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Abstract

Screening program m es based on q u a n tita tiv e  facto rs are designed to  identify  

individuals a t  high risk o f disease. W hen these  factors vary  w ith in  ind ividuals over 

tim e, observations on repeat occasions should aid risk classification. H ow ever, th ere  

have been few s ta tis tica l developm ents for assessing accum ulated  evidence during  

screening to  determ ine w hether in terven tion  is ind icated . T his s tu d y  addresses th is 

issue in th e  con tex t o f screening diastolic blood pressure for card iovascu lar risk.

D a ta  on a  cohort o f 11299 m iddle-aged m en is used to  develop m odels describing 

variab ility  during  a  period o f four years. F rom  annual d iasto lic pressure 

m easurem ents, a  m odel based on norm al varia tion  ab o u t an underly ing  sub ject m ean 

level, w ith  s tan d a rd  deviation  dependent on level, fitted  well. No evidence for a  risk 

re la tionship  w ith tren d s or variab ility  ab o u t th e  m ean level was found: increased risk 

appears to  be established only th ro u g h  a  raised underly ing m ean level. As th is  canno t 

be m easured d irectly , a  survival m odel based on observed level is f itted  and ad ju s tm en t 

for th e  effect o f “regression d ilu tion” m ade to  determ ine th e  m ag n itu d e  o f th is 

association.

Tw o a lte rn a tiv e  s ta tis tica l m odels for screening stra teg ies a re  proposed. T h e  first 

em phasizes precision in determ ining  an ind iv idual’s underly ing level and  hence also 

th e ir risk. S u b stan tia l num bers o f m easurem ents over several m on ths m ay be required  

particu la rly  when th e  level is borderline for in terven tion . T h e  second ap p ro ach  tak es  a 

public hea lth  perspective and  aim s to  identify  th a t  p roportion  of th e  popu lation  (of a 

given size) in which expected risk is m axim ized subject also to  a  screening cost 

co n stra in t (th e  average num ber o f visits per person). Using th is  ru le, m ost gains in 

identified risk can be achieved by averaging only a  little  m ore th a n  one visit per person. 

T hese rules should enhance th e  value o f screening providing an inform ed assessm ent of 

risk before com m encing in terven tion .
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1. Introduction
P rim ary  prevention  o f chronic diseases is now a  m ajor com ponent o f h ea lth  care 

policies in th e  developed w orld. In th e  U nited K ingdom , governm ent policy has 

em phasized th is  w ith  th e  in troduction  o f th e  new co n trac tu a l a rran g em en ts  for general 

p rac titio n ers  which prom otes regular hea lth  checks (for a  review, see C hisholm , 1990). 

F o r m en, bo th  in th e  U nited  K ingdom  and m ore generally in w estern  coun tries, th is  

will m ainly concern th e  prevention  of card iovascular disease which is th e  d o m in an t 

cause o f m o rta lity .

Rose (1981) focuses on tw o stra teg ies for prevention . T h e  first co n cen tra te s  on th e  

iden tification  of those a t  high-risk of developing th e  disease, w ith  th e  aim  o f applying 

in terv en tio n  th a t  will lower th e ir risk. T he second approach  is a  m ass s tra teg y  w here 

th e  aim  is to  shift th e  whole risk profile o f th e  popu lation  dow nw ards by a ltering  

lifestyles th ro u g h  heightening aw areness o f facto rs th a t  increase risk. A lthough  Rose 

suggests th a t  it is th e  la t te r  s tra teg y  which will, in th e  long-term , produce th e  g rea te s t 

reduction  in risk in th e  cou n try  as a  whole, it is th e  form er high-risk ap p ro ach  w hich is 

generally  adop ted  by th e  m edical profession if only because of th e ir  fu n d am en ta l 

concern w ith  th e  hea lth  o f individual p a tien ts . T his is th e  focus o f screening policies 

for th is study .

Identification  o f high-risk individuals requires screening o f risk facto rs. In m any  cases, 

these facto rs are  continuous variables which vary  w ith in  individuals an d  so a  single 

m easurem ent m ay be a  poor reflection of an ind iv idual’s usual o r average level. T hus 

repeated  m easurem ents can be expected to  im prove th e  assessm ent o f level and  hence 

th e  classification of risk and  so determ ine th e  appropria teness of in terv en tio n . T his
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s tu d y  focuses on one such risk fac to r for card iovascular disease, th a t  of d iasto lic blood 

pressure. However, th e  conceptual fram ew ork p resen ted  can be applied m ore generally  

to  o th e r screening s itua tions involving facto rs w hich vary  w ith in  subjects.

T w o “ex p e rt” groups have fo rm ulated  guidelines defining screening stra teg ies based 

upon repeated  diastolic blood pressure m easurem ents (P a r tic ip a n ts  o f th e  

W .H .O ./I .S .H . m eeting, 1986; B ritish H ypertension Society w orking p a r ty , 1989). 

B o th  recom m end levels for in terven tion  based on averages o f a  series o f m easurem ents: 

typ ically  above lOOmmHg for pharm acological in terven tion  and  betw een 95 and 

lOOmmHg for behavioural in terven tion . H ow ever, th e re  is little  a tte n tio n  paid , 

p a rticu la rly  in th e  la tte r  rep o rt, to  m ore form ally defined rules th a t  tak e  account of the  

increased precision ob ta ined  in es tim atin g  th e  underly ing level as th e  num ber of 

m easu rem en ts is increased. In add ition , bo th  rep o rts  suggest no follow-up of p a tien ts  

w hose in itial blood pressure m easurem ents (one or tw o) are  less th a n  90m m H g or 

95m m H g, respectively. T hus p a tien ts  w ith tru ly  raised blood pressures m ay not be 

screened fu r th e r due to  th e ir in itial m easurem ents being, because o f n a tu ra l v aria tio n , 

below th e ir usual levels. It is th e  developm ent o f rules th a t  address these issues th a t  is 

th e  focus of ch ap te r 5 in th is study .

T h e  first ty p e  o f rule considered concerns precision in es tim atin g  an  ind iv idual’s 

underly ing  blood pressure or risk level. T his th en  enables s ta tem en ts  ab o u t th e  ex ten t 

o f elevated  pressure o r risk to  be assessed e ith e r in abso lu te  te rm s o r in te rm s of 

probabilities th a t  it is above (or below) som e defined th resho ld . T hese can th en  form  

th e  basis of tre a tm e n t decisions o r of th e  desirab ility  o f fu r th e r screening. An 

a lte rn a tiv e  approach  p u t forw ard takes a  public hea lth  perspective w here th e  em phasis

14



is m ore on identifying a  high risk group w ith in  th e  popu lation  and less on individual 

risk classification. By tak in g  screening and  tre a tm e n t costs as co n stra in ts , a  screening 

rule can be fo rm ulated  which is op tim al in th e  sense th a t  it identifies th a t  group  o f a  

given size in which th e  g rea tes t m orb id ity  is expected.

In o rder to  develop these approaches to  screening, it is first necessary to  o b ta in  the  

required  building blocks. In general, these  are  m odels for describing variab ility  in the  

fac to r o f in tere st w ith in  individuals over tim e and  for describing risk re la tionships w ith 

different charac teristics  o f th is  variab ility , such as average level, tren d  and lab ility . In 

o rder to  fit these m odels for diastolic blood pressure, d a ta  from  a  m ajor tr ia l looking a t 

th e  p rim ary  prevention  of card iovascular disease using a  cholesterol-low ering d rug  is 

used. T his tria l provides repeated  m easurem ents o f diastolic pressure over several 

years and  is used to  give a  s tu d y  cohort o f 11,299 m iddle-aged m en from  th ree  

E uropean  cities. T he  derivation  of th is  cohort is described in detail in ch ap te r 2 

to g e th e r w ith  discussion o f th e  im plications o f using such tria l d a ta .

C h ap te r 3 is concerned w ith  th e  developm ent o f m odels o f w ith in-person variab ility  for 

d iasto lic blood pressure. As th e  em phasis o f th e  tria l was cholesterol lowering, blood 

pressures w ere no t subjected  to  as m uch experim ental rigour as th ey  m ight. A lthough 

th is  casual de term ina tion  m ight parallel realistic general p ractice , it is useful to  

consider th e  m agn itude of th e  com ponent o f w ith in-person variance a ttr ib u ta b le  to  

d igit preferences, such as in recording blood pressures to  th e  nearest five o r ten  m m Hg. 

T his enables th e  im portance  of such m easurem ent p ractices to  be assessed in th e  

con tex t o f “to ta l” w ith in-person variab ility . It form s th e  first p a r t  o f th e  ch ap te r. T he 

second p a r t is p rim arily  descrip tive, illu stra tin g  th e  re la tionsh ips betw een average
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levels, tren d s over tim e and  th e  rem aining residual variance b o th  w ith  each o th e r and 

w ith  o th e r facto rs such as age, w ith in  th e  th ree  cities. F inally , based on th ese  observed 

re la tionsh ips, form al s ta tis tica l models are  fitted  describing d iasto lic blood pressure 

changes w ith in  individuals during  a  period o f th ree  years.

R ela ting  risk o f card iovascular m o rta lity  to  charac te ristic s  o f blood p ressure  variab ility  

is considered in ch ap te r 4 using th e  sam e d a ta  set. T his proceeds in tw o  stages. T he 

first is to  develop survival m odels using th e  observed blood pressures. By considering 

ju s t  a  single m easurem ent, th e  m odels derived can be com pared w ith  th o se  p resen ted  in 

th e  m edical lite ra tu re  from  o th er studies. T hese m odels are  th en  developed fu r th e r 

using repeated  blood pressure m easurem ents so th a t  th e  prognostic  value o f tren d s  over 

tim e  and  o f lability  can be assessed. Following th is , a  survival m odel is developed to  

re la te  risk to  an ind iv idual’s underlying pressure. T his requires consideration  o f the  

issue o f “regression d ilu tion” w hereby th e  desired risk re la tionship  is e s tim ated  from 

th e  risk coefficients associated  w ith observed blood pressures w ith  a d ju s tm en t to  reflect 

th e ir  variab ility  ab o u t th e  underly ing level. T his problem , also know n as th e  “erro rs in 

variab les” problem , is well-known in th e  usual linear regression m odelling s itu a tio n  

w here a  relatively  sim ple solution arises under certain  conditions. T he  lite ra tu re  on th e  

problem  in th e  con tex t of survival m odels is m ore scarce. T h u s p a r t o f ch ap te r 4 

considers m ethodological aspects of th e  m agn itude o f th e  ad ju s tm en t required  to  allow 

for regression d ilu tion in th e  con tex t o f th e  p roportional hazards m odel. In p articu la r, 

its  dependence upon th e  underlying hazard  function , th e  risk coefficient re la ted  to  

underly ing  level and  th e  degree of censorship are considered. T hese resu lts  are  then  

applied to  th e  diastolic p ressu re /risk  o f card iovascular disease se ttin g  o f in te re st in the  

screening application  considered in th is s tudy .
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As each ch ap te r form s a  d istinc t piece o f w ork o f in te re st in its  own rig h t, th e  re levant 

li te ra tu re  is reviewed there in . In addition  each ch ap te r is concluded w ith  a  sum m ary  of 

th e  m ain resu lts presen ted  w ith  discussion o f th e  issues raised. F inally  in ch ap te r 6, 

th e  im plications of th e  w ork are considered briefly particu la rly  in th e  con tex t o f issues 

th a t  would be useful for fu r th e r research.
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2. The study cohort

2.1 In troduc tion

In m any clinical tria ls  considerable am oun ts o f follow-up d a ta  a re  accu m u la ted  on 

p aram ete rs  not d irectly  re la ted  to  th e  p rim ary  objectives o f th e  tria l. O ften  th is  is 

necessary so th a t  th e  safety  o f tre a tm e n ts  under te s t can be m onito red . T h is d a ta  can 

be a  valuable source o f inform ation  for o th e r observational studies provided  th a t  b o th  

th e  selection of th e  tria l population  and  any  possible in te rac tio n  o f th e  tre a tm e n ts  

stud ied  w ith  e ith er th e  p aram eters  o r th e  outcom es o f in te re st a re  n o t overlooked. 

T his s tu d y  uses a  cohort o f m en derived from  th e  W orld  H ealth  O rgan ization  

cooperative tria l on p rim ary  prevention  of ischaem ic h ea rt disease w ith  clofibrate 

(henceforth , term ed  th e  clofibrate tria l)  (H eady, 1973; C o m m ittee  o f P rincipal 

Investiga to rs, 1978, 1980, 1984). T he design of th is  tria l inco rpora ted  a  five year 

tre a tm e n t period during  which regular m edical exam inations w ere u n d ertak en , and  also 

had  a  long-term  follow-up for m o rta lity  beyond th is  tre a tm e n t period. T herefore it 

offers su b s tan tia l d a ta  on blood pressures and  allows v ariab ility  in pressure to  be 

re la ted  to  survival. In th is ch ap te r, th e  key elem ents o f th e  tr ia l a re  described and  

details of th e  derivation  of th is s tu d y ’s cohort a re  given.

2.2 T h e  clofibrate tria l

C lofibrate is a  cholesterol lowering drug . T he p rim ary  objective o f th e  tr ia l was to  

assess w hether th e  incidence o f ischaem ic h ea rt disease could be lowered in m en w ith  

raised serum  cholesterol levels using clofibrate. T hus th e  tria l aim ed to  iden tify  10000 

m en whose serum  cholesterol levels were in th e  top  th ird  o f th e  popu lation  d is trib u tio n
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an d  to  random ise half o f these to  receive clofibrate and  half to  receive a  placebo. In 

ad d itio n , a  fu r th e r 5000 m en w ith cholesterol levels in th e  b o tto m  th ird  of th e  

popu lation  d istrib u tio n  were to  be used as a  second contro l group o f m en a t  low risk of 

ischaem ic h ea rt disease.

B etw een 1964 and  1972 over 52000 m ale vo lun teers, aged 30 to  59, from  th ree  

E uropean  cities (E d inburgh , B udapest and  P rag u e) were considered for e n try  in to  th e  

tria l. R ecru itm en t was from  a  varie ty  o f sources: in E d inburgh  th e  m a jo rity  were 

vo lun teer blood donors although  ab o u t a  th ird  were recru ited  th ro u g h  advertising , 

th ro u g h  co n tac t w ith  general p ractitioners  o r by encouraging donors to  approach  

friends; in B udapest, ab o u t a  th ird  were blood donors and  th e  rem ainder w ere recru ited  

using popu lation  tuberculosis screening registers; in P rague , all re c ru itm en t w as based 

on electoral rolls. C learly th en , th e  tria l popu lation  is not based upon a  random  

sam ple o f m en from  th e  population  o f th e  chosen age-group, though  th e  sam pling  fram e 

used in th e  la t te r  tw o  tow ns m ight be expected to  lead to  reasonably  rep resen ta tiv e  

sam ples. O n th e  o th er h an d , th e  need to  use vo lunteers in a  p rim ary  p reven tion  tria l 

m igh t be expected to  give m ore health  conscious individuals and  possibly sub jects of a 

h igher social classification th a n  in a  random  sam ple from  th e  p o pu la tion . T hus, 

p a rticu la rly  in E d inburgh , th e  tria l population  m ight have, on average , different 

(possibly lower) blood pressures and risk profiles th a n  such a  random  sam ple.

F rom  each vo lun teer, a  serum  cholesterol level was ob ta ined . In E d inburgh  th is was 

from  a  single m easurem ent; in B udapest and  P rag u e  tw o  m easurem ents w ere tak en  and 

th e  m ean of these considered. Using d istribu tion  curves of levels, by to w n , ob ta ined  

from  a  prelim inary  screening, it was determ ined  w hether a  m an fell in to  th e  top ,
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m iddle o r b o tto m  th ird  o f th e  d istribu tion  w ith in  th e ir respective tow n. T hose in th e  

m iddle th ird  were not considered fu rth e r. Following a  m edical exam ina tion  to  confirm  

tr ia l exclusion c rite ria  and  a fte r ob ta in ing  consent, m en in th e  to p  th ird  w ere random ly  

allocated  to  receive e ith er clofibrate (group I) o r a  placebo of olive oil (g roup  II); also a  

random  sam ple o f half o f th e  men in th e  b o tto m  th ird  were allocated  to  receive th e  

sam e placebo (group III); th e  rem ainder w ere no t considered fu rth e r. E ssen tially , th e  

exclusion crite ria  rem oved m en from  being en tered  in to  th e  tr ia l w ith  pre-existing h ea rt 

disease:

(i) h isto ry  o f tre a te d  m yocardial infarction;

(ii) E C G  evidence o f h ea rt disease;

(iii) clinical evidence o f rheum atic  h ea rt disease;

(iv) congenital h ea rt disease;

(v ) pu lm onary  h ea rt disease;

(vi) o th e r h eart disease associated  w ith cardiom egaly o r h ea rt failure.

Also, m en w ith d iabetes m ellitus requiring d rug  tre a tm e n t o r m en w ith  co-existing 

disease w ith  an unfavourable prognosis th a t  reduced th e  likelihood o f com pleting  th e  

tr ia l were excluded. In add ition , th ere  were hypertension  crite ria  for exclusion:

(i) a  diastolic p ressure of 120m m Hg or g rea te r on any  one occasion;

(ii) diastolic pressure of 110-119m m Hg on any  tw o occasions;

(iii) a  diastolic pressure of 110-119m m Hg on any  one occasion if 

accom panied by EC G  signs of left ven tricu la r h y p ertro p h y  o r s tra in ;

(iv) diastolic pressure is w ithin th e  accepted lim its b u t only on

account o f tre a tm e n t w ith an tihypertensive  drugs an d  th e  E C G  shows 

signs of left v en tricu la r h y p ertro p h y  or s tra in .

T hese are particu la rly  re levan t to  th is  s tu d y  as it im plies th a t  th e  d istrib u tio n  of blood
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pressures and  hence of risk of card iovascular disease in th e  tr ia l popu lation  will be 

u n d er-rep resen ta tiv e  o f higher levels in th e  popu lation .

In all, 15744 men were en tered  in to  th e  tria l, app rox im ate ly  equally  d is tr ib u te d  bo th  

betw een th e  th ree  groups and  betw een th e  th ree  tow ns. T re a tm e n t w ith in  th e  tria l 

las ted  for five years. D uring th e  first tw o years, th e  m en were m ean t to  be seen a t six- 

m on th ly  in tervals and , for th e  next th ree  years a t  annua l in terva ls. A t th ese  v isits, a 

m edical exam ination  was conducted including th e  m easurem ent o f blood pressure. 

