"#$%"&')

.	
   	
   	
   	
   	
   Eq.	
  (9)	
  

These	
  points	
  are	
  the	
  blue	
  dots	
  marked	
  with	
  their	
  respective	
  relative	
  risk	
  in	
  Figures	
  

2g,	
  3g	
  and	
  4c.	
  

7. STATISTICAL	
  AND	
  MATHEMATICAL	
  ENVIRONMENT:	
  

All	
  mathematical	
  and	
  statistical	
  work	
  (described	
  above)	
  was	
  performed	
  within	
  the	
  R	
  

statistical	
  environment	
  (http://www.R-­‐project.org/)	
  using	
  version	
  R	
  version	
  3.1.0.	
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Figure 
S4: 

England 
& 

W
ales: Adjusting 

for 
year 

has 
no 

effect 
on 

the 
relationship 

betw
een 

m
easles 

im
m

unom
odulation and non-m

easles infectious disease m
ortality. (A) W

hen year was included in the regression 
m

odel to determ
ine the best gam

m
a-distribution, the best-fit distribution (ie: the gam

m
a distribution that led to 

im
m

unom
odulation data with the best linear fit to the m

ortality data) was unchanged from
 the best-fit determ

ined by 
regressing non-M

V m
ortality against m

easles im
m

unom
odulation without including year as a covariate.  (B) As well, at 

the best-fit gam
m

a transform
ations, the regression coefficients were alm

ost the sam
e for both the full data set as well as 

for the pre-vaccine era analysis regardless of whether year was (adjusted) or was not (crude) added into the m
odel as a 

covariate, and, shown in (C), the regression coefficient for year was insignificant in both the analysis of the full data set 
as well as the pre-vaccine data analysis (p=0.334 and p=0.465, respectively). It can also be seen from

 both (B) and (C) 
that the regression coefficients, indicating the relationship between non-M

V m
ortality and m

easles im
m

unom
odulation 

was precisely the for the full data set (pre- and post-vaccination) and for the pre-vaccine era only (crude: 6.07x10-4 vs. 
6.21x10-4, respectively; and adjusted: 5.42x10-4 vs. 5.62x10-4, for full and pre-vaccine era only, respectively).
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Figure S5: England & W
ales G

am
m

a Distribution and Regression Coefficients: (A) Best-fit gam
m

a distributions when 
optim

ized over the full data set (blue), the pre-vaccine era (red) or the post-vaccine era (green). (B-D) the coefficients describing 
the relationship between non-M

V m
ortality and m

easles im
m

unom
odulation were nearly identical between each of the eras (full 

data set, pre-vaccine era and post-vaccine era), and this held regardless of which era’s best-fit gam
m

a transform
 was used to 

transform
 the data. For exam

ple, in (C), the gam
m

a distribution was optim
ized while looking only at data collected during the pre-

vaccine years, and, as shown in (C), this optim
ized gam

m
a distribution (red broken line in A) was used to transform

: the full data 
set (EW

), the pre-vaccine data (EW
 pre-Vaccine) and the post-vaccine m

easles incidence data (EW
 post-Vaccine) and then the 

the regression coefficients were calculated and are plotted in (C) with their 95%
 confidence intervals. The sam

e is true for (B) and 
(D), except that in (B), the best-fit gam

m
a transform

 used was optim
ized using the full data set and in (D), the gam

m
a transform

 
was optim

ized using only the post-vaccine era data.
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ales: O

ptim
um

 duration of im
m

unom
odulation is consistent across age 

groups.  The R
2 versus duration of im

m
unom

odulation curves, as shown in Figure 2, are shown here for (A) 
1-9 year olds (as in figure 2) (B) 1-4 year olds* and (C) 5-9 year olds* using the full data set (blue lines) or 
just the pre-vaccine-era data (red lines). 