H ow ever, m en could be w ithd raw n  from  th e  tr ia l in w hich case no fu r th e r  exam inations 

w ere perform ed. Besides d ea th , reasons for w ithd raw al were:

(i) m yocardial infarction  according to  defined sym ptom  s ta te , E C G  crite ria  

and  serum  enzym e levels;

(ii) h eart disease not previously recognised: congenital o r pu lm onary  o r 

o th e r (associated  w ith cardiom egaly o r h ea rt failure);

(iii) d iabetes m ellitus requiring d rug  tre a tm e n t;

(iv) con tra-ind ications for tak ing  tr ia l m edication;

(v) hypertension as defined in th e  exclusion crite ria  above.

N ote, how ever, th a t  th e  hypertension  criterion w as n o t universally  applied an d , in 1973 

(tw o  years before tria l tre a tm e n t was phased o u t) , was w ithd raw n . M en developing 

hypertension  were then  allowed to  rem ain in th e  tr ia l w ith ap p ro p ria te  tre a tm e n t,  as 

necessary. 220 men (1.4% of those en tering  th e  tria l)  were w ith d raw n  due to  th e  

hypertension  criterion  though  470 (3.0% ) had , a t  som e tim e during  th e  tr ia l,  one blood 

p ressure m easurem ent of 120m m Hg or m ore, o r tw o  m easurem ents betw een 110 and 

119m m H g. T hese figures a re  no t d irectly  com parable as th e re  is insufficient 

in fo rm ation  available to  determ ine, re trospectively , which men satisfied o th e r aspects of
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th e  hypertension  exclusion c rite ria  and  when. However they  give an ap p ro x im a te  idea 

o f th e  ex ten t to  which m en in the  tria l popu lation  developed hypertension  (as defined) 

and  th e  ex ten t to  which men w ith these levels o f blood pressure m igh t be under­

rep resen ted  in th e  cohort to  be selected. D uring  th e  tre a tm e n t period, m en were 

followed up for b o th  m orb id ity  and  all-cause m o rta lity . T h ereafte r only m o rta lity  

follow-up was com pleted. T his continued until th e  end o f 1982 when an in tensive  check 

to  estab lish  survival s ta tu s  for all tr ia l p a r tic ip an ts  was carried  o u t; th is  w as successful 

in over 99% of cases.

In 1975, th e  tria l was stopped  and during th e  following year tre a tm e n t w as w ithdraw n 

as th e  m en a tten d ed  for th e ir next scheduled visit. T h e  average tre a tm e n t period was

5.3 years w ith  a  m ean reduction in serum  cholesterol levels o f 9% observed  in th e  

c lo fib ra te-trea ted  group com pared w ith th e  high cholesterol con tro l g roup. In 

com paring  groups I and  II (clofibrate versus placebo in m en w ith  raised serum  

cholesterol levels a t screening), a  25% reduction  in non-fatal ischaem ic h ea rt disease 

w as observed b u t w ith no reduction  in fa ta l m yocard ial infarctions. H ow ever, th ere  

was a  significant 47% increase in all-cause m o rta lity  during  th e  tre a tm e n t period in 

those  tre a ted  w ith clofibrate (ad justed  X i_st a tis tic  for th e  crude ra te s= 7 .3 3 , p < 0 .0 1 ). 

T his effect did no t seem to  carry  over in to  th e  p o s t-tre a tm e n t follow -up period w here 

th e  excess was 5%.

2.3 D erivation  o f th e  s tu d y  cohort from  th e  tria l popu lation

T he essential and  ideal fea tu re  of th e  cohort to  be stud ied  here is th a t  it should have a  

series o f visits a t  fixed in tervals a t  which blood p ressure is m easured . Using th e  d a ta
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from  th e  clofibrate s tu d y  po ten tia lly  gives six visits per subject spaced a t  annual 

in terva ls . T his would cover th e  full five-year period o f tre a tm e n t. In p rac tice , visits 

were no t alw ays tim ed as p lanned. Few visits w ere com pleted m ore th a n  a  couple of 

weeks before th e  scheduled tim e, b u t m any were weeks or m on ths la te . T h u s , to  avoid 

an excessive loss o f subjects from  th e  cohort, only five v isits, a t  ap p ro x im a te ly  annual 

in te rv a ls , per subject will be considered. In ad d itio n , it is desirable to  pick only  those 

sub jects th a t  satisfy  com m on c rite ria  for ad eq u a te  spacing o f v isits. T h is  is achieved 

by th e  following algorithm  for each subject:

1. Select a  reference v isit, V 0, no t previously considered: if no such 

visit ex ists, subject no t eligible for th e  cohort.

2. C an a  v isit, V .j ,  be found such th a t :

(i) V_j_ is before V 0

and (ii) th e  in terva l betw een V_j_ and V 0 is betw een 183 an d  547

days (i.e. 6 m onths and  1.5 years)?

If not: re tu rn  to  step  1.

3. C an a  v isit, V_2 , be found such th a t :

(i) V_2 is before V 0

and  (ii) th e  in terva l betw een V_2 and  V 0 is betw een 548 and  913

days (i.e. 1.5 to  2.5 years)?

If no t: re tu rn  to  step  1.

4. C an a  v isit, V_3 , be found such th a t :

(i) V_3 is before V 0

and (ii) th e  in terva l betw een V_3 and  V 0 is betw een 914 and  1278

days (i.e. 2.5 to  3.5 years)?

If not: re tu rn  to  step  1.
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5. C an a  v isit, V_4 , be found such th a t:

(i) V_4 is before V 0

and (ii) th e  in terva l betw een V_4 and  V 0 is betw een 1279 and  1643 

days (i.e. 3.5 to  4.5 years)?

If no t: re tu rn  to  step  1.

6. A dd subject to  cohort.

T he labelling adop ted  for th e  visits reflects th e ir use in la te r  surv ival analyses w here all 

m odels developed describe survival from  a  tim e-origin a t  V 0. N ote th a t  if, a t  an y  step  

2 th ro u g h  to  5, tw o o r m ore visits could be found w ith in  th e  defined tim e w indow , then  

th e  one closest to  th e  m idpoint o f th e  w indow  w as selected. T he  ou tcom e o f th is 

a lgorithm  is a  cohort o f subjects all w ith five visits V_4 , V_3, V_2 , V_j_ and  V 0, ordered 

in tim e , ab o u t a  year a p a rt and spanning  no m ore th a n  4.5 years. F rom  th is  set are 

fu r th e r  excluded subjects w ithou t a  recorded d iasto lic blood p ressure a t  each o f th e  

visits. T his gives 11299 subjects in to ta l in th e  s tu d y  cohort. O f th e  4445 sub jects in 

th e  tr ia l population  no t included, 2908 lapsed from  th e  tr ia l before accum ulating  

sufficient v isits, 461 did no t have a  sa tisfac to ry  p a tte rn  o f visits w ith  com plete blood 

pressure records and  th e  rem ainder (1076) were w ithdraw als from  th e  tr ia l due to  

d ea th , h ea rt disease or hypertension , or side effects.

A lte rn a tiv e  cohorts for analysis could be derived from  th e  tr ia l po p u la tio n . In 

p a rticu la r, g rea te r s ta tis tica l precision m ight be ob ta ined  by including sub jects  w ith 

fewer th a n  five visits or w ith  g rea te r variab ility  in th e  re la tive  tim in g  o f visits. 

How ever th e  approach  adop ted  has tw o m ain ad v an tag es  which aid  in th e  

u n d ers tan d in g  o f th e  results ob ta ined . F irs t, th e  cohort is well-defined being middle- 

aged m en free o f m ajor diagnosed card iovascular disease before and  du ring  th e  period
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o f blood p ressure m easurem ent. As one aim  of th is  s tu d y  is to  consider m ethods for 

blood p ressure screening in th e  con tex t o f p rim ary  prevention  o f ca rd iovascu lar disease, 

th is  definition is useful: diagnosis o f card iovascular disease during  screening will

p ro b ab ly  be th e  d om inan t d e te rm in an t o f any  in terven tion  s tra teg y  and  so th e  value of 

blood p ressure screening will be different from  th a t  when no p re-ex isting  disease has 

been identified . Second, from  a  s ta tis tica l perspective, analyses using repeated  

m easu rem en ts, and  hence also th e ir  in te rp re ta tio n , are  sim plified w hen th e  d a ta  for 

each sub ject has th e  sam e s tru c tu re : th a t  is th e  sam e num ber o f v isits a t  equally  

spaced in terva ls  w ith  no m issing values. S im ilarly, th e  com parison of m odels developed 

for risk pred ic tion  em ploying different charac te ristic s  of a  sequence o f blood pressure 

m easu rem en ts (e.g. a  single observation  versus th e  m ean o f several) is n o t com plicated  

by v ary ing  cohort sizes.

T ab le  2.1 shows th e  tim ing  o f visits ac tually  achieved for th e  cohort. F o r th e  m ajo rity  

(93% ) o f sub jects, V_4 corresponds to  th e  first visit o f th e  tria l. W h a t is clear is th e  

skewness o f th e  d istrib u tio n  of visit tim es particu la rly  for th e  in terv a l betw een V_4 and  

V q. F o r visits V_3 , V_2 and  V_1? th e  m ajo rity  o f subjects are  w ith in  ab o u t one m onth  

of th e  tim e  poin t aim ed for though  th ere  is slightly g rea te r drift for V_4 . H ow ever, to  

select a  cohort w ith tim e in tervals closer to  those aim ed for would re s tr ic t considerably 

th e  n u m b er o f p a tien ts  available for analysis.

T ab le  2.2 shows th e  breakdow n of th e  cohort by tre a tm e n t group  and  by tow n. N ote, 

p articu la rly , th a t  th e  d istribu tion  betw een tre a tm e n t groups is reasonably  equ itab le  

bo th  overall and  w ithin tow n suggesting no su b stan tia l d ifferential losses from  th e  tria l 

popu lation  due to  tre a tm e n t. T ab le 2.3 describes th e  basic ch arac te ris tic s  o f th e
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V isit In te rv a l  in te rva l achieved_______________________
aim ed for m inim um  lower m edian upper m axim um
(range) qu artile  quartile

V_! 365 188 363 370 392 546
(183 to 547)

V_2 730 548 725 736 768 913
(548 to 913)

V_3 1096 914 1086 1104 1134 1276
(914 to 1278)

V_4 1461 1279 1461 1481 1554 1643
(1279 to 1643)

T ab le  2.1: T im e in terva ls betw een visits (days before visit V 0) in th e  s tu d y  cohort.

co h o rt. T hese are  p resen ted  for v isit V 0 as th is  corresponds to  th e  origin of tim e used 

in developing survival m odels in ch ap te r 4. T he age s tru c tu re  in E d inburgh  and  

B udapest are  sim ilar w ith  ab o u t th ree -q u arte rs  of th e  sam ple in each in th e ir 4 0 ’s o r 

50’s, tho u g h  on average a  little  older in B udapest. In P rague , th e  s tru c tu re  is m ore 

peaked being cen tred  upon th e  50-54 age-band w ith only a  handful o f m en m ore th an  

five years e ith er side of th is. In each tow n, th e  m ajo rity  of m en were cu rren t o r ex- 

sm okers a t  visit V 0 (rang ing  from  68% in P rague to  73% in E d inburgh) tho u g h  th e  

p roportion  o f cu rren t c ig are tte  sm okers varied m ore so betw een tow ns a t  th a t  tim e 

(from  34% in E d inburgh  to  47% in P rague). T here  was little  change in sm oking s ta tu s  

during  th e  tim e spanned by th e  visits. C holesterol levels in th e  cohort a re  clearly no t
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T ow n T re a tm en t group

I: clofibrate II: placebo Illrp lacebo All g roups
high cholesterol high cholesterol low cholesterol

E d inburgh  1138 1141 1145 3424
(33.27c) (33.3%) (33.47o) (1007c)

B udapest 1 2 7 1  1 3 1 1  1 2 8 2  3 8 6 4
(32.97c) (33.97c) (33.27c) (1007c)

P rag u e  1 3 9 9  1 3 3 6  1 2 7 6  4 0 1 1
(34.97c) (33.37c) (31.87c) (1007c)

T ab le  2.2: N um bers in s tu d y  cohort by tow n and  tre a tm e n t group

rep resen ta tiv e  of any general population : th e  s t r a ta  determ ined  a t  ran d o m isa tio n  have 

d istinc tly  different levels a t  v isit V 0 w ith  th e  cholesterol-low ering effect o f clofibrate 

show n by th e  difference betw een groups I and  II. T his difference is estab lished  early  in 

th e  tr ia l and  is found a t  each o f th e  visits V_3 to  V Q.

2.4 L im ita tions o f th e  cohort

T h e  s tu d y  cohort derived is no t a  random  sam ple o f a  general m ale m iddle-aged 

population . A t its sim plest, it is a  cohort of men all o f w hom  are  in good health  

th ro u g h o u t a  period o f ab o u t four years: free o f diagnosed h ea rt disease an d  o th er
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Edinburgh B udapest P rag u e

Age a t  V 0 (years)

M ean (s.d .) 47 .4 (7 .4 ) 50.1 (7 .8 ) 51 .6 (3 .3 )

no.(% )
<40 117 (16.87c) 445 (1 1 .57c) 0 (07c)
40-44 702 (20.57c) 539 (13.97c) 10 (0.27c)
45-49 814 (23.8%) 828 (2 1 .47c) 998 (24.97c)
50-54 704 (20 .67) 869 (22.57c) 2315 (57.77c)
55-59 408 (11.97c) 574 (14.97c) 674 (16.87c)
>60 220 (6.47c) 609 (15.87c) 13 (0.37c)
m issing 0 0 1

Sm oking s ta tu s  a t  V 0 : no.(% )

Never sm oked 915 (26.87c) 1145 to CO 'w
' 1260 (31 .57c)

Never cig., ex -cigar/
tobacco  74 (2.27c) 3 (0.17c) 9 (0.27c)

Never cig., cu rren t
c ig a r/to b acco  232 (6.87c) 16 (0.47c) 40 ( 1 .07c)

Ex-cig., no t cu rren t
c ig a r/to b acco  849 (24.97c) 967 (25.07c) 786 (19.77c)

Ex-cig., cu rren t c ig a r/
tobacco  166 (4.97c) 31 (0.87c) 25 (0.67c)

C u rren t c ig are ttes(p e r day)
1-10 342 (10.07c) 338 (8.87c) 490 (12.37c)
11-19 276 (8.17c) 305 (7.97c) 357 ( 8 . 97c)
20 327 (9.67c) 400 (10.47c) 562 (14.17c)
21-39 192 (5.67c) 533 (13.87c) 387 (9.77c)
40+ 42 (1 .27c) 123 (3.27c) 80 (2.07c)
m issing 9 3 15

B ody m ass index a t  tr ia l en try  (k g /m 2)

m ean (s .d .) 25 . 3 (3 .0 ) 26.,9 (3 .4 ) 26. 9 (3 .2 )
m issing 34 8 5

C holesterol a t  V 0 (mg/dl)

m ean  (s.d .):
g roup I 2 2 5 ( 3 6 ) 2 2 6 ( 3 7 ) 2 6 3 ( 3 6 )
group  II 2 5 2 ( 3 8 ) 2 4 6 ( 3 8 ) 2 8 0 ( 3 4 )
group  III 2 0 0 ( 3 1 ) 1 9 7 ( 3 0 ) 2 1 8 ( 2 8 )
m issing 2 5 2 2 5 6

T ab le  2.3: C harac teristics  of subjects included in th e  s tu d y  cohort.



m ajo r disease. W ith  respect to  s tudy ing  blood pressure, th ree  fu r th e r re s tric tio n s are 

placed on it as a  rep resen ta tiv e  sam ple. F irstly , th e  sam ple is determ ined  on th e  basis 

o f serum  cholesterol levels observed a t th e  beginning o f th e  tria l. In p a rtic u la r , half of 

m en w ith  low observed cholesterol levels and all o f those w ith  m edium  levels are 

excluded. T his is a  w eak restric tion  as th e  correlation  betw een blood p ressure  and 

cholesterol is known to  be small: th is  will be considered in th e  nex t ch ap te r. Secondly, 

som e p o ten tia l tr ia l p a rtic ip an ts  were excluded due to  hypertension . T h is will have 

caused a  tru n ca tio n  o f th e  d istrib u tio n  o f observed blood pressures found in th e  cohort. 

In ad d itio n , som e of th e  m en in th e  cohort m ay have low ered blood pressures on 

accoun t o f tre a tm e n t for hypertension: it is no t possible to  quan tify  th e  ex ten t o f th is 

tho u g h  th e  tim ing  and  se ttin g  of th e  tria l should m ean th a t  th is  applies only to  a  tiny  

p roportion  of th e  m en involved. T h ird ly , c lofibrate is known to  have a  sm all an ti­

hypertensive effect so th a t  men in th e  cohort in th a t  tre a tm e n t group are  likely to  have 

artific ially  slightly  low blood pressures. T his po int is re tu rn ed  to  in th e  nex t ch ap te r.

T h u s, these  restric tions lim it th e  im m ediate  generalization o f any  resu lts concerning 

blood pressure varia tio n  betw een individuals. T he  effect should be less re s tric tiv e  when 

considering w ith in-person variab ility  and  does n o t re s tric t investigation  o f its 

re la tionsh ip  w ith  o th e r covariates m easured on th e  individuals.
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3. Describing blood pressure variability

3.1 Introduction

T he in trin sic  variab ility  o f blood pressure has long been recognized. D espite th is , there  

have been few studies th a t  have a ttem p ted  to  quan tify  th is  v ariab ility . However, 

w ith o u t such in fo rm ation , th e  s ta tem en t th a t  an  individual has a  d iasto lic  blood 

pressure of, say , 95m m H g has little  d irect in te rp re ta tio n . In p a r ticu la r, th is  is so if it is 

to  be com pared  w ith , for exam ple, previous pressures on th e  sam e ind iv idual o r th e  

pressures o f people in a  clinical tria l found to  benefit from  an ti-h y p erten siv e  tre a tm e n t. 