*Although m
easles incidence data w

as available for one- or tw
o-year age groups for England & W

ales, non-
m

easles m
ortality data w

as available only for these m
ore course age-groupings. Thus w

e w
ere com

pelled to 
lim

it our analyses only to these m
ore course age groupings. N

evertheless, the consistencies in the results 
betw

een the age groupings (ie: 1-4 vs. 5-9) suggest strongly that having single-year age groupings w
ould 

be unlikely to yield any different qualitative (and, for the m
ost part, quantitative) results. 
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Figure S7: England & W
ales: Random

izing by year 
rem

oves 
im

proved 
fit 

w
ith 

increasing 
duration 

of 
im

m
unom

odulation. 
The full m

easles incidence data for England & W
ales was 

transform
ed using the additive transform

 and the R
2 value 

for the linear regression of the non-m
easles infectious 

disease m
ortality versus the additively transform

ed data 
was plotted against the duration of im

m
unom

odulation (blue 
line; as shown in figure 2). To see if the large increase in 
linear-fit was specific to the order of the m

easles incidence 
data, 

each 
grey 

line 
represents 

a 
single 

sim
ulation 

perform
ed by first random

izing the E&W
 m

easles data by 
year (though order of individual quarters within years was 
preserved) and again applying the additive transform

 and 
plotting 

the 
R

2 value 
at 

each 
increase 

in 
duration 

of 
im

m
unom

odulation. 
 The m

axim
um

 R
2 value for each 

sim
ulation is denoted by a filled point. This process was 

repeated over 200 sim
ulations.
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Figure S8: England & W
ales: Association betw

een non-m
easles m

ortality and m
easles-induced 

im
m

unom
odulation is stronger for fem

ales than m
ales across age groups. The best-fit duration of 

im
m

unom
odulation was largely consistent between genders, regardless of age group (A: 1-9 years; B: 1-4 

years; C: 5-9 years) and the overall fit and m
axim

um
 fit of the non-m

easles infectious disease m
ortality to the 

m
easles im

m
unom

odulation was stronger for fem
ales than for m

ales. This held whether observing over the 
full data set (blue lines) or the pre-vaccine data only (red lines).



●

●

●

U
S post−Vaccine

U
S pre−Vaccine

U
S

0.0000
0.0025

0.0050
0.0075

0.0100
β (95%

 C
I)

G
am

m
a transform

  ages 1−14

Transform
 using best-fit G

am
m

a curve 
optim

ized over  all years

Transform
 using best-fit G

am
m

a curve 
optim

ized over Pre-vaccine years

Transform
 using best-fit G

am
m

a curve 
optim

ized over Post-vaccine years

A
BCD

0
10

20
30

40

0.0 0.2 0.4 0.6 0.8 1.0

M
onths post m

easles

Proportion with immune−amnesia
All years
Pre−vaccine
post−vaccine

●

●

●

U
S post−Vaccine

U
S pre−Vaccine

U
S

0.0000
0.0025

0.0050
0.0075

0.0100
β (95%

 C
I)

G
am

m
a transform

  ages 1−14

●

●

●

U
S post−Vaccine

U
S pre−Vaccine

U
S

0.0000
0.0025

0.0050
0.0075

0.0100
β (95%

 C
I)

G
am

m
a transform

  ages 1−14

Figure S9: United States: G
am

m
a Distribution and Regression Coefficients: (A) Best-fit gam

m
a distributions when optim

ized over the full 
data set (blue), the pre-vaccine era (red) or the post-vaccine era (green). (B-D) the coefficients describing the relationship between non-M

V 
m

ortality and m
easles im

m
unom

odulation were nearly identical between each of the eras (full data set, pre-vaccine era and post-vaccine 
era), and this held regardless of which era’s best-fit gam

m
a transform

 was used to transform
 the data. For exam

ple, in (C), the gam
m

a 
distribution was optim

ized while looking only at data collected during the pre-vaccine years, and, as shown in (C), this optim
ized gam

m
a 

distribution (red broken line in A) was used to transform
: the full data set (US), the pre-vaccine data (US pre-Vaccine) and the post-vaccine 

m
easles incidence data (US post-Vaccine) and then the the regression coefficients were calculated and are plotted in (C) with their 95%

 
confidence intervals. The sam

e is true for (B) and (D), except that in (B), the best-fit gam
m

a transform
 used was optim

ized using the full data 
set and in (D), the gam

m
a transform

 was optim
ized using only the post-vaccine era data.
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Figure S10: United States: O
ptim

um
 duration of im

m
unom

odulation is consistent across age groups.  
The R

2 versus duration of im
m

unom
odulation curves, as shown in Figure 3, are shown here for (A) 1-14 year 

olds (as in figure 3) (B) 1-4 year olds* and (C) 5-14 year olds* using the full data set (blue lines) or just the 
pre-vaccine era data (red lines).  