O f course, it is im p o rtan t to  know w hat s ta te  th e  p a tien t w as in a t  th e  tim e(s) of 

m easu rem en t b u t even if th is  is know n, th en  w hether th is  figure sum m arizes one or 

m ore m easurem ents on one o r m ore occasions is im p o rtan t. It is th is  la t te r  po in t w ith 

w hich we are  concerned: a  docto r righ tly  places less em phasis on a  single m easurem ent 

o f 95m m H g th a n  on a  sequence ob ta ined  over several weeks which have an  average of 

95m m H g. T h u s, whilst th is  docto r recognizes th a t  th e re  is v ariab ility  in blood 

pressure, he canno t be certa in  w ithin w hat range his p a tie n t’s underly ing  level o f blood 

p ressure lies unless th is variab ility  has been quantified .

T his ch ap te r uses th e  d a ta  o f th e  clofibrate tria l to  quan tify  com ponen ts o f variab ility  

o f blood pressure, in p articu la r those w ith in  th e  individual betw een visits. Follow ing a  

review o f th e  resu lts o f studies th a t  have considered variab ility  over tim e (section  3.2), 

th e  m ethod  o f blood pressure de term in a tio n  used in th e  clofibra te  tr ia l is described 

(section 3.3) and  th e  issue of digit preferences in its repo rting  is addressed  (section 3.4). 

Sections 3.5 to  3.8 then  describe charac teristics of th e  sequences o f observed diastolic 

p ressure and  re la te  these to  o th e r covariates. Using these resu lts , s ta tis tic a l models
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are  developed in section 3.9. F inally , in section 3.10, th e  im plications for p rac tice  of 

th e  m odels derived are  discussed.

3.2 P rev ious stud ies o f blood p ressure variab ility

3.2.1 B etw een individuals

T h e  p rim ary  focus o f blood pressure studies has been th e  descrip tion o f th e  d is trib u tio n  

o f blood pressures in th e  popu lation  and  facto rs associated  w ith  v ariab ility  betw een 

individuals. T he  findings are  well established and  so less a tte n tio n  will be paid  to  them  

in th is  ch ap te r. However th ey  are w orth  reviewing so th a t  som e com parison  o f th is 

s tu d y ’s cohort can be m ade w ith  o th er studies. Here we lim it discussion to  describing 

d iasto lic blood pressure in ad u lt m en.

V ery few studies have considered th e  exact shape o f th e  diasto lic blood p ressure 

d is trib u tio n  in th e  population . A ny th a t  do com m ent (for exam ple: A rm itag e , Fox  et 

al; 1966, Shaper e t al; 1988), describe it as app rox im ate ly  norm al generally  w ith  a 

sm all degree of skewness to w ard  higher values. O ne no tab le  s tu d y  (B oe e t al, 1957), 

carried  o u t in th e  ad u lt popu lation  in B ergen, N orw ay in association w ith  a  com pulsory 

tubercu losis screening exercise, assessed th e  fit o f a  norm al d istrib u tio n  w ith in  five-year 

age bands. Using norm al p robab ility  p lots, an  ex trem ely  good fit w as found for 

younger age bands (up  to  35-39 years) w ith  increasing d ep a rtu res  th e re a fte r  w ith  

increasing age. F or exam ple, fittin g  a  norm al d istrib u tio n  to  th e  50 to  60 y ea r age 

g roup  gave a  pred icted  0.5% w ith  blood pressures g rea te r th a n  120m m H g com pared 

w ith  2 to  3% actua lly  observed. A log norm al d istribu tion  (found to  fit systolic blood 

pressure reasonably  well) did no t give an im proved fit, causing skewness in th e  opposite
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direction .

F ac to rs  associated  w ith  betw een-person variab ility  have been m ore tho ro u g h ly  stud ied . 

T h e  d o m in an t findings are  th e  increases in blood pressure associa ted  w ith  age, body 

m ass and  alcohol in tak e . M ost studies have repo rted  cross-sectional re la tionsh ips. F or 

age, th ey  suggest increases o f ab o u t Im m H g in diastolic p ressure for each five year 

increase in age du ring  m iddle age (for exam ple: K esteloot and  van  H oute, 1974; G ordon 

and  Shurtleff, 1973; M ann e t al, 1988; Shaper e t al, 1988). In elderly people th e  effect 

o f age is less clear w ith  som e studies repo rting  low er blood pressures th o u g h  th is  m ay 

reflect a  “hea lthy  su rv ivo r” effect w hereby those stud ied  are th e  surv ivors w ith  lower 

blood pressures. T his can be confirm ed by longitudinal stud ies. In p a r tic u la r  th e  

F ram in g h am  S tudy  (G ordon and  Shurtleff, 1973) suggests, on th e  basis o f 20 years o f a 

cohort follow-up, th a t  diasto lic pressure does rise w ith  age a t  legist un til 50-54 though  

th e  re la tionsh ip  is less clear a t  older ages. Some studies have also show n increasing 

variab ility  o f blood pressures in th e  popu lation  w ith age (Boe e t al, 1957; M aste r e t al, 

1950; H ypertension D etection and  Follow-up P rogram  C oopera tive  G ro u p , 1978) 

app rox im ate ly  in p roportion  to  th e  rise in m ean pressure. T his finding is n o t universal: 

for exam ple it was no t found in th e  F ram ingham  S tudy  (G ordon e t al, 1976).

T h e  re la tionsh ip  w ith  w eight is also widely reported  (Boe e t al, 1957; K este loo t and 

van  H oute, 1974; M aster e t al, 1950; Shaper e t al 1988). No sim ple su m m ary  o f th e  

re la tionsh ip  is easy to  m ake because o f th e  different m ethods used to  allow for the  

confounding o f height. However M aster e t al (1950) show th a t  blood p ressu re  rises by 

w eight w ith in  height categories and th is  is consisten t w ith  th e  findings o f a u th o rs  using 

indices o f build such as th e  body m ass index (w e ig h t/sq u are  o f heigh t) as, for exam ple,
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S haper e t al (1988). T h e  only o th e r fac to r th a t  can be re la ted  to  blood p ressure  in th is  

s tu d y  is c ig are tte  sm oking. T here  is little  difference betw een sm okers an d  non-sm okers 

th o u g h  th e  form er seem to  have slightly lower average levels (F ried m an  e t al, 1982). 

T his is illu s tra ted  by th e  B ritish  Regional H eart S tu d y  d a ta  (S h ap er e t al, 1988) w here 

th e  difference found is betw een 1 and  2m m H g for diasto lic blood pressure w ith  no 

a p p a ren t dose-response re la tionship  w ith  am o u n t sm oked.

3.2.2 W ith in  individuals

W ith in -person  variab ility  is a  com plex phenom enon. If blood p ressure  show ed no 

tren d s  w ith  tim e or if all individuals in a  popu lation  had  underly ing  blood pressure 

levels changing a t  th e  sam e ra te , then  th e  correlation o f tw o m easu rem en ts tak en  on 

th e  sam e individual would be co n stan t over tim e and  would correspond to  th e  ra tio  o f 

betw een-person variance to  to ta l variance (betw een- plus w ith in-person  variances) as 

show n by G ard n er and  H eady (1973). T his correlation  has been term ed  th e  “track ing  

co rre la tio n ” by R osner (1977).

W ith  vary ing  tren d s  betw een individuals th is is no t tru e . In general th is  will m ean 

th a t  an  ind iv idual’s re la tive position in th e  population  blood p ressure  d is trib u tio n  will 

change w ith  tim e. T h u s th e  g rea te r th e  tim e-in terval betw een m easu rem en ts, th e  

g re a te r  th e  change in re la tive position will be and  consequently  th e  corre la tion  o f blood 

pressures m easured on th e  sam e individual will decrease w ith  tim e. In ad d itio n , th e  ac t 

o f m easuring  blood pressure m ay affect th e  level o f blood pressure, itself. T his effect is 

m ost m arked  as illu stra ted  by th e  well-known “pressor” effect w here stress associated  

w ith  m easurem ent raises blood pressure which then  falls as th e  subject becomes
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fam iliar w ith  th e  procedure. T his is m ost noticeable betw een m easu rem en ts in th e  

sam e session b u t can also be seen betw een m easurem ent sessions (G ordon  e t al, 1976).

Few  stud ies have been designed to  look a t  w ith in-person variab ility , per se. O ne of th e  

earliest does show, how ever, th e  effects o f th e  m ethod  o f m easurem ent used, o r m ore 

p articu la rly  th e  s ta te  o f th e  p a tien t. Using a  graphical d isplay , K ilpa trick  (1948), 

shows clearly th a t  variab ility  betw een m easurem ents tak en  over a  week can be 

su b s tan tia lly  reduced if a  basal m ethod  (w hereby an individual is se ttled  in to  an 

advanced  s ta te  o f rest prior to  m easurem ent) is used ra th e r  th a n  a  casual m ethod . 

A lthough , for all p ractica l purposes, casual blood pressures will be used, it serves to  

illu s tra te  th e  com ponent o f variab ility  a ttr ib u ta b le  to  m easurem ent techn ique , be it 

ex trem es o f m ethod as in th is exam ple or less d ram a tic  sources such as th o se  caused by 

observer v aria tio n , rounding  of m easurem ents and  digit preference, know ledge of 

previous m easurem ents, tim e o f m easurem ent, env ironm ent o f m easu rem en t and  so on.

Q uan tifica tion  of variab ility  was illu s tra ted  by Glock e t al (1956) in a  s tu d y  o f 21 

sub jects m easured  a t  th e  sam e tim e on w orking days for th ree  weeks. F ind ing  the  

range from  m inim um  to  m axim um  m easurem ent for each ind ividual, th ey  found th a t  

th e  m edian value, across all individuals, o f these ranges was 22m m H g (vary ing  from  12 

to  36m m H g). Also show n in th is s tu d y  was th a t  th e  range of blood p ressures betw een 

days was g rea te r th an  th a t  w ith in  a  m easuring session. D espite th e  dependence of 

these  ranges on th e  num ber of m easurem ents tak en , these resu lts a re  ind icative  o f la te r 

research.

T h ree  stud ies during  th e  1960’s considered th e  track ing  correlations o f blood pressures

34



sep a ra ted  by  tim e in terva ls  of several years. T h e  first (H arlan  e t al, 1962) considered a  

cohort o f 1056 m en selected in 1940 for N aval F ligh t T ra in ing . T h ey  w ere considered 

norm otensive, o f o p tim al w eight and  were o f 24 years average age. C orre la tion  of 

d iasto lic  blood pressures betw een 1940 and  1952 was 0.13, betw een 1940 and  1958 was 

0.16 and  betw een 1952 and  1958, 0.36. T he  second s tu d y  (M cK eow n e t al, 1963) gave 

corre la tions based on tw o popu lation  sam ples o f men no t on an ti-hypertensive  

t re a tm e n t. In 833 B irm ingham  m en in th e ir 60’s a t  th e  first m easu rem en t, th ey  found 

a  track in g  correlation  o f 0.50 betw een m easurem ents 3 years a p a r t . In S ou th  W ales 

(R h o n d d a  F ach  and  th e  V ale of G lam organ) th e  correlation  w as 0.63 in 500 m en (aged 

4 0 + )  w ith  m easurem ents four years o r so a p a rt.  T h e  la tte r  g roup w as broken down by 

age and  an  increasing correlation  w ith age was found: 0.57 for m en in th e ir 4 0 ’s a t  the  

firs t v isit, 0.61 for m en in th e ir 50’s and  0.72 for m en in th e ir 60’s o r 70’s. However 

th is  s tu d y ’s d a ta  and  fu rth e r follow-up were la te r  analysed by R osner e t al (1977), 

including also th e  fem ales stud ied , and  th ey  found no clear tren d  d u rin g  m iddle and  old 

age. In th e  th ird  stu d y , 208 m ale college g rad u a tes  were stud ied  re tro spectively  and a 

track in g  correlation  o f 0.16 found for m easurem ents tak en  when th ey  w ere ab o u t 20 

and  40 years old (Ju lius e t al, 1964).

T hese stud ies suggest th a t  th e  track in g  correlation  does, indeed, decay w ith  tim e 

betw een m easurem ents. Typically  correlations for m easurem ents th re e  o r four years 

a p a r t  a re  o f th e  o rder o f 0.6 reducing to  ab o u t 0.1 to  0.2 for an  in te rv a l o f 20 years. 

T his sum m ary  though  m ay be confounded by age as th e  longer in te rv a l s tud ies are 

based on young people in whom  th e  ra te  o f change o f pressure m ight be expected  to  be 

g rea te s t and  p robab ly  m ore variab le  th u s  reducing th e  correlation  fu r th e r: indeed, in 

children, th e  correlations are  m arkedly  sm aller even over in terva ls  o f a  y ea r o r less
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(Szklo, 1979).

T h e  m ost im p o rtan t and  com plete p ictu re  o f th e  decay o f th e  track in g  correlation 

com es from  th e  F ram ingham  S tudy  (G ordon and  Shurtleff, 1973). C orre la tions are 

availab le  betw een all pairs o f blood pressures tak en  a t  ten  biennial v isits on a 

popu lation  cohort o f b o th  sexes aged 30-62, when identified in 1948-1952. C asual blood 

pressures rounded, in practice, to  th e  nearest even digit give correlations o f ab o u t 0.62 

for m easurem ents tw o years a p a rt and  0.59, when four years a p a r t .  A t eighteen years 

a p a r t  th is  is reduced to  0.38. T here  is no clear effect on th e  correlations o f th e  aging 

cohort o r of losses from  it suggesting reasonable stab ility  across th e  age range.

T h e  track in g  correlation  is a  tran sfo rm atio n  o f th e  ra tio  o f w ithin- to  betw een-person 

variances and  so its m ajor d raw back  is in its  dependence on th e  betw een-person 

v ariance in th e  popu lation  sam pled. T hus it can be m ore useful to  consider th e  size of 

th e  w ith in-person  variance, itself. T w o studies set o u t to  m easure th is, one in a  highly 

contro lled  situ a tio n  and th e  o th e r in a  survey env ironm ent (A rm itage an d  Rose, 1966; 

A rm itag e , Fox e t al, 1966). T he first m easured blood pressure on five m en an d  five 

w om en (m ean ages 35 and  31 years respectively) tak in g  tw o  observations on each o f 20 

occasions over a  six week period. In a  relaxed env ironm en t, a  single tra in ed  observer 

using a  random -zero  sphygm anom eter m easured blood pressures. M ean diastolic 

p ressure  (phase IV) w as 65.4m m Hg: low by popu lation  s tan d a rd s . W ith in -person  

s ta n d a rd  deviations o f 6 .2m m H g betw een-visits and  3.3m m H g w ith in-v isits were 

e s tim ated . In th e  survey 50 w orking men (m ean age 48 years in th e  larger group  from  

w hich th ey  were derived) had  th e ir blood pressures m easured a t  tw o visits a  year 

a p a r t .  T he  w ith in-person s tan d a rd  deviations were estim ated  as 7.2m m H g betw een-
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visits and  5.9m m H g w ithin-visits. T he  difference betw een th e  tw o  stud ies for th e  

w ith in -v isit s tan d a rd  deviation  em phasizes th e  po ten tia l im pact o f a  carefully  controlled  

m easu rem en t technique. Less can be said ab o u t th e  difference in betw een-visit 

s ta n d a rd  deviations because of th e  different tim e spans betw een m easu rem en ts.

Since these  tw o  studies, several au th o rs  have produced e stim ates  for these  tw o 

com ponen ts o f variance. G ordon e t al (1976) o b ta ined  estim ates from  th e  F ram in g h am  

S tu d y  for th e  betw een-visit and  w ith in-visit s tan d a rd  deviations o f 7.6 and  4.3m m H g, 

respectively . Hebei e t al (1980) m easured blood pressures, a t  hom e, in a  random  

sam ple o f black inner-city  B altim ore residents and rem easured  th e  pressures in those 

found to  be nom otensive a t  baseline ab o u t th ree  years la te r . T hey  o b ta in ed  estim ates 

of 7.4 and  2.0m m H g, respectively (a fte r ignoring th e  first o f th e  th ree  m easu rem en ts a t 

each v isit) based on sam ples of 100 people. R osner and  Polk (1983) used d a ta  from  

b o th  w orksite and com m unity  blood pressure p rogram s involving weekly m easurem ents 

over th re e /fo u r  weeks o r daily  m easurem ents over one week, respectively . T hey  

o b ta in ed  es tim ates  o f 5.3 and 2.8m m H g for th e  betw een-visit and  w ith in -v isit s tan d a rd  

dev ia tions, respectively, in w hite m en aged 30-49. T hey  also found higher levels of 

v ariab ility  in black m en and slightly  lower levels a t  older ages. F inally  W ilson and 

Hebei (1988) ob ta ined  estim ates of 7.3m m H g for th e  betw een-visit s ta n d a rd  deviation  

in a  sam ple o f black hypertensives, a fte r correcting  for th e  selection as hypertensive on 

th e  basis o f high blood pressures. Here visits w ere betw een 7 days an d  one year ap a rt: 

th e  serial correlation  betw een m easurem ents on th e  sam e ind ividual having  been found 

to  be negligible over such periods. T hey  also found g rea te r v ariab ility  in o lder m en 

com pared w ith  younger m en.
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C learly  these  studies have produced vary ing  estim ates. It is useful to  n o te , though , 

th a t  w ith in-v isit variab ility  is sm all com pared w ith th a t  betw een- visits. T h is suggests 

th a t  rep ea t m easures w ith in  a  visit are  of m uch less value com pared  w ith  those 

o b ta in ed  from  several visits for es tim atin g  an ind iv idual’s underly ing blood pressure 

level. E stim a tes  of betw een-visit s tan d a rd  deviation  are ab o u t 7 .5m m H g for visits a  

few m o n th s to  a  couple of years a p a rt b u t m ay be sm aller for sh o rte r  in tervals. 

F u r th e r  com parison is com plicated by th e  differing age, race and  sex m ixes rep o rted .

D espite these  studies to  assess variab ility , none p resen t an y th in g  m ore th a n  sum m ary  

m easures. In p articu la r no a tte m p t has been m ade to  describe th e  observed 

d is trib u tio n  o f w ith in-person variab ility  and  hence w hether th e re  is heterogeneity  in th e  

underly ing  variance com ponent or w hether differences in observed values betw een 

individuals can be explained ju s t  by sam pling varia tio n . In th is  co n tex t K annel, Sorlie 

and  G ordon (1980) suggest, for systolic pressures, th a t  th e re  is not an  identifiable 

g roup  in th e  population  w ith  unusually  labile pressures when m easured a t  hourly  clinic 

v isits. In co n tra s t, H aw thorn  e t al (1974) suggest th a t  a  norm al m odel for differences 

betw een visits m ight be ap p ro p ria te  b u t pursue it no fu rth e r. An equally  im p o rtan t 

consideration  is th e  possibility o f increasing variab ility  w ith level. T his has been 

suggested by bo th  M iall and  Lovell (1967) and K annel, D aw ber and  M cGee (1980). If 

tru e , it would help explain th e  g rea te r w ith in-person variab ility  w ith age, found in 

som e stud ies, given th e  increase in level w ith age. T hese p a rticu la r po in ts are 

addressed in th is ch ap te r.
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3.3 M ethod  o f blood pressure determ in a tio n  in th is  s tu d y

Blood p ressure w as m easured in th e  m anner described in th e  W orld  H ealth  

O rg an iza tio n ’s recom m endations (W orld  H ealth  O rgan ization , 1959 an d  1962). T hese 

a re  sum m arized as follows. E ith er a  m ercury  m an o m eter o r an anero id  in s tru m en t can 

be used w ith  a  b lood-pressure cuff of w id th  a t  least 14cm an d  long enough to  

com pletely  w rap  around  th e  arm . A casual blood pressure is m easured  by a  physician 

w ith  th e  subject in th e  s ittin g  position. T he  righ t arm  is used. P h ase  IV  diastolic 

blood pressure was used in th is  s tu d y . T o  o b ta in  th is , th e  cuff is rap id ly  in flated  to  a  

po in t 20-30m m H g above th e  pressure a t  which th e  rad ia l pulse is o b lite ra ted . Allowing 

th e  cuff pressure to  fall a t  a  ra te  of no t m ore th a n  2-3 m m H g p er pu lse-beat, th e  

d iasto lic pressure is th e  po int a t  which th e  pulse-beat sound becom es m uffled. In 

general, a  single m easurem ent was used. How ever, in P rague , a t  th e  firs t tr ia l visit 

(V _ 4  for m ost subjects in th is  s tu d y ’s cohort) th e  m ean of tw o  m easu rem en ts was 

recorded.

3.4 D igit preference

T h e  ad v an tag e , for our purposes, of th e  m ethod of m easurem ent used in th e  tr ia l is its 

closeness to  th e  m ethod  th a t  m ight be used in casual screening o f an y  ind ividual by  a  

general p rac titio n er. T hus w ith in-person variab ility  stud ied  using th is  d a ta  will also 

include a  com ponent o f variance associated  w ith th e  degree of accuracy  em ployed in 

tak in g  th e  m easurem ents. T his includes th e  well-known problem  o f dig it preference, 

repo rted  m any years ago by Janew ay  (1913), w hereby som e m easurem ents a re  rounded 

to  a  p a rticu la r d ig it, for exam ple to  th e  nearest ten  o r five. T o  illu s tra te  th is  p ractice 

in th e  d a ta  being stud ied , th e  last digit of th e  recorded blood p ressure for each of th e
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Figure 3.1: Digit preferences by town
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five v isits for each subject w as found and th e  rela tive frequency d is trib u tio n  for d igit 

d eterm ined . T his is shown in figure 3.1 by tow n.

As th e  d is trib u tio n  o f blood pressures in a  popu lation  is no t uniform , th e  d is trib u tio n  o f 

las t digit should not be expected to  be perfectly  uniform  either. H owever th e  

preference for certain  digits is no tab le  as is th e  m anner in which th is  preference varies 

betw een tow n. In E d inburgh , a  policy o f rounding  to  an  even digit is clear w ith  less 

th a n  1% o f all m easurem ents having an odd final dig it. On to p  o f th is , th e re  is som e 

ad d itio n a l preference for zero a t  th e  expense o f m ost o th e r even values. In B u d ap est, 

th e re  is a  sim ilar preference for zero though  all digits were used. In d is tin c t c o n tra s t, 

in P rag u e  th e re  is a  d ram a tic  preference for zero a t  th e  expense o f all o th e r digits 

th o u g h  five finds som e favour. It is w orth  no ting  th a t  th e  p a tte rn s  o f dig it preference 

described did no t vary  system atically  w ith calendar year o f m easurem ent though  th ere  

was som e sm all varia tio n  in th e  em phasis on th e  various d igits.

T o  assess th e  im pact th a t  d igit preference m ight have on th e  d is trib u tio n  o f observed 

blood pressures, consider a  sim ple s itu a tio n  w here th is d is trib u tio n , if it could be 

observed exactly , is norm al w ith  m ean n  and variance a  . F our different rounding 

practices will be considered, w here rounding  is to  th e  nearest whole m ultip le of

(i) one

(ii) tw o

(iii) five

(iv) ten .

T h e  norm al d istrib u tio n  can be sliced up in to  m utually  exclusive in terva ls  such th a t  

each in te rv a l is cen tred  on a  rounding un it. F o r exam ple, w hen rounding  is to  th e
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Figure 3.2: R ounding un its and  in terva ls
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n ea rest ten , and th e  norm al d istribu tion  has m ean 83 and  s tan d a rd  dev iation  10, figure

3.2 shows th e  sliced norm al d istrib u tio n  w ith  each in terva l cen tred  on a  m u ltip le  of ten . 

A ny  in te rv a l can be described in te rm s o f its  associated  rounding  un it ( lO n + m ), w here 

n is an y  in teger and m is any  allow able digit for th e  re levant practice:

(i) m is any  digit 0 th ro u g h  to  9

(ii) m is any  even digit 0 th ro u g h  to  8

(iii) m is 0 o r 5

(iv) m is 0.

T ak in g  th e  w id th  o f th e  in terva ls as 2 r ,  th en  any  blood pressure in th e  in te rv a l 

( lO n + m  — r ,  lO n + m + r)  will be rounded to  (lO n + m ) and  hence th e  p ro b ab ility  o f 

record ing  a  blood pressure w ith  last digit m will be th e  sum  over n o f probab ilities 

across all such in tervals:

Pm =  " £ ° °  L [l0 n + m  +  r - „ ]  _  , [ l0 n + m - i - , « T j
n= —oo

n= +  oo
=  y i  Pnm > say, 

n=  —oo

w here $  is th e  s tan d a rd  norm al cum ulative d is trib u tio n  function.

F o r each rounding  practice  considered, these probabilities can be ca lcu lated  for th e  set 

o f allow able final d igits. T he  in teresting  question is th en  th e  ex ten t to  which th e  

norm al d is trib u tio n al form  assum ed for blood pressures produces a  d ep a rtu re  from  th e  

d istrib u tio n  of final digits in which all are  equally  favoured  ( th a t  is, th e  p m’s are  all 

equal). T he  g rea test d ep a rtu res  are  found when th e  m ean, /i, is equal e ith e r to  a
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2 r <T H* 0 1 2 3
digit, m 

4 5 6 7 8 9

1 5 (i) 1014 1011 1004 996 989 986 989 996 1004 1011
(ii) 1013 1013 1008 1000 992 987 987 992 1000 1008

1 6 (i) 1002 1001 1001 1000 999 998 999 1000 1001 1001
(ii) 1002 1002 1001 1000 999 998 998 999 1000 1001

2 5 (i) 2027 _ 2008 1978 _ 1978 — 2008
(ii) 2022 - 2022 1992 - 1973 1992 -

2 6 (i) 2003 _ 2001 1998 _ 1998 — 2001
(ii) 2002 - 2002 - 1999 - 1997 1999

5 5 (i) 5046 _ _ _ 4954 _ _ — _

(ii) 5000 - - - 5000 - - -

5 6 (i) 5005 _ _ _ _ 4995 _ _ _

(ii) 5000 - - 5000 - — -

* (i) \i equal to  a  rounding  unit
(ii) /z equal to  a  b oundary  value o f a  rounding  in terva l

T ab le  3.1: S um m ary  o f ex trem es o f varia tion  in p m (xlO 4 ) w hen th e  s tan d a rd
deviation  o f th e  assum ed blood pressure d is trib u tio n  is 5 o r 6.

round ing  un it o r to  a  boundary  value of a  rounding  in terva l. T h u s , in tab le  3.1, the  

ex trem es in varia tio n  in th e  values o f p m are shown for th ree  round ing  p ractices when 

th e  s ta n d a rd  dev iation , <r, is assum ed to  be 5 o r 6. F or exam ple, if it is p rac tice  to  

round  to  th e  nearest even digit and <r=5, then  when \i is equal to  a  round ing  u n it ( th a t  

is, som e m ultip le  o f 2), 20.27% of final digits should be zeros, 20.08%  should be tw os, 

and  so on. T hese figures show only sm all d ep a rtu res  from  20% w hereby all allowable
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digits a re  equally favoured. S im ilar com m ents app ly  to  th e  o th e r rounding  practices. 

F or larger values o f <r th an  6, th e  values o f p m are  alw ays equal, a t  least to  four 

significant figures. If a  is sm aller th an  5, then  th e  effect would be larger b u t th is is n o t 

o f p rac tica l relevance in th e  blood pressure se ttin g . T hus it can be concluded th a t  

practices o f rounding  blood pressures should lead to  d istribu tions o f final digits in 

which each allow able digit is equally likely to  be rep o rted . Hence th e  p a tte rn s  observed 

in th e  th ree  tow ns are no t en tire ly  consisten t w ith  any  one form al rounding  p ractice  

b u t m u st reflect a  m ix tu re  of different practices.

It is im p o rtan t also to  assess how rounding  practices affect estim ates  of th e  blood

pressure d is trib u tio n  p aram ete rs , /x and a 2 . T he expected value, /xR, and  th e  variance,

O • • •<rR, o f th e  recorded blood pressure d istribu tion  can be found: 

n = - f  oo
A*r  =  [ 10n  +  m ]P nm

n =  — oo m

n =  +  oo
<rR =  £  OOn +  m] 2 pnm -  /iR2

n =  — o o  m

T hese can be com pared w ith  th e  m ean, fj,, and  variance, <r2, o f th e  assum ed

d is trib u tio n  o f blood pressures.

C onsider first th e  re la tionsh ip  betw een x̂R and /x. In general, for each o f th e  four 

rounding  practices and for m ost realistic values o f th e  blood p ressure s tan d a rd  

deviation  (<x>5), th ere  is no bias observable to  four significant figures: th a t  is /xR and  /i 

a re  equal to  th is degree o f accuracy. T he  only exception  occurs when rounding  is to  

th e  nearest ten  and  a  is less th an  7. T hen , th e  d ep a rtu re  o f /xR from  /x is, for exam ple,
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m axim ally 0.0002 w hen <r =  7, 0.0026 w hen <r=6 and  0.0229 w hen <r =  5: these values 

occuring w hen // equals a  rounding un it plus r / 2  (w hen //R und erestim ates p)  and 

when fi equals a  rounding  un it m inus r / 2  (w hen /xR overestim ates fi). Even in these 

circum stances th is  bias m ight be considered negligible w hen dealing w ith  a blood 

p ressure d is trib u tio n  w ith  a  m ean of ab o u t 80.

G iven, in m ost cases, th e  uniform ity  of p m as m varies, it is no t surp rising  th a t  th e  

re la tionsh ip  betw een «rR and  or2 is generally sim ple. In effect, rounding  e rro r w hen cr is 

sufficiently large com pared w ith r  is akin to  adding on to  th e  norm al d is trib u tio n  an 

e rro r te rm  th a t  is uniform ly d is trib u ted  on th e  in terva l ( — r ,  + r ) .  T h e  variance o f th is 

ad d itio n al e rro r is r 2/ 3 and , to  four decim al places, it can be show n, num erically , th a t

<rR =  <t2 +  r 2/ 3

for c r / r  sufficiently large. D epartu res from  th is  re la tionship  can be found and , in 

ex trem e and  unrealistic cases, could produce values o f <rR close to  zero (if /j is on a  

round ing  u n it)  or tend ing  to  infinity  (if // is on th e  boun d ary  of a  rounding  in terva l). 

F o r all p rac tica l values o f a  and  r  s tud ied , th e  only no tab le  d ep a rtu res  found are when 

r = 5 (round ing  to  th e  nearest ten ) and  was 8 or less. T his s itu a tio n  is illu stra ted  for 

values o f a  from  5 to  8 in tab le  3.2. Even then  th e  d ep a rtu re  from  th e  variance 

expected  by assum ing th e  addition  o f a  uniform ly d is trib u ted  e rro r te rm  is under 2.5% 

for <r= 5 and  alm ost negligible for larger values of a. T hus for all p ractical purposes, 

th e  rounding  e rro r can be considered as a  uniform ly d is trib u ted  erro r.
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a 2 +  r2/ 3

5 (i) 2 5 3 2 . 5 4 1 3 3 3 . 3 3 3 3
(ii) 2 5 3 4 . 1 2 5 4 3 3 . 3 3 3 3

6 (i) 3 6 4 4 . 2 0 6 9 4 4 . 3 3 3 3
(ii) 3 6 4 4 . 4 5 9 7 4 4 . 3 3 3 3

7 (i) 4 9 5 7 . 3 2 0 3 5 7 . 3 3 3 3
(ii) 4 9 5 7 . 3 4 6 3 5 7 . 3 3 3 3

8 (i) 6 4 7 2 . 3 3 2 5 7 2 . 3 3 3 3
(ii) 6 4 7 2 . 3 3 4 2 7 2 . 3 3 3 3

*
(i) fi equal to a  rounding  un it
(ii) H equal to a  boundary  value of a  rounding  in terva l

T ab le  3.2: E x trem e cases o f rounding  to  th e  nearest ten  (2 r  =  10) w hen th e
m easured  variance, <rp, is no t equal to  (<r2 +  r  ) /3  ( to  four decim al 
places).

R etu rn in g  to  th e  blood pressure d a ta  from  th e  clofibrate tr ia l, it is clear th a t  the  

vary ing  preferences for different digits are  no t en tire ly  consisten t w ith  any  o f th e  

round ing  p a tte rn s  stud ied . N ote th a t  th e  sm all degree o f skewness suggested  by some 

au th o rs  for th e  d is trib u tio n  o f diasto lic blood pressure (for exam ple, A rm itage , Fox et 

al, 1966) would no t account for th e  d ep a rtu res  from  un ifo rm ity  observed. In effect 

w h a t is p ractised  can be considered as m ix tures o f th e  different round ing  practices. 

F o r exam ple, in E dinburgh  th e  underly ing p ractice is rounding  to  th e  even dig it bu t 

w ith  add itional preference for 4, and  m ore particu la rly , for 0 im posed on to p . In effect 

th e  preference for 4 m ight be because doctors are rounding  to  th e  nearest 5 o r 0 and 

are then  being forced to  round  th e  5 ’s to  an a lte rn a tiv e  even dig it. C learly  such a
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m odel is speculative and  difficult to  assess. H owever, th e  num erical resu lts im ply th a t  

any  m ix tu re  o f th e  rounding  p ractices stud ied  should give app rox im ate ly  unbiassed 

estim ates  of fi and  overestim ates o f cr2 by an  am o u n t which is a  w eighted  average of 

th e  variances o f th e  uniform  d istribu tions associated  w ith  each p ractice.

So fa r  th e  p aram ete rs  /i and  a  have been considered prim arily  as charac te ristics  o f th e  

p opu lation  blood pressure d istribu tion . However, th ey  can also be considered as 

p a ram ete rs  defining variab ility  o f blood pressure w ith in  an  individual. In th is  case, 

g re a te r a tte n tio n  m ust be placed upon sm aller values o f <r, th en  th e  w ith in-person 

s ta n d a rd  deviation  for blood pressure. Even th en , th o u g h , th e  stud ies described in 

section 3.2 suggest values o f 6 or 7m m H g for cr and  so th e  expected  value for 

recorded blood pressures on a  subject should be very close to  //, th e ir underly ing  m ean 

level, and  <rR will be app rox im ate ly  <r2 +  r 2/ 3. However, th e  com ponent of variance 

a ttr ib u ta b le  to  rounding , r 2/ 3, is in relative term s m ore im p o rtan t p articu la rly  if 

round ing  is to  th e  nearest ten  as is p redom inan tly  th e  case in P rague .

3.5 Blood pressure levels by tre a tm e n t group

In o rd e r to  s tu d y  w ith in-person blood pressure variab ility  using d a ta  from  th e  

clofibra te  tria l, it is necessary to  consider bo th  th e  effect th a t  th e  cholesterol criterion 

for e n try  in to  th e  tr ia l and  th e  effect th a t  tre a tm e n t, itself, have on blood pressure 

levels. T ab le  3.3 shows th e  m eans and  s tan d a rd  deviations for blood pressures 

m easured  a t  each visit by tre a tm e n t group. As th e  m ajo rity  o f sub jects have visit V_4 

as th e  first visit in th e  tr ia l com pleted before com m encing tre a tm e n t, com parison o f th e  

p a ram ete rs  by group  gives an  indication  of th e  association betw een cholesterol and
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T re a tm e n t V isit
g roup  V _ 4  V_3 V _ 2  V .!  V 0

I: c lofibrate
high cholesterol 

( n = 3 8 0 8 )

8 6 . 9 3
( 1 0 . 1 5 )

8 3 . 4 8
( 9 . 8 3 )

8 3 . 3 1
( 9 . 9 7 )

8 3 . 8 0
( 1 0 . 2 3 )

8 3 . 4 5
( 1 0 . 2 7 )

II: placebo
high cholesterol 
( n = 3 7 8 8 )

8 6 . 8 8
( 1 0 . 0 4 )

8 4 . 9 1
( 9 . 8 9 )

8 3 . 7 7
( 1 0 . 0 0 )

8 4 . 8 5
( 1 0 . 1 4 )

8 4 . 6 1
( 1 0 . 1 8 )

III: placebo
low cholesterol 
( n = 3 7 0 3 )

8 5 . 0 4
( 9 . 8 9 )

8 3 . 1 5
( 9 . 7 7 )

8 2 . 3 8
( 9 . 8 2 )

8 2 . 6 6
( 1 0 . 0 6 )

8 2 . 6 2
( 9 . 9 5 )

all groups
( n = l 1 2 9 9 )

8 6 . 2 9
( 1 0 . 0 7 )

8 3 . 8 5
( 9 . 8 6 )

8 3 . 1 6
( 9 . 9 5 )

8 3 . 7 8  
( 1 0 . 1 8 )

8 3 . 5 7  
( 1 0 . 1 7 )

T ab le  3.3: M ean (s.d .) o f diastolic blood pressures a t  each visit by
tre a tm e n t group.

blood p ressure levels in th is  popu lation . It is clear th a t  sub jects w ith  cholesterol levels 

in th e  u pper th ird  of th e  cholesterol d istribu tion  (groups I and  II) have blood pressures 

raised on average by 1.87 m m H g above subjects in th e  lower th ird  (group  III) (95% 

confidence in te rva l 1.47 to  2.26 m m H g). However, th e  difference in levels re la tive to  

variab ility  in blood pressure suggests th a t  th e  cholesterol selection criterion  should not 

p roduce a  m ajor change in th e  blood pressure d istrib u tio n  from  th a t  ob ta in ab le  had th e  

whole population  been sam pled ( th a t  is, d isregarding cholesterol levels).
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M oving across th e  rows in tab le  3.3, m ean changes in blood p ressure w ith  tim e by 

tre a tm e n t g roup  can be assessed. In bo th  contro l groups (II and  III), a  fall o f abou t 

1.9 m m H g from  visit V_4 to  V_3 is seen. Sim ilarly, th e re  is a  d rop  in g roup  I, though  a  

larger one, o f 3.5 m m H g. T h e  difference betw een th e  changes in g roups I and  II is 

significant (P < 0 .0 0 0 1 ) and  reflects an estab lished  effect o f clofibrate in causing a  slight 

low ering o f blood pressure. A lthough th ere  are changes in level betw een visits V_3 and 

V 0, th e re  are  no fu r th e r differences in behaviour betw een tre a tm e n t groups nor so 

no ticeable and consisten t changes as seen betw een visits V_4 and  V_3. T his “placebo” 

effect m ight be explained by th e  “pressor” effect as th e  subjects becom e used to  having 

th e ir blood pressures m easured. As such a  m easurem ent ch a rac te ris tic  in troduces a  

fu r th e r com ponent o f variab ility  which confounds th e  analysis o f tren d s  an d  o th er m ore 

n a tu ra l residual v aria tio n , d a ta  from  visit V_4 will no t be considered fu rth e r. N ote 

though  th a t  th is m eans th a t  th e  cohort being analysed is one in w hich subjects are 

fam iliar w ith  blood pressure m easurem ent. However, th e  analysis will include all th ree  

tre a tm e n t groups. T his m akes th e  assum ption  th a t  th e re  is no im p act o f clofibrate on 

blood p ressure beyond its in itia l lowering effect. A gain, th is  in troduces an artificial 

elem ent o f variab ility  in to  th e  betw een-person blood pressure d is trib u tio n  m aking it a 

little  less rep resen ta tiv e  o f a  tru e  population  sam ple.