*N
on-m

easles m
ortality data w

as available only for the course age-groupings listed above. Thus w
e w

ere 
com

pelled to lim
it our subgroup analyses only to these m

ore course age groupings (vs. one-year age 
groupings, for exam

ple). N
evertheless, the consistencies in the results betw

een the age groupings (ie: 1-4 
vs. 5-14) suggest strongly that having single-year age groupings w

ould be unlikely to yield any different 
qualitative (and, for the m

ost part, quantitative) results.  
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Figure 
S11: 

U
nited 

States: 
A

ssociation 
betw

een 
non-m

easles 
m

ortality 
and 

m
easles-induced 

im
m

unom
odulation is stronger for fem

ales than m
ales across age groups. The best-fit duration of 

im
m

unom
odulation was largely consistent between genders, regardless of age group (A: 1-14 years; B: 1-4 years; 

C: 5-14 years) and the overall fit and m
axim

um
 fit of the non-m

easles infectious disease m
ortality to the m

easles 
im

m
unom

odulation were stronger for fem
ales than for m

ales. This held whether observing over the full data set 
(blue lines) or the pre-vaccine data only (red lines).
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Figure 
S12: 

U
nited 

States: 
A

djusting 
for 

year 
has 

no 
effect 

on 
the 

relationship 
betw

een 
m

easles 
im

m
unom

odulation and non-m
easles infectious disease m

ortality. (A) W
hen year was included in the regression 

m
odel to determ

ine the best gam
m

a-distribution, the best-fit distribution (ie: the gam
m

a distribution that led to 
im

m
unom

odulation data with the best linear fit to the m
ortality data) was unchanged from

 the best-fit determ
ined by 

regressing non-M
V m

ortality against m
easles im

m
unom

odulation without including year as a covariate.  (B) As well, at the 
best-fit gam

m
a transform

ations, the regression coefficients were alm
ost the sam

e for both the full data set as well as for 
the pre-vaccine era analysis regardless of whether year was (adjusted) or was not (crude) added into the m

odel as a 
covariate, and, shown in (C), the regression coefficient for year was insignificant in both the analysis of the full data set as 
well as the pre-vaccine data analysis (p=0.445 and p=0.527, respectively). It can also be seen from

 both (B) and (C) that 
the regression coefficients, indicating the relationship between non-M

V m
ortality and m

easles im
m

unom
odulation was 

sim
ilar for the full data set and for the pre-vaccine era only.
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Figure S13: England & W
ales: Relationship betw

een pertussis and non-pertussis infectious 
disease m

ortality in the pre-m
easles vaccine era (1952-1968) in children 1-9 years of age. Based 

on high-quality w
eekly surveillance data.

Non-pertussis infectious disease m
ortality plotted against pertussis incidence (3 m

onths) and plotted 
against pertussis with increasing durations over which cases were accum

ulated (6 m
onths - 48 m

onths; 
analogous to m

easles im
m

unom
odulation com

prised of at-risk children accum
ulated over increasing 

durations of tim
e from

 no lag (3 m
onths) to 48 m

onths. At bottom
 left: Correlation (R

2) between non-
pertussis infectious disease m

ortality and accum
ulated pertussis cases plotted (per 100,000; from

 
above) against the duration over which the cases were accum

ulated (as long as 48 m
onths). W

eekly 
pertussis data courtesy of Dr. Pejm

an Rohani and described in (34).
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Cause&of&death 20th&Century&Mortality&Files&5&
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Movie S1: Example of Data Transformation: Measles Incidence to Measles 
Immunomodulation 

Movie S2: Full Path of the England & Wales Gamma Transformation 

Movie S3: Full Path of the USA Gamma Transformation 
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