3.6 W ith in -person  variab ility

Because o f th e  differing degrees of d igit preference and  as th e re  is no reason to  believe 

th a t  blood pressure behaviour will be th e  sam e in each tow n, analysis o f tren d s and 

variab ility  will be described by tow n. T ab le  3.4 gives th e  m eans and  s tan d a rd  

deviations by visit to g e th er w ith  th e  track ing  correlation  s tru c tu re . C learly , th e  th ree
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Visit
V_3 V_2 V_i V 0 all v isits

Edinburgh (n=3424) 
mean 82 .53  
s.d. 10.21

81 .80 
10.31

82 .53
10.44

82 .82
10.43

82 .42

correlation V 3 1 . 000
V-2
V-1
V0

0.596  
1 .000

0.560  
0 .600  
1 .000

0.538  
0.560  
0.623  
1 .000

Budapest (
mean
s.d.

n=3864)
84 .95
10.02

83 .58
10.18

84 .02
10.03

82 .97
10.01

83 .88

correlation V 3 1 . 000
V-2
V-1
V0

0.450  
1 .000

0.455  
0.478  
1 .000

0.467  
0.488  
0.480  
1 .000

Prague (n=
mean
s.d.

=4011)
83 .92

9 .26
83 .92

9 .2 7
84.61

9 .75
84 .78

9 .9 8
84.31

correlation V 3 1 . 000
V-2
V-1
V0

0.426  
1 .000

0 .402  
0.449  
1.000

0 .377  
0.398  
0.454  
1 .000

T ab le  3.4: M eans, s tan d a rd  deviations and  correlation  s tru c tu re
of diasto lic blood pressure (m m H g) by tow n.

51



tow ns exh ib it sm all differences in m ean level and  in th e  degree of variab ility : these  shall 

be re tu rn ed  to  la te r . N ote th e  re la tive stab ility  in th e  m ean levels an d , p a rticu la rly , in 

th e  v ariab ility  betw een visits w ith in  tow ns. Also, a lthough  th e  correlations betw een 

visits varies in size betw een tow ns, th e  n a tu re  o f th e  correlation  s tru c tu re  is sim ilar. 

T h e  differences betw een tow ns can be a ttr ib u te d , in p a r t,  to  d ifferent levels o f w ithin- 

person variab ility  caused by m easurem ent digit preferences and  also to  th e  different age 

d istrib u tio n s  resu lting  in different levels o f betw een-person variab ility . C orre la tions 

betw een pairs o f visits a  year a p a rt a re  reasonably  co n stan t th o u g h  th ere  is a  

suggestion th a t  th is  is slightly  higher betw een la te r visits. T his m ay reflect th e  fact 

th a t  th e  tim e in terva l betw een la te r visits is less variab le  th a n  in terva ls  betw een earlier 

visits. A  sim ilar s tab ility  is ob ta ined  betw een pairs o f visits tw o  years a p a r t . N ote 

th a t  th e  correlations for E dinburgh are very close to  those  found in th e  F ram ingham  

S tu d y  (G ordon and  Shurtleff, 1973) w here rounding to  th e  nearest even digit was also 

p ractised . Looking a t  th e  s tru c tu re  across rows o r up colum ns, a  decreasing correlation 

is clear as th e  in terva l o f tim e betw een pairs o f visits increases. T his suggests varying 

tren d s  in blood pressure w ith in-subjects which would a lte r th e  re la tive  positions of 

individuals w ith in  th e  d istrib u tio n  of blood pressures in th e  population  as tim e passes

by.

T o  stu d y  th e  existence and ex ten t o f such tren d s  a  sim ple linear regression can be 

fitted , by th e  m ethod  o f least squares, to  each ind iv idual’s sequence o f four blood 

pressures from  visit V_3 th rough  to  visit V 0. T hree  p aram ete rs  can th en  be used to  

sum m arize blood pressure changes over th is period o f tim e for each individual: the  

m ean level, tren d  and  th e  residual variance abou t th e  fitted  regression line. T hese are 

given in tab le  3.5 including a  breakdow n by tre a tm e n t g roup . F o r th is  and  all
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T re a tm e n t group 

I II III all groups

E d inburgh
m ean level (m m H g) 8 2 . 2 0 8 3 . 5 7 8 1  . 4 9 8 2 . 4 2

( 8 . 3 6 ) ( 8 . 7 3 ) ( 8 . 4 8 ) ( 8 . 5 6 )

tren d  (m m H g /y ea r) 0 . 0 8 0 . 2 8 0 . 1 3 0 . 1 6
( 3 . 1 8 ) ( 3 . 2 9 ) ( 3 . 1 8 ) ( 3 . 2 2 )

residual variance 4 3 . 9 7 4 1  . 5 3 4 0 . 0 1 4 1  . 8 3
(m m H g2) ( 5 1 . 0 0 ) ( 4 3 . 7 1 ) ( 4 3 . 3 8 ) ( 4 6 . 1 7 )

num ber 1 1 3 8 1 1 4 1 1 1 4 5 3 4 2 4

B udapest
m ean level (m m H g) 8 4 . 5 8 8 4 . 6 8 8 2 . 3 7 8 3 . 8 8

( 7 . 9 2 ) ( 7 . 8 5 ) ( 7 . 5 9 ) ( 7 . 8 6 )

tren d  (m m H g /y ea r) - 0 . 6 1 - 0 . 5 6 - 0 . 4 8 - 0 . 5 5
( 3 . 2 2 ) ( 3 . 3 7 ) ( 3 . 1 9 ) ( 3 . 2 6 )

residual variance 5 6 . 7 5 5 5 . 7 9 5 3 . 3 6 5 5 . 3 0
(m m H g2) ( 5 9 . 9 9 ) ( 5 9 . 1 4 ) ( 5 8 . 2 5 ) ( 5 9 . 1 3 )

num ber 1 2 7 1 1 3 1 1 1 2 8 2 3 8 6 4

P rag u e
m ean level (m m H g) 8 3 . 6 0 8 5 . 2 3 8 4 . 1 3 8 4 . 3 1

( 7 . 3 1 ) ( 7 . 0 5 ) ( 7 . 0 7 ) ( 7 . 1 8 )

tren d  (m m H g /y ea r) 0 . 6 1 0 . 3 6 - 0 . 0 2 0 . 3 3
( 3 . 4 3 ) ( 3 . 4 6 ) ( 3 . 4 2 ) ( 3 . 4 4 )

residual variance 5 0 . 8 9 4 9 . 5 8 5 0 . 6 9 5 0 . 3 9
(m m H g2) ( 5 1 . 4 8 ) ( 4 8 . 7 8 ) ( 5 3 . 9 9 ) ( 5 1 . 4 1 )

num ber 1 3 9 9 1 3 3 6 1 2 7 6 4 0 1 1

T ab le  3.5: M ean (s .d .) o f linear regression p aram ete rs  fitted  to  each person ’s sequence
of diasto lic blood pressures from  visits V_3 th ro u g h  to  V 0 .
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subsequen t analyses th e  ex p lan a to ry  variab le, tim e, took  values —3 /2 , —1 /2 , + 1 /2  

and  + 3 /2  years a t  visits V_3 to  V 0, respectively. T his g rea tly  simplifies and  aids 

un d erstan d in g  o f som e of th e  la te r  analyses looking a t  com ponents o f variance and  is 

m ain ta ined  th ro u g h o u t for consistency.

C onsidering first th e  residual variance, it is clear th a t  variab ility  does no t ap p ear to  be 

re la ted  to  tre a tm e n t group: all th ree  tow ns have m ean residual variances th a t  are  very 

sim ilar betw een th e  th ree  groups. T he  only odd ity  is th e  larger s ta n d a rd  deviation  of 

th e  residual variance for th e  clofibrate group  (I) in E d inburgh . B etw een th e  th ree  

tow ns th e  varia tion  in m ean residual variance is larger th a n  would be expected  if it 

w ere to  be accounted  for by rounding errors. Recall th a t  rounding , in ex trem e, to  th e  

nearest ten  would im pose an add itional variance com ponent o f 8.33. As th e  rounding 

practices are  m ore com plex, b u t less ex trem e, th e  expected differences betw een tow ns 

would be less m arked . T hus it m ight be reasonable to  assum e d ifferent levels of 

n a tu ra l w ith in -sub ject variab ility  betw een tow ns.

G rouping  individuals in to  5m m H g bands according to  th e ir m ean blood pressure level 

allows an assessm ent of th e  relationship  betw een th e  observed residual s tan d a rd  

dev iation , s, and  m ean level, x. F igure 3.3 illu stra tes  th is , suggesting increasing 

v ariab ility  w ith level. Also shown on each plot is th e  least squares regression o f s on x 

derived using th e  ungrouped d a ta . T he  ap p a ren t d ep a rtu res  o f th e  observed d a ta  from  

th e  f itted  lines a t th e  ex trem es is a ttr ib u ta b le  to  sm all num bers o f sub jects w ith  such 

m ean pressure levels. T he  f itted  lines are:
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2.6241 +  0.0365 x (E d inburgh)

s =  1.6634 +  0.0580 x (B u d ap est)

3.1607 4- 0.0367 x (P rag u e)

(3 .1)

T h u s th e  s ta n d a rd  deviation increases by ab o u t 0.5 m m H g for each 10 m m H g rise in 

m ean pressure. As th e  d is trib u tio n  o f observed residual s tan d a rd  deviations ab o u t the  

least squares regressions are  certain ly  non-norm al, th e  usual significance te s ts  for th e  

g rad ien ts  are  no t ap p ro p ria te : how ever, form al te s tin g  is considered la te r  in section

3.9. In ad d itio n , th e  m ean blood pressure refers to  th e  m ean over four observations 

and  th is , itself, is m easured w ith erro r so th a t ,  in general, increasing th e  num ber of 

observations on which th e  m ean is based m ight be expected  to  increase th e  associated 

regression coefficient.

A lthough a  form al m odel for blood pressure variab ility  w ithin an individual will be 

fitted  la te r  (section 3 .9), it is convenient to  consider here w he ther th e  variab ility  in 

observed w ith in-person variances, a fte r allowing for blood p ressure level, can be 

explained by sam pling varia tion . T o  achieve th is , consider th e  sim ple m odel w hereby 

diasto lic blood pressures w ith in  an individual, i, are  norm ally  d is trib u ted  ab o u t som e 

underly ing level, then

2s E[xu -*iJ
j=-3

*2

w here x -  is th e  pred ic ted  diastolic pressure a t visit j  (ob ta ined  from  th e  w ith in-person
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regression th ro u g h  th e  four observations) and <rp is th e  p red ic ted  w ith in-person 

variance for subject i which depends upon th e ir underly ing d iasto lic p ressure level. 

G iven th e  large cohort size being stud ied , <rf could be replaced by th e  values pred icted  

from  th e  m odels for Sj described by  (3 .1). However, it is well known th a t  th e  observed 

s tan d a rd  deviation , s, is a  biassed e s tim a to r of a  and  th a t  th e  bias w hen it is based 

upon a  sm all sam ple size is su b stan tia l: here, tw o  degrees o f freedom  are  available for 

e s tim atin g  (T{ and  so Sj needs to  be increased by a  fac to r o f 1.1284 to  give an  unbiassed 

e s tim a te  of <Xj (P earson  and  H artley , 1954). A pplying th is  ad ju s tm en t to  th e  

coefficients in (3 .1) gives

2.6241 +  0.0365 x (E d inburgh)

<t =  1.6634 -f 0.0580 x (B u d ap est) (3 .2)

3.1607 +  0.0367 x (P rag u e)

w here x is th e  m ean o f four observations. C alcu lating  th e  ra tio  2sp / <rf for each 

ind iv idual, com parison o f th e ir d istribu tion  w ith a  chi-squared d is trib u tio n  on tw o 

degrees of freedom  can be m ade using a  K olm ogorov-Sm irnov te s t. T his gives te s t 

s ta tis tic s , D, o f 0.021 (0 .1 > P > 0 .0 5 ) ,  0.012 (P > 0 .2 )  and  0.016 (P > 0 .2 )  for E d inburgh , 

B udapest and P rague , respectively. T his good fit suggests th a t  a  m odel w ith  observed 

d iasto lic pressures norm ally  d is trib u ted  ab o u t an underly ing m ean level is ap p ro p ria te .

3.7 W ith in -person  tren d s

R etu rn in g  to  tab le  3.5, it is clear th a t  average tren d s do vary  betw een th e  th ree  tow ns. 

B oth  E d inburgh  and P rag u e  show increasing tren d s w hereas th e re  is a  m ean decline of
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over 0 .5m m H g per year in B udapest. T his la t te r  resu lt is unusual in th a t  diastolic 

blood p ressure generally  rises slowly w ith  age in developed countries (G ordon  and 

Shurtleff, 1973; S haper e t al, 1988). In both  E d inburgh  and  B u d ap est, analysis of 

variance shows th a t  th e re  is no significant v aria tio n  betw een th e  m ean tren d s by 

tre a tm e n t group  (P = 0 .3 2  and  P = 0 .6 0 , respectively). In co n tra s t th e  varia tio n  in 

P rag u e  is highly significant (P < 0 .0 0 0 1 ): th e re  being no ap p a ren t m ean tren d  in group 

III (low cholesterol, p lacebo), b u t increasing tren d s  in b o th  o f th e  high cholesterol 

groups p articu la rly  in th e  one receiving clofibrate (group I). Explaining th is  difference 

betw een tre a tm e n t groups is difficult particu la rly  as th e  o rdering  betw een groups 

differs from  tow n to  tow n and  th ere  is no ap p a ren t im balance in o th e r factors th a t  

m ight explain it. T herefore it m ight be reasonable to  assum e th a t  th e re  is no inheren t 

v aria tio n  in average tren d s  betw een tre a tm e n t groups.

T h e  s tan d a rd  deviations of th e  observed tren d s shown in tab le  3.5 by tre a tm e n t group 

w ith in -tow n are very sim ilar in m agn itude and also show little  difference betw een 

tow ns. It is useful, th en , to  assess w he ther th is is a ttr ib u ta b le  to  sam pling varia tio n  or 

w h e th e r th e re  is evidence of heterogeneity , betw een sub jects, in underly ing  diastolic 

p ressure tren d s. F irs t, th o u g h , consider th e  d istrib u tio n al form  of th e  observed trends. 

F igure 3.4 shows norm al p robab ility  p lots, by tow n, for th e  tren d s  (ignoring tre a tm e n t 

g roup). F or c la rity  these  are  shown in a  cum ulative form  stepp ing  a t  in terva ls of 

0 .2 m m H g /y ea r on th e  tren d  scale. T hus th e re  is a  sm all exaggeration  o f d ep artu res  

from  th e  assum ed norm al m odel which is shown by th e  dashed line. C lear, though  is 

th e  closeness o f th e  observed d istribu tion  to  norm ality  w ith  a  handfu l o f subjects in 

each tow n show ing, in ex trem e, larger tren d s th an  expected  if th e  norm al d istribu tion  

is a  co rrect descrip tion . G oodness of fit can be fu r th e r assessed using K olm ogorov-
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Figure 3.4: N orm al probab ility  plots for th e  observed tren d s w ith in-person
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Sm irnov te s ts . T hese show m ildly significant d ep a rtu res  from  norm ality  (E d inburgh : 

te s t-s ta tis tic , D = 0 .025 , 0 .0 5 > P > 0 .0 1 ; B udapest: D = 0 .021 , 0 .1 > P > 0 .0 5 ; P rague: 

D = 0 .0 2 9 , 0 .0 1 > P > 0 .0 0 5 ). T hus a  m odel for norm ally  d is trib u ted  tren d s would seem a  

reasonable app rox im ation .

T o  assess th e  evidence for heterogeneity  o f tren d s , th e  sam pling v aria tio n  o f th e  

observed tren d s needs to  be considered. As th e  tren d s  were calcu lated  assum ing visit 

tim es o f —3 /2 ,  —1 /2 ,  1 /2  and  3 /2  years (for visits V_3 to  V 0, respectively), the  

variance o f th e  estim ated  tren d , /?j, for individual i is

var(/?j) =  -J- =  fl^(x), say.

B ut <Tj has already  been seen to  depend on th e  m ean level of blood p ressure for th e  

individual concerned. T herefore th e  sam pling d is trib u tio n  for th e  estim ated  tren d s , /?, 

over all individuals assum ing no heterogeneity  can be described in te rm s o f the  

h ierarchical model:

/? ~ N [/?, <T^(x)] =  f  (/? I x)

X - f ( x )

w here x is th e  observed m ean level. T h u s th e  sam pling d is trib u tio n  for /? is

f  C@) =  |  (2?r) 1/2 *~(i exP f  (x ) dx.

If th e  dependence o f ap on x is not to o  strong , as can be seen from  (3 .2), th en  a  first
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ord er app rox im ation  gives f(/?) as a  norm al d istrib u tio n  w hich would agree w ith  th a t  

observed. In addition

E (£) =  |  fi |  f(/3 I * ) f(x) die 

P *

w hich, on reversing th e  o rder o f in teg ra tio n , gives E(/?) =  /?; th a t  is, /? is unbiassed. In 

a  sim ilar m an n er, it follows th a t

var(/?) =  e [<t̂ (x)]

w hich can be app ro x im ated , given th e  large sam ple size, by th e  m ean residual variance 

divided by 5. T his gives theo re tica l sam pling variances for th e  observed tren d s  as 8.37, 

11.06 and  10.08 for E d inburgh , B udapest and P rague , respectively.

Using th e  assum ption  of no rm ality , under th e  hypothesis th a t  th e  observed d istrib u tio n  

is a ttr ib u ta b le  to  sam pling erro r in es tim atin g  th e  tren d s , alone:

(n —1) x observed variance of tren d s o ^Tr/ „.
  ---------  — TXT------------------------- X(„.D W N[(n —1), 2(n —1)]

v a r (p )  v ’

w here n is th e  num ber o f individuals in th e  tow n and is sufficiently large to  ju s tify  th e  

norm al app rox im ation . F or each tow n, th is ra tio  can be ob ta in ed  and  hence a  norm al 

d ev ia te  to  te s t th e  hypothesis. T hese are 9.86, —1.67 an d  7.93 for E d inburgh , 

B udapest and  P rague , respectively. As th e  a lte rn a tiv e  hypothesis being considered is 

o f heterogeneity  in th e  tren d s , a  one-tailed tes t is ap p ro p ria te . T h u s it is clear th a t  

th e re  is highly significant overdispersion in bo th  E d inburgh  and  P rag u e  (P < 0 .0 0 0 1 ) bu t
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no t in B udapest.

In th e  tw o  tow ns w ith  ap p a ren tly  real varia tio n  in tren d s , it is useful to  a tte m p t to  

qu an tify  th e  level o f v a ria tio n . T ak ing  th e  differences betw een th e  variance o f the  

observed tren d s  and  th e  variance a ttr ib u ta b le  to  sam pling, and  square-roo ting , gives 

e s tim a ted  s tan d a rd  deviations o f 1 .41m m H g/year and  1 .34m m H g/year for E dinburgh  

and  P rag u e  respectively. T hus th e  variab ility  in th e  real underly ing tren d s  is m uch 

sm aller th a n  th e  variab ility  in observed tren d s given in tab le  3.5. F rom  a  p ractical 

po in t o f view th is clearly implies th a t  large observed tren d s based on a  lim ited  num ber 

o f observations need to  be in te rp re ted  w ith considerable care p articu la rly  when they  

m ay affect tre a tm e n t decisions.

As w ith  residual variance, a  check o f th e  re lationship  betw een m ean levels and  size of 

tren d  can be m ade. F igure 3.5 shows plots of th e  average observed tren d s  against 

m ean level grouped by 5m m H g bands. Also show n is th e  least squares regression. 

C lear from  th e  la t te r  is th a t  th e re  is a  very weak positive correlation  betw een tren d  

and  m ean level. In th e  th ree  tow ns, E d inburgh , B udapest and  P rag u e , tren d s  increase 

by 0.12 (P = 0 .0 4 5 ), 0.08 (P = 0 .1 7 9 ) and  0 .40m m H g/year ( P < 0 .001) for each lOmmHg 

change in m ean level. Given th a t  th e  s tan d a rd  deviation  of m ean levels is abou t 

8m m H g in th e  th ree  tow ns, th e  m agn itude o f increase in tren d s  across th e  range of 

blood pressures observed is sm all, and  possibly negligible, com pared  w ith  th e  observed 

m ean tren d s  in th e  cohort.

As tren d s  are  so sm all, it is useful to  consider th e  m erit in ignoring th em  altogether. 

F o r th e  purposes of screening and m onitoring  p a tien ts  w here th e  tim escale  considered
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Figure 3.5: R elationship  betw een observed tren d s  and  m ean level
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will generally  be sh o rt, th e  im pact o f any  real tren d  will be m ore o r less negligible. 

F rom  a  s ta tis tica l po int o f view, it also enables an e x tra  degree o f freedom  in th e  

es tim atio n  o f th e  w ith in-person residual variance. R epeating  th e  analysis leading to  th e  

re la tionsh ip  (3 .2) gives th e  following relationsh ip  betw een residual variance (ignoring 

tren d s) and  observed m ean pressure (from  4 m easurem ents):

3.0314 + 0 .0434x  (E d in b u rg h )

c  w(x ) =  1.6318-f 0.0681x (B u d ap est)

2 .3 6 7 7 + 0 .0580x (P rag u e)

C om paring  th is w ith  (3.2) shows th a t  th e re  is a  sm all increase in th e  s tan d a rd  

dev iation  an d , p articu la rly  in P rague , its ra te  o f rise w ith  level w hich is a ttr ib u ta b le  to  

tren d s . F o r com parison w ith  th e  m odels derived in section (3 .9 ), it is useful to  rew rite  

th is as a  re la tionship  betw een th e  variance «r^(x) and th e  d ep a rtu re  o f an ind iv idual’s 

m ean, x , from  th e  popu lation  m ean:

45.1940 [ l+ 0 .0 0 6 6 (x  -  8 2 .4198)]2 (E d in b u rg h )
2

<t3,(x ) =  55.1040 [ l+ 0 .0 0 9 3 (x  -  83 .8780)] (B u d ap est) (3 .3)

53.5391 [ l+ 0 .0 0 8 0 (x  -  8 4 .3081)]2 (P rag u e)

3.8 Blood p ressure variab ility  dependence on age, body m ass index and  sm oking 

T h e  purpose o f th is  section is to  describe th e  re la tionships observed betw een th e  blood 

pressure variab ility  p aram ete rs  (m ean level, tren d  and  residual variance) and th e  th ree  

availab le descrip tive variables: age, body m ass index and  sm oking. W ith o u t th e  benefit

64



of a  general popu lation  sam ple, it is n o t possible to  draw  definitive conclusions abou t 

these  re la tionsh ips, though  it would be reasonable to  expect th e  n a tu re  o f any 

associa tion  found, if no t its m agn itude, to  be generalizable to  o th e r cohorts o f middle- 

aged and  ap p a ren tly  hea lthy  m en.

3.8.1 Age

T ab le  3.6 shows th e  m eans and  s tan d a rd  deviations for th e  variab ility  p a ram ete rs  by 

th e  age-groups previously used. Recall th a t  age refers to  visit V 0, th e  las t o f th e  four 

visits. Looking a t  th e  m ean levels, each tow n shows th e  rising p a tte rn  o f blood 

p ressure w ith  age th a t  is well estab lished . E d inburgh  and  B udapest suggest blood 

pressures higher in older age groups by ab o u t Im m H g o r ju s t  under for each add itional 

five years. In P rague th e  effect is sim ilar if th e  tw o  o u te r age-groups, w hich have very 

sm all num bers o f individuals, are ignored. N ote th a t  in b o th  E d inburgh  and  P rague , 

th e  o ldest age group  (> 6 0  years) have lower m ean blood pressures th a n  th e  groups in 

th e ir  50’s. T his is m ost likely a  consequence of th e  exclusion c rite ria  requiring good 

hea lth  for en try  to  and  continuance in th e  tria l so th a t  m ore elderly m en w ith  raised 

blood pressures are  m ore likely to  have diagnosed m ajor disease, and  so be excluded 

from  th e  tr ia l, th a n  younger m en w ith  sim ilar levels. Also o f in te re st and  m ore 

a p p a ren t in E d inburgh  and  P rag u e  is th e  increasing variance betw een sub jects as age 

increases.

T he  p ic tu re  for tren d s  is in te resting  in th a t  it does not correspond well w ith  w hat 

m ight be expected from  considering th e  m ean levels. B oth  B udapest and  P rag u e  show 

m ean w ith in-person  tren d s  declining in value w ith increasing age th o u g h  in B udapest
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Age a t  v isit V 0

< 3 9 4 0 - 4 4 4 5 - 4 9 5 0 - 5 4 5 5 - 5 9 > 6 0 all ages

E dinburgh
m ean level (m m H g) 8 0 . 7

( 7 . 9 )
8 1  . 8  
( 8 . 3 )

8 2 . 8
( 8 . 4 )

8 3 . 1
( 9 . 0 )

8 4 . 1  
( 8 . 8 )

8 2 . 5
( 9 . 2 )

8 2 . 4
( 8 . 6 )

tre n d  (m m H g /y ea r) 0 . 0 0
( 3 . 2 9 )

0 . 1 6
( 3 . 1 9 )

0 . 2 8
( 3 . 2 4 )

0 . 0 6
( 3 . 1 9 )

0 . 4 7
( 3 . 0 8 )

- 0 . 1 3  
( 3 . 3 4 )

0 . 1 6
( 3 . 2 2 )

residual variance 
(m m Hg2)

3 8 . 7
( 4 6 . 1 )

4 1  . 7  
( 4 4 . 8 )

4 3 . 3
( 4 5 . 8 )

4 1 . 6  
( 4 7 . 0 )

4 4 . 0
( 4 5 . 7 )

4 2 . 1  
( 5 0 . 4 )

4 1  . 8  
( 4 6 . 2 )

num ber 5 7 6 7 0 2 8 1 4 7 0 4 4 0 8 2 2 0 3 4 2 4

B u d ap est
m ean level (m m H g) 8 1  . 3  

( 7 . 7 )
8 2 . 6
( 7 . 4 )

8 3 . 6
( 7 . 7 )

8 5 . 0
( 7 . 9 )

8 4 . 5
( 8 . 0 )

8 5 . 1
( 7 . 8 )

8 3 . 9
( 7 . 9 )

tre n d  (m m H g /y ea r) - 0 . 1 0
( 3 . 2 2 )

- 0 . 3 6
( 3 . 1 5 )

- 0 . 3 7
( 3 . 3 1 )

- 0 . 7 6
( 3 . 3 0 )

- 0 . 6 2
( 3 . 2 7 )

- 0 . 9 2
( 3 . 2 0 )

- 0 . 5 5
( 3 . 2 6 )

residual variance 
(m m H g2)

5 2 . 8
( 5 2 . 9 )

5 3 . 3
( 5 5 . 8 )

5 1  . 0  
( 5 2 . 8 )

5 6 . 4
( 6 1 . 8 )

5 9 . 6  
( 6 2 . 1 )

5 9 . 1  
( 6 6 . 9 )

5 5 . 3
( 5 9 . 1 )

n um b er 4 4 5 5 3 9 8 2 8 8 6 9 5 7 4 6 0 9 3 8 6 4

P rag u e
m ean level (m m H g) - 8 4 . 4

( 7 . 2 )
8 3 . 1
( 6 . 8 )

8 4 . 6
( 7 . 1 )

8 5 . 3
( 7 . 7 )

8 1  . 3  
( 3 . 5 )

8 4 . 3
( 7 . 2 )

tre n d  (m m H g /y ea r)
-

1 . 6 5  
( 2 . 2 4 )

0 . 5 3
( 3 . 3 6 )

0 . 2 7
( 3 . 5 0 )

0 . 2 1
( 3 . 3 6 )

0 . 0 8
( 3 . 5 4 )

0 . 3 3
( 3 . 4 4 )

residual variance 
(m m H g2 ) -

4 0 . 6
( 3 3 . 8 )

4 8 . 2
( 5 0 . 1 )

5 1  . 3  
( 5 2 . 2 )

5 0 . 9
( 5 1 . 0 )

3 7 . 1
( 5 5 . 3 )

5 0 . 4
( 5 1 . 4 )

num ber 0 1 0 9 9 8 2 3 1 5 6 7 4 1 3 4 0 1 1

T ab le  3.6: M ean (s.d .) o f linear regression param ete rs  fitted  to  each p erso n ’s sequence of
diasto lic blood pressure from  visits V_3 th ro u g h  to  V 0 , by age group .
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th e  m ean tren d s  a re  all negative w hereas in P rag u e  th ey  are all positive. T his suggests 

th a t  th e  observed rises in m ean levels of blood pressure w ith  age are  e ith e r a  cohort 

effect, o r th e  p a tte rn  of tren d s  is particu la rly  m arred  by th e  h ea lth y  “in -tria l” 

ind ividual effect m entioned above, so th a t  individuals w ith  increasing tren d s 

p articu la rly  a t  o lder ages are  excluded. In E d inburgh , th e re  is no such clear p a tte rn  of 

tren d s  th ough  th e  negative m ean tren d  for those aged 60 o r over ties up w ith  th e  lower 

m ean levels in th a t  g roup . In all th ree  tow ns th e  s tan d a rd  deviations o f th e  observed 

tren d s  do no t v ary  n o tab ly  betw een age groups. H owever, th is  is n o t surprising  given 

th a t  th e  variab ility  is dom inated  by sam pling erro r.

R esidual v aria tio n  appears to  increase in vary ing  degrees w ith  age in all th ree  tow ns. 

M ost o f th is  rise can be accounted  for by th e  corresponding rise in m ean level w ith  age. 

F rom  (3 .2 ), th is is betw een 0.5 and l.O m m H g2 for a  un it increase in blood pressure a t 

th e  levels observed. T he  only anom ally  is in B udapest w here th e  tw o  older age groups 

are a  little  higher th an  m ight be expected .

3.8.2 Sm oking s ta tu s

As th e re  are  so few sm okers o f tobacco  a n d /o r  cigars as d istinc t from  c igare ttes in 

B udapest and  P rag u e , th is analysis excludes those  subjects w ho cu rren tly  sm oke or 

previously have sm oked only tobacco  a n d /o r  cigars. T his enables a  ready  com parison 

betw een tow ns w ith  easily recognizable categories of sm oking s ta tu s . T ab le  3.7 shows 

th e  m eans and s tan d a rd  deviations for each of th e  blood p ressure variab ility  

p a ram ete rs , by sm oking s ta tu s . Looking a t  bo th  th e  tren d s an d  residual variance, 

th e re  is no clear p a tte rn  o f change betw een sm oking s ta tu s  o r by dose. W ith  respect to
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Sm oking ca tegory  a t  V 0

Never* Ex-  C u rren t c ig are tte  sm okers
cig are tte

1 - 1 0 1 1 - 1 9 2 0 2 1 - 3 9 > 4 0

E dinburgh
m ean level (m m H g) 8 2  . 0  

( 8 . 4 )
8 3 . 3
( 8 . 7 )

8 2 . 1
( 9 . 0 )

8 1  . 6  
( 8 . 3 )

8 1  . 5  
( 7 . 9 )

8 2 . 1
( 7 . 8 )

8 3 . 8
( 7 . 7 )

tren d  (m m H g /y ea r)  0 . 1 8  
( 3 . 1 4 )

0 . 1 9
( 3 . 3 9 )

0 . 1 1
( 3 . 1 3 )

0 . 1 2
( 3 . 2 2 )

0 . 0 7
( 2 . 8 6 )

0 . 1 1
( 3 . 2 5 )

- 0 . 5 5
( 3 . 3 3 )

residual variance 4 1 . 9  
(m m Hg2) ( 4 8 . 6 )

4 2 . 5
( 4 5 . 4 )

4 5 . 2
( 5 0 . 0 )

3 7 . 8
( 4 1 . 4 )

3 7 . 4
( 4 5 . 7 )

4 2 . 8
( 4 8 . 3 )

5 2 . 6
( 5 1 . 3 )

n u m b er 9 1 5 8 4 9 3 4 2 2 7 6 3 2 7 1 9 2 4 2

B udapest
m ean level (m m H g) 8 4  . 6  

( 8 . 0 )
8 4 . 7
( 7 . 8 )

8 3 . 9
( 8 . 0 )

8 2 . 2
( 7 . 8 )

8 3 . 1  
( 7 . 8 )

8 2 . 8
( 7 . 5 )

8 2 . 7
( 7 . 7 )

tre n d  (m m H g /y e a r ) - 0  . 5 4  
( 3 . 2 7 )

- 0 . 5 6
( 3 . 4 3 )

- 0 . 2 2
( 3 . 2 1 )

- 0 . 6 6
( 3 . 1 2 )

- 0 . 6 9
( 2 . 9 8 )

- 0 . 5 1
( 3 . 2 6 )

- 0 . 6 1
( 3 . 1 4 )

residual variance 5 8  . 6  
(m m Hg2) ( 6 1 . 6 )

5 7 . 5
( 6 2 . 4 )

5 3 . 2
( 6 3 . 6 )

5 3 . 9
( 5 7 . 2 )

4 9 . 8
( 5 4 . 2 )

5 0 . 9
( 5 1 . 7 )

5 0 . 7
( 4 7 . 7 )

n um ber 1 1 4 5 9 6 7 3 3 8 3 0 5 4 0 0 5 3 3 1 2 3

P rag u e
m ean level (m m H g) 8 5  . 3  

( 7 . 2 )
8 4 . 7
( 7 . 3 )

8 3 . 4
( 6 . 8 )

8 3 . 9
( 7 . 4 )

8 3 . 2
( 7 . 1 )

8 3 . 2
( 6 . 6 )

8 4 . 5
( 7 . 4 )

tren d  (m m H g /y ea r) 0 . 3 4  
( 3 . 5 1 )

0 . 1 7  
( 3 . 5 4 )

0 . 3 4
( 3 . 3 5 )

0 . 3 5
( 3 . 3 9 )

0 . 5 0
( 3 . 2 6 )

0 . 2 7
( 3 . 5 2 )

0 . 0 5
( 3 . 3 9 )

residual variance 4 9  . 8  
(m m Hg2) ( 5 1  . 7 )

5 0 . 8
( 5 1 . 2 )

5 2 . 0
( 5 5 . 4 )

5 1  . 0  
( 5 1 . 5 )

4 8 . 9
( 4 7 . 9 )

5 0 . 3
( 4 8 . 9 )

5 1 . 8  
( 6 1 . 1 )

num ber 1 2 6 0 7 8 6 4 9 0 3 5 7 5 6 2 3 8 7 8 0

T ab le  3.7: M ean (s .d .) o f linear regression p aram eters  f itted  to  each perso n ’s sequence
of d iasto lic blood pressures from  visits V_3 th ro u g h  to  V 0, by sm oking s ta tu s .

* excludes subjects cu rren tly  o r previously only c ig a r/to b a cco  sm okers.
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m ean levels th e re  appears, in B udapest and P rague , a  sm all low ering o f blood pressure 

(o f betw een 1 and  2m m H g) in cu rren t sm okers com pared  w ith  b o th  ex-sm okers and  

those  w ho have never sm oked; th e  la tte r  tw o groups being very sim ilar. In E d inburgh , 

th e re  is no ap p a ren t difference betw een sm okers and  th e  group  w ho have never 

sm oked. However th e  ex-sm okers have a  m ean level slightly  raised above th a t  o f those 

th a t  have never sm oked. In none o f th e  tow ns is th e re  any  evidence o f a  re la tionsh ip  of 

blood p ressure level w ith  dose. T h u s a p a r t  from  a  possible, and  m ild, reduction  in 

blood p ressure in those  who sm oke com pared w ith  those w ho d o n ’t ,  sm oking has no 

o th e r clear and  consisten t effect on blood pressure. T his is com patib le  w ith  th e  

previous stud ies of sm oking and  blood pressure m entioned earlier.

3 .8 .3  B ody m ass index

Body m ass index is only available a t  en try  to  th e  tria l and  so changes during  th e  

period in which th e  blood pressures were m easured canno t be assessed. However, it 

m igh t be expected  to  be reasonably  co n stan t over a  th ree  year period. In tab le  3.8, 

m eans an d  s tan d a rd  deviations for each o f th e  blood pressure regression p a ram ete rs  by 

body m ass index are given. T h e  clearest re la tionsh ip , visible in each o f th e  th ree  

tow ns, is th e  increasing level o f m ean blood pressure w ith  body m ass index. R egressing 

m ean level on th e  index using th e  m ethod o f least squares, th e  ra te  o f increase is found 

to  be 0.77, 0.83 and  0.50m m H g in E d inburgh , B udapest and  P rag u e , respectively , for a  

un it increase in th e  index. T his is o f a  sim ilar o rder o f increase to  th a t  described by 

S haper e t al (1988) in th e  B ritish Regional H eart S tudy . Such an increasing level also 

explains th e  increasing residual variance w ith  body m ass index.
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Body m ass index a t  en try  to  tr ia l (k g /m 2)

< 2 1  > 2 1  > 2 3  > 2 5  > 2 7  > 2 9  > 3 1  all
< 2 3  < 2 5  < 2 7  < 2 9  < 3 1  values

E d inburgh
m ean level (m m H g) 7 7 . 5  8 0 . 2  8 1 . 2  8 3 . 3  8 4 . 5  8 6 . 0  8 7 . 3  8 2 . 4

( 7 . 5 )  ( 7 . 6 )  ( 8 . 4 )  ( 8 . 4 )  ( 8 . 4 )  ( 9 . 1 )  ( 7 . 3 )  ( 8 . 6 )

tre n d  (m m H g /y ea r)  0 . 1 3  0 . 1 4  0 . 1 7  0 . 1 6  0 . 1 5  0 . 4 1  - 0 . 2 3  0 . 1 6
( 3 . 1 2 ) ( 3 . 0 3 ) ( 3 . 1 3 ) ( 3 . 1 5 ) ( 3 . 4 7 ) ( 3 . 4 3 ) ( 3 . 7 1 ) ( 3 . 2 2 )

residual variance 3 9 . 3  3 9 . 5  4 1 . 0  4 1 . 6  4 4 . 9  4 3 . 1  5 0 . 6  4 1 . 8
(m m Hg2) ( 4 4 . 4 ) ( 4 7 . 6 ) ( 4 2 . 1 ) ( 4 3 . 3 ) ( 5 0 . 4 ) ( 5 1 . 8 ) ( 5 9 . 4 ) ( 4 6 . 2 )

n u m b er 2 0 4  5 6 7  8 7 0  9 0 5  5 0 1  2 0 6  1 3 7  3 4 2 4

B u d ap est
m ean  level (m m H g) 7 7  . 9  7 9  . 5  8 1 . 5  8 3  . 3  8 4  . 9  8 6  . 5' 8 8 . 8  8 3 . 9

( 6 . 2 )  ( 7 . 4 )  ( 7 . 2 )  ( 7 . 3 )  ( 7 . 5 )  ( 7 . 2 )  ( 7 . 9 )  ( 7 . 9 )

tren d  (m m H g /y e a r)- 0 .  1 7  - 0 . 2 4  - 0 . 4 5  - 0 . 4 7  - 0 . 6 4  - 0 . 7 1  - 0 . 8 9  - 0 . 5 5  
( 2 . 8 2 ) ( 2 . 9 8 ) ( 3 . 1 5 ) ( 3 . 1 7 ) ( 3 . 3 5 ) ( 3 . 3 7 ) ( 3 . 5 9 ) ( 3 . 2 6 )

residual variance 5 9 . 9  4 4 . 7  4 9 . 6  5 4 . 2  5 9 . 3  5 8 . 6  6 2 . 2  5 5 . 3
(m m Hg2) ( 7 3 . 5 ) ( 4 3 . 4 ) ( 5 3 . 9 ) ( 5 7 . 6 ) ( 6 3 . 7 ) ( 6 3 . 8 ) ( 5 9 . 9 ) ( 5 9 . 1 )

n u m b er 1 1 2  3 2 4  7 3 5  8 5 0  8 4 7  5 6 8  4 2 0  3 8 6 4

P rag u e
m ean level (m m H g )8 1  . 6  8 1 . 4  8 3 . 0  8 3 . 7  8 4 . 9  8 6 . 2  8 7 . 2  8 4 . 3

( 7 . 4 )  ( 6 . 5 )  ( 6 . 9 )  ( 7 . 0 )  ( 7 . 0 )  ( 7 . 4 )  ( 7 . 0 )  ( 7 . 2 )

tren d  (m m H g /y ea r) 0 . 6 8  0 . 3 2  0 . 3 0  0 . 4 6  0 . 2 7  0 . 1 2  0 . 3 9  0 . 3 3  
( 3 . 5 7 ) ( 3 . 2 4 ) ( 3 . 3 2 ) ( 3 . 4 9 ) ( 3 . 4 1 ) ( 3 . 5 2 ) ( 3 . 6 5 ) ( 3 . 4 4 )

residual variance 4 3  . 6  5 0  . 6  4 8  . 7  4 8  . 9  5 3  . 2  4 7  . 8  5 6  . 0  5 0  . 4
(m m Hg2) ( 3 7 . 4 ) ( 5 2 . 3 ) ( 5 0 . 5 ) ( 4 7 . 6 ) ( 5 5 . 0 ) ( 4 7 . 0 ) ( 6 0 . 7 ) ( 5 1 . 4 )

num b er 7 5  2 8 8  7 7 2  1 0 3 3  9 1 5  5 3 9  3 8 4  4 0 1 1

T ab le  3.8 M ean (s .d .) o f linear regression p aram ete rs  fitted  to  each perso n ’s
sequence o f diasto lic blood pressures from  visits V_3 th ro u g h  to  V Q, by 
body m ass index.
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T h e  p ic tu re  for tren d s is less clear. In E d inburgh , m ean tren d s are  rem arkab ly  stab le  

for all b u t th e  highest tw o  body m ass index groups. However these do n o t show any 

consisten t p a tte rn . In B udapest, tren d s become increasingly negative w ith  body m ass 

index and  also m ore variable. In P rague , th e re  is again no clear re la tionsh ip . This 

em phasizes fu r th e r th e  unexpected p a tte rn  of declining tren d s in B udapest w ith  the  

g re a te s t declines in those w ho m ight be expected to  be a t  highest risk o f card iovascular 

disease: th a t  is th e  o lder, sm okers and  th e  overw eight. T here  is no a p p a ren t reason for 

th is  finding.

3.9 M odelling blood p ressure variab ility

T he previous sections have described som e of th e  featu res o f blood p ressure variab ility . 

T he  purpose o f th is section is to  derive a  sim ple m odel for variab ility . As it is difficult 

to  assess how fa r th e  s tu d y  cohort d ep a rts , in ch a rac te r, from  a  genuine population  

sam ple, th e  em phasis will be on m odelling w ith in-person variab ility  and  trea tin g  

betw een-person variab ility  o f secondary in terest.

F rom  th e  observed blood pressure d a ta , several im p o rtan t featu res o f w ith in-person 

variab ility  have been determ ined . T hese can be sum m arized as follows:

(i) th e re  is no heterogeneity  in w ith in-person variab ility  except th a t  it increases 

app rox im ate ly  linearly w ith blood pressure level;

(ii) tren d s are  sm all rela tive to  residual variab ility , app rox im ate ly  norm ally  

d is trib u ted  in th e  population , and  approx im ate ly  independen t o f level;

(iii) n either residual variab ility  nor tren d  appears to  depend on o th e r facto rs.
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M athem atica lly , th en , an observed blood pressure, x a t  tim e t ,  m ight be m odelled in 

th e  following form :

X - N [et , ffw K t)]’ with ®w(£t) =  0’w [ l+ c ( { t -A‘)]

<t  =  « +  /?*

0  ~  N[tf , ff| ]  (3.4)

{ - f ( /* , 4)

w here f  is th e  d is trib u tio n  o f underlying levels betw een individuals in th e  sam ples and  is 

dependent on p aram ete rs  /i (= E (£ ))  and <f> (such as age e tc .) , and  w here th e  values of 

any  o f th e  m odel p aram ete rs  m ay vary  betw een tow ns. Using m axim um  likelihood 

m ethods to  es tim a te  th e  p aram ete rs  in th is  random  effects m odel is com plicated  by th e  

dependence o f th e  w ith in-person variab ility  on £ and  p . T h u s th e  m arginal d is trib u tio n  

o f th e  observed blood pressures, x, canno t be analy tically  derived.

T o  simplify th e  estim atio n , th e  inclusion in th e  m odel o f a  d istrib u tio n  for tren d s  can 

be rem oved w ith  th e  knowledge th a t  these have been shown to  be sm all. N ote th a t  th e  

effect of th is assum ption  is to  inflate th e  ap p a ren t w ith in-person  variab ility , by a 

sm all am oun t: from  th e  observed d a ta ,  ignoring th e  possibility  o f tren d s  produces an 

increase in residual variance of, a t  m ost, 10% in th e  th ree  tow ns. In add ition , the  

d istribu tion  f  m ight be assum ed to  be th e  norm al p robab ility  density  function  as 

suggested by Boe e t al (1957). However, it is w orth  no ting  th a t  th e  dependence of 

th e  w ithin-person variance on £ induces a  degree o f skewness in to  th e  d is trib u tio n  of 

observed blood pressures which, therefore , confounds direct inferences ab o u t th e  exact 

form  of th e  d is trib u tio n  o f underly ing m ean blood pressure levels from  th a t  observed.
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M aking these  assum ptions, a  sim ple b u t reasonable m odel is then :

x ~ N [f , <r5,(£)], w ith  <7w( f )  =  <rw[ l  +  c ( £ - /z ) ]  

£ ~ N\ji , <r2].

(3.5)

E stim a te s  o f th e  m odel pa ram eters  (<?w, c, fi and  <r2) have been o b ta in ed  by  m axim um  

likelihood m ethods. Given four observations Xj for person i, th e  likelihood for th a t  

person is:

lj =  (27r)"5/ 2(r^ [H -c(^  —/i)] V ^ e x p4 _- 1,

j = l Crw [ l + c ( f j - / 0 ] 2 (T
+

Here th e  £j’s are  o f little  in te re st and  so th e  m arg inal likelihood, lj , can be defined:

T hen  th e  logged m arginal likelihood across all individuals is:

L m =  £  l n ( 0  
i

and its  m axim um  can be determ ined  w ith  ap p ro p ria te  num erical in teg ra tio n . In 

p ractice  convergence using a  quasi-N ew ton algorithm  was fast tak in g  few er th a n  ten  

ite ra tio n s  desp ite th e  use o f fin ite difference m ethods to  o b ta in  deriva tive  estim ates. 

Only lim ited  accuracy can be ob ta ined  by th is m ethod  because o f th e  need to  sum  

num erically  determ ined  in tegra ls, though  th e  p a ram ete r es tim ates  p resen ted  here are  

accu ra te  to  four significant figures.
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fi a 2 <7yy C (Xl03) ln(likelihood)

E dinburgh  8 2 . 4 1  6 0 . 4 4  4 5 . 2 4  1 0 . 4 3  - 4 8 6 8 0 . 9
( 0 . 1 )  ( 1 . 4 )  ( 0 . 7 )  ( 1 . 5 )

B udapest 8 3 . 8 7  4 6 . 5 8  5 5 . 0 0  1 2 . 6 7  - 5 5 7 3 2 . 7
( 0 . 1 )  ( 1 . 5 )  ( 0 . 8 )  ( 1 . 3 )

P rag u e  8 4 . 3 1  3 6 . 6 6  5 3 . 5 9  1 3 . 8 8  - 5 7 3 2 6 . 9
( 0 . 1 )  ( 1 . 1 )  ( 0 . 7 )  ( 1 . 7 )

T ab le  3.9 P a ra m e te r estim ates (ap p ro x im a te  s tan d a rd  e rro rs) for th e  
d iasto lic pressure m odel:

x - N [ f  , 0 - ^ ( 1  +  c (£ - /x ) )2] ,  

f - N[/x , <j2]

In tab le  3.9, th e  estim ated  p a ram ete r values for th e  m odel a re  given for each tow n. In 

each case, th e  w ith in-person  variance, a ^  a t  th e  m ean blood pressure level, fi, is abou t 

th e  sam e as th e  m ean observed residual variance, ignoring tren d s . However, th e  

g rad ien t o f increase in residual varia tion  is su b stan tia lly  bigger w hen re la ted  to  tru e  

underly ing pressures ra th e r th a n  th e  observed m ean of four m easu rem en ts. Here th e  

w ith in-person  s ta n d a rd  deviation  of diastolic blood pressure increases by  ab o u t 1% or 

so for each un it increase in level o f underly ing pressure.

By fittin g  th e  m odels w ith  th e  p a ram ete r c assum ed equal to  zero, th e  sta tis tica l 

significance of th e  increasing w ith in-person variance w ith  level can be assessed using a
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likelihood ra tio  te s t.  T his gives chi-squared te s t s ta tis tic s  (on one degree o f freedom ) of 

107, 161 and  144 for E d inburgh , B udapest and  P rague , respectively, w hich are all very 

highly significant.

E x ac t s ta n d a rd  errors for th e  p aram eters  es tim ated  are difficult to  o b ta in  because of 

co m p u ta tio n a l lim ita tions in deriving th e  necessary m a trix  o f second deriva tives o f th e  

likelihood function . T herefore, also given in tab le  3.9 are  ap p ro x im a te  “s tan d a rd  

e rro rs” for each o f th e  p aram eters  estim ated  o b ta ined  by draw ing  on th e  parallel 

betw een confidence in terva ls and significance te s ts . F o r exam ple, an  app ro x im ate  

s ta n d a rd  e rro r for fx is ob ta ined  by finding those tw o values o f fx (fx1 and  /i2) such th a t  

th e  hypothesis th a t  // =  /ij ( i = l ,  2) is rejected in tw o-sided likelihood ra tio  te s t (for fx 

w ith  th e  o th e r p aram ete rs  constra ined  to  th e ir values a t  th e  m axim um ) a t  exactly  th e  

5% level o f significance. T h en , th e  s tan d a rd  e rro r can be ob ta in ed  by using th e  result 

th a t  th e  likelihood is app rox im ate ly  norm ally  d is trib u ted  in large sam ples ab o u t the  

m axim um  so th a t  th e  in terva l (/x^, /i2) h 218 w idth  tw o  tim es 1.96 tim es th e  s tan d a rd  

e rro r o f p.  T his deriva tion , though  som ew hat heuristic , does enable an  assessm ent of 

w he ther th e re  is significant difference betw een th e  th ree  tow ns in th e  p a ram ete r c 

w hich, due to  co m p u ta tio n al lim itations canno t be assessed m ore d irectly  by fittin g  a  

m odel w ith  a  com m on value in th e  th ree  tow ns. A  pooled e s tim a te , cp, can be 

o b ta ined :

£ wkck
c — J<_____
p _  £ wk k

w here ck is th e  p a ram ete r es tim ate  from  tow n k and  w k is a  w eight equal to  th e  

precision o f its  es tim atio n  ( th a t  is, th e  inverse o f th e  square o f its  s tan d a rd  erro r).
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T his gives a  value o f 12 .25xl0-3 w ith  s tan d a rd  erro r 0.8xl0~3. A  te s t o f hom ogeneity  

o f th e  p a ram e te r c across th e  th ree  tow ns is then  ob ta ined  using th e  te s t-s ta tis tic :

X j =  ^ w k(ck — cp)2 
k

w hich is d is trib u ted  as a  chi-squared on tw o  degrees o f freedom  (D erS im onian  and 

L aird , 1986). T his gives X 2 = 2 .5 0  which is no t s ta tis tica lly  significant a t  any 

conven tional level. T hus th e  hypothesis th a t  th e  ra te  o f increase in w ith in-person 

s tan d a rd  deviation  is th e  sam e in th e  th ree  tow ns canno t be re jected .

In c o n tra s t, th e re  is no reason to  expect th e  p a ram ete r to  be co n stan t betw een th e  

th ree  tow ns because th is  p a ram ete r includes a  com ponent o f variance a ttr ib u ta b le  to  

th e  digit preferences operating . However, in section 3.4, th is  com ponen t o f variance 

was found to  equal r 2 / 3 w here 2r  is equal to  th e  w id th  o f a  round ing  in terv a l. In 

B u d ap est, w here digit preferences are  least p ronounced, th is  com ponent is unlikely to  

be m ore th a n  Im m H g 2 and  even in E d inburgh , w ith  rounding  to  even d igits an d  some 

add itiona l preference for zero, it is unlikely to  be g rea te r th a n  2m m H g2. T h u s a  

difference of nearly  lO m m H g2 betw een th e  values o f for E d inburgh  and  B udapest 

can n o t be explained by digit preferences nor, by considering th e  s ta n d a rd  erro rs, by 

sam pling v aria tio n . In P rague , th e  large digit preference show n in figure 3.1 for th e

digit zero would im ply a  com ponent o f variance a ttr ib u ta b le  to  th is  round ing  practice

o • • • o •o f th e  o rder o f 5m m H g . However, th is still m eans th a t  th e  P rag u e  e s tim a te  for a ^  is

qu ite  d istin c t in m agn itude from  th e  values in e ith er o f E d inburgh  and  B udapest. 

T h u s it seems reasonable to  conclude th a t  th ere  m ay be real differences, no t explained 

by digit preferences, in th e  average levels o f w ith in-person variab ility  betw een th e  th ree
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tow ns. How ever, these differences need no t necessarily represen t purely  physiological 

differences betw een th e  populations o f th e  th ree  tow ns. T hey  could be a ttr ib u ta b le  to  

o th e r differences in m easurem ent technique in th e  th ree  cen tres possibly re la ted  to  

env ironm en ta l facto rs in th e  clinics o r to  th e  s ta te  o f rest of th e  subjects a t  th e  tim e of 

m easurem ent.

It is also w orth  noting  th a t  th e  m odel does give a  good rep resen ta tio n  o f th e  observed 

correlation  s tru c tu re  presen ted  in tab le  3.4. T o  see th is , th e  varian ce /co v arian ce  

s tru c tu re  for observed blood pressures needs to  be ob ta ined . Using th e  m odel, th e

• O O O O O xvariance o f th e  observed blood pressures is (<r + 0 w +  c a  w here th e  last te rm  is, 

here, negligible. In add ition  th e  covariance for repeat m easures on th e  sam e individual 

is <r2 so th a t  th e  correlation  is

<t 2 (<72 +  0w +  c2<r2<rJ,) »  ( l - f o w / 0,2) .

E valua ting  th is using th e  estim ates ob ta ined  gives values o f 0.57, 0.46 and 0.41 for 

E d inburgh , B udapest and  P rag u e , respectively.

T o  assess th e  m ore general fit o f th e  m odel, th e  predicted  num ber o f individuals w ith 

given blood pressures can be com pared w ith th a t  observed. H ow ever, to  reduce th e  

sensitiv ity  o f th is  com parison to  digit preference, it is b e tte r  to  com pare th e  

d is trib u tio n  of observed m ean blood pressures w ith th a t  p red ic ted . F o r illu stra tion ,

figure 3.6 shows th e  fit, by tow n, w ith th e  m ean levels rounded  to  in teger values.

C lear in each case is th e  sm all degree o f skewness not picked up by th e  m odel. T hese 

d ep a rtu res  are  all significant ( P < 0 .001 , K olm ogorov-Sm irnov te s t) .  T h is  suggests an
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Edinburgh
40  60  80  70  60  90  100 110 120 190

diastolic blood pressure (mmHg)

Budapest
40 60  60  70 60  90  100 110 120 130

diastolic blood pressure (mmHg)

Prague
40  60  60  70 60  90  100 110 120 130

diastolic blood pressure (mmHg)

Figure 3.6: O bserved and  pred ic ted  d istribu tions o f blood p ressure
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elem ent o f skewness in th e  d istribu tion  of underly ing m ean blood pressures not 

inco rp o ra ted  in th e  m odel here.

It is difficult when using tria l-based  d a ta  to  ju s tify  an a lte rn a tiv e  m odel as th e  cohorts 

stud ied  are  specially selected: in p articu la r fu rth e r skewness m ight be expected if th e  

hypertensives excluded from  th e  tr ia l were to  be included. H ow ever, one p o ten tia l 

source o f v a ria tio n , th a t  due to  age, does deserve som e a tten tio n . Even if blood 

pressures are  norm ally  d is trib u ted  in th e  population  for any  given age, then  a  skew 

d is trib u tio n  of ages in th e  stu d y  cohort m ay in troduce skewness in to  th e  d is trib u tio n  of 

blood pressures. T o  assess th e  im pact of th is possibility  upon th e  estim ated  

p a ram ete rs , <r^ and c, th e  m odel (3.5) can be fitted  w ith th e  betw een-person 

p a ram e te rs  es tim ated  w ith in  age-group: here, in five-year in terva ls. T h e  resu lts o f th is 

analysis can be found in tab le  3.10; for P rague , th e  low er age-group (< 4 9 )  includes th e  

eleven m en aged 44 o r under. T he  im provem ent in fit of th e  m odel can be assessed by 

com paring  th e  logged likelihoods achieved w ith those in tab le  3.9 using a  likelihood 

ra tio  te s t. F or each tow n, th is  is s ta tis tica lly  significant ( P <0.0001 in each tow n). 

N ote th a t  bo th  th e  m ean level, /i and , particu la rly , th e  variab ility  betw een individuals 

increase w ith  age. D espite th is , th e  goodness of fit, in p ractica l te rm s, is no t noticeably 

im proved and  th e re  is only negligible change in th e  w ith in-person variab ility  

p aram ete rs  and  c.

• • « • oIn tab le  3.11, th is s tream  of analysis is taken  one step  fu r th e r by s tra tify in g  a ^  and  c

by age as well. However, th is does n o t give a  s ta tis tica lly  significant im provem ent in 

fit on th e  m odel w ith these p aram eters  fixed across age-groups (P > 0 .1 ,  likelihood ra tio  

te s t,  in each tow n). In add ition , th e re  is no d istinc t p a tte rn  o f change in e ither o r c
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Age group /z <r2  c (xlO3) ln(likelihood)

E dinburgh  
< 3 9  ( n = 5 7 6 )
4 0 - 4 4 ( n = 7 0 2 )  
4 5 - 4 9 ( n = 8 1 4 )  
5 0 - 5 4 ( n = 7 0 4 )  
5 5 - 5 9 ( n = 4 0 8 )  
> 6 0  ( n = 2 2 0 )

B udapest 
< 3 9  ( n = 4 4 5 )
4 0 - 4 4 ( n = 5 3 9 )  
4 5 - 4 9 ( n = 8 2 8 )  
5 0 - 5 4 ( n = 8 6 9 )  
5 5 - 5 9 ( n = 5 7 4 )  
> 6 0  ( n = 6 0 9 )

P rag u e
< 4 9  ( n = 1 0 0 9 )
5 0 - 5 4 ( n = 2 3 1 5 )  
> 5 5  ( n = 6 8 7 )

8 0 . 7 1  4 9 . 6 6
8 1 . 8 0  5 5 . 7 4
8 2 . 7 1  5 7 . 4 0
8 3 . 0 9  6 8 . 3 7
8 4 . 0 3  6 1 . 7 1
8 2 . 5 3  7 1 . 8 9

8 1 . 4 0  4 3 . 0 8
8 2 . 6 5  4 0 . 4 1
8 3 . 6 9  4 4 . 3 7
8 4 . 8 8  4 6 . 6 2
8 4 . 4 4  4 7 . 8 1
8 5 . 0 3  4 6 . 5 0

8 3 . 1 6  3 2 . 3 5
8 4 . 5 2  3 5 . 3 7
8 4 . 2 6  4 4 . 5 4

4 5 . 2 4  1 0 . 4 5

5 5 . 0 2  1 2 . 6 9

5 3 . 5 8  1 3 . 8 2

T ab le  3.10: P a ra m e te r estim ates for th e  diastolic blood p ressure m odel: 

x - N [* , o -5 ,( l+ c ( f - /z ) )2] ,

£ ~ N \j i  , <r2]

w ith  ft and  a  es tim ated  w ith in  age-group.

4 8 6 4 9 . 5

5 5 6 8 4 . 5

5 7 3 0 1 . 0
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Age group <r2 _2<TW c (x lO 3) In (likelihood)

E dinburgh
< 3 9  ( n = 5 7 6 ) 8 0 . 6 7 5 0 . 0 1 4 3 . 8 3 1 0 . 3 8 - 8 1 1 5 . 4
4 0 - 4 4 ( n = 7 0 2 ) 8 1  . 8 1 5 6 . 3 7 4 4 . 8 4 7 . 3 4 - 9 9 5 2 . 4
4 5 - 4 9 ( n = 8 1 4 ) 8 2 . 7 7 5 7 . 1 3 4 6 . 4 7 1 0 . 2 7 - 1 1 5 8 8 . 6
5 0 - 5 4 ( n = 7 0 4 ) 8 3 . 0 6 6 8 . 2 8 4 4 . 5 1 1 1  . 7 7 - 1 0 0 2 5 . 1
5 5 - 5 9 ( n = 4 0 8 ) 8 4 . 1 0 6 2 . 3 0 4 5 . 9 3 7 . 8 9 - 5 8 1 7 . 9
> 6 0  ( n = 2 2 0 ) 8 2 . 5 3 6 8 . 9 4 4 6 . 5 6 2 1  . 8 4 - 3 1 4 3 . 4  

- 4 8 6 4 2 . 8

B udapest
< 3 9  ( n = 4 4 5 ) 8 1  . 3 3 4 3 . 7 9 5 2 . 3 9 1 2 . 4 4 - 6 3 7 3 . 2
4 0 - 4 4 ( n = 5 3 9 ) 8 2 . 5 8 4 1 . 2 4 5 2 . 1 0 11  . 6 0 - 7 7 0 4 . 0
4 5 - 4 9 ( n = 8 2 8 ) 8 3 . 6 0 4 4 . 3 9 5 2 . 4 5 1 5 . 3 9 - 1 1 8 6 1 . 7
5 0 - 5 4 ( n = 8 6 9 ) 8 4 . 9 5 4 6 . 6 6 5 6 . 6 9 1 0 . 2 8 - 1 2 5 7 9 . 2
5 5 - 5 9 ( n = 5 7 4 ) 8 4 . 5 4 4 6 . 6 2 5 8 . 3 4 1 4 . 4 4 - 8 3 3 2 . 9
> 6 0  ( n = 6 0 9 ) 8 5 . 1 1 4 5 . 9 0 5 7 . 6 1 1 2 . 6 2 - 8 8 2 6 . 4  

- 5 5 6 7 7 . 5

P rag u e
< 4 9  ( n = 1 0 0 9 )  8 3 . 1 1 3 2 . 7 7 5 1  . 4 9 1 4 . 1 9 - 1 4 3 1 4 . 4
5 0 - 5 4 ( n = 2 3 1 5 )  8 4 . 5 5 3 4 . 9 8 5 4 . 8 0 1 4 . 5 2 - 3 3 1 3 2 . 2
> 5 5  ( n = 6 8 7 ) 8 4 . 2 5 4 5 . 1 4 5 2 . 5 9 1 1  . 7 0 - 9 8 5 1 . 8  

- 5 7 2 9 8 . 4

T ab le  3.11: P a ra m e te r  estim ates for th e  diastolic blood pressure m odel: 

x - n [ j  , O w ( l+ c ({ - /* ) )2[], 

f  -  n [> , <r2]

w ith  all p a ram ete rs  es tim ated  w ith in  age-group.
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w ith  age in th e  th ree  tow ns. Therefore it is reasonable to  assum e th a t  w ith in-person 

v ariab ility  is co n stan t w ith  age afte r ad justing  for changes in th e  underly ing  level w ith 

age.

F inally , and  briefly, it is useful to  consider th e  m odel (3.4) including allow ance for 

tren d s , b u t w ith o u t th e  age s tra tifica tio n  for th e  p aram ete rs  /i an d  a 2. F ittin g  th is 

gives th e  p a ram ete r estim ates in tab le  3.12. T he  inclusion o f th e  tre n d  p aram eters  

produces a  highly significant im provem ent in fit ( P < 0.0001 in each tow n using a  

likelihood ra tio  te s t) . T he  es tim ated  m ean tren d s given by 0 a re  essen tially  th e  sam e 

as th e  m ean observed tren d s. T h e  variab ility  of th e  tren d s , as found earlier, is 

es tim ated  as zero in B udapest and  so suggests a  fixed and  s ta tis tica lly  significant 

dow nw ard  tren d  in all individuals. T his is a  surprising  resu lt and  is difficult to  explain. 

In E d inburgh  and  P rague tren d s  are  variab le betw een individuals and  cr p is e s tim ated  

as 1.36 and  1 .2 2 m m H g /y ea r, respectively, so th a t  in these tow ns ab o u t 99% of th e  

popu lation  would have underly ing tren d s w ith in  th e  range ± 3 m m H g /y e a r . By finding 

th e  difference in th e  estim ates for from  th is m odel and  th e  m odel presen ted  in tab le  

3.9, th e  effect on th e  w ith in-person variance o f o m ittin g  th e  tren d s  from  th e  m odel can 

be assessed. T his difference varies from  0.52m m H g2 in B udapest to  2 .70m m H g2 in 

P rag u e  and  3 .17m m H g2 in E dinburgh . T hus it is very sm all in each tow n and  is 

com parab le to  th e  com ponent o f variance th a t  arises from  a  p ractice  of round ing  blood 

pressures to  th e  nearest 5m m H g.
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H <t 2  0  a 2  c (xlO3) ln(likelihood)

E dinburgh  8 2 . 4 0  6 1 . 2 7  0 . 1 5  1 . 8 6  4 2 . 0 7  1 0 . 6 2  - 4 8 6 5 2 . 5

B u d ap est 8 3 . 8 5  4 6 . 7 1  - 0 . 5 6  0  5 4 . 4 8  1 2 . 8 1  - 5 5 6 7 6 . 5

P rag u e  8 4 . 3 1  3 7 . 4 2  0 . 3 3  1 . 5 1  5 0 . 8 9  1 3 . 3 3  - 5 7 3 2 6 . 9

T ab le  3.12: P a ra m e te r estim ates for th e  diastolic blood pressure m odel w ith  trends:

x ~ N [£  +  /?t , < r j,( l+ c (£ — 

p  ~  N[0, <t2],

£ ~ n [ /z  , a2]

3.10 S um m ary  o f m ain resu lts w ith  discussion

T his ch ap te r has described w ith in-person diastolic pressure variab ility  in a  cohort of 

m iddle-aged m en who are  essentially  hea lthy  in th a t  th ey  are free o f diagnosed m ajor 

disease during  a  period of four to  five years. Blood pressure m easu rem en t in th e  tria l 

from  w hich th e  cohort is tak en  was casual and would reflect well m easu rem en t m ethods 

used by general p rac titio n ers in screening. T hus valuable in fo rm ation  can be draw n 

from  th is  s tu d y  th a t  can be used to  aid th e  in te rp re ta tio n  o f d iasto lic blood pressure 

m onito ring  during  screening.

T h e  m ain resu lt of th e  ch ap te r is th a t  observed diasto lic pressures w ith in  an  individual 

can be considered as norm ally  d is trib u ted  ab o u t som e underly ing average level, and 

th a t  th e  s tan d a rd  deviation of th is d istrib u tio n  is, conditional on th e  level, ap p a ren tly  

co n stan t across individuals. F o r an individual w ith an  underly ing  level o f 80m m H g,
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th is  s ta n d a rd  deviation  is sim ilar in th e  th ree  tow ns stud ied  being 6 .5m m H g in 

E d inburgh , 6 .9m m H g in P rag u e  and 7.1m m H g in B udapest. T hese figures a re  sim ilar 

to  th e  findings o f o th e r stud ies. T h e  differences betw een th e  th ree  tow ns are  n o t solely 

a ttr ib u ta b le  to  th e  different rounding  p ractices observed b u t are  probab ly  sm all enough 

to  be re la ted  to  o th e r facets o f blood pressure determ in a tio n : for exam ple, th e  physical 

env ironm en t, th e  observer charac teristics  o r th e  s ta te  o f rest o f th e  sub ject a t 

exam ina tion . T h ere  was no evidence th a t  th e  ra te  o f increase in v ariab ility  was 

d ifferent in th e  th ree  tow ns giving w ith in-person s tan d a rd  deviations o f ab o u t 5m m H g 

a t  an  underly ing  level of 60m m H g and rising to  ab o u t 8 .5m m H g a t  a  level of 

lOOmmHg. T h e  dependence o f th e  variab ility  on age found by W ilson an d  Hebei 

(1988) was also observed in th is  s tu d y  b u t can be explained by allowing for increasing 

diasto lic  pressure levels w ith  age.

A lthough  th e  blood pressure m easurem ents used in th is  s tu d y  w ere tak en  a t 

ap p ro x im ate ly  annual in terva ls , th e  model derived is likely to  be app licab le  for 

m easu rem en ts sep ara ted  by o th e r in tervals o f tim e. F o r long tim e periods, underly ing  

tren d s  found in th is  s tu d y  are sm all (w ith in  ± 3 m m H g /y e a r  for nearly  all ind ividuals) 

and  failure to  recognize them  in a  model produces only a  com paratively  sm all change in 

th e  w ith in-person  variance. A t th e  o th er ex trem e, th e  resu lt o f W ilson and  Hebei 

(1988) th a t  m easurem ents seven days a p a r t  show negligible au to co rre la tio n  suggests 

th a t  th e  m odel would be ap p ro p ria te  for weekly o r m onth ly  m easu rem en ts. T hus, 

w here screening is o p p o rtu n is tic  (for exam ple, w henever a  sub ject visits his general 

p ra c titio n e r), th e  com bination  o f blood pressure m easurem ents from  visits sep a ra ted  by 

as little  as a  week o r as m uch as th ree  or four years should enable a  reliable assessm ent 

of underly ing  pressure during  th a t  tim e using th e  m odel developed.
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Im p o rta n t p ractical issues arise from  th is model. F irs t, consider th e  d is trib u tio n  of 

d iasto lic  blood pressures w ithin an individual, f(x |£ ). If th e  underly ing level, £, is high, 

say  90m m H g, and  so o f p a rticu la r in tere st because o f its  association w ith  increased risk 

o f card iovascu lar m orb id ity , th en  th e  s tan d a rd  deviation  o f th is d is trib u tio n  is abou t 

7 .5m m H g. T h u s a  single observed diasto lic pressure will be a  very poor m easure of an 

ind iv id u a l’s underly ing  level: w ith  £ = 9 0 m m H g , 95% of observations would be expected  

betw een 75 and  105m m Hg. L arge changes betw een m easurem ents over tim e should 

therefo re  be expected  being a ttr ib u ta b le  ju s t  to  random  v aria tio n . Even w ith  ten  

m easu rem en ts th e  s tan d a rd  erro r o f th e ir m ean is 2 .4m m H g and  so a  95% confidence 

in te rv a l for an  ind iv idual’s underly ing level will span a  range o f lOm m H g. O ften , th is 

w ould be large enough to  ham per tre a tm e n t decisions. O f course, in p ractice , th e  tru e  

underly ing  level is never known and so th e  exact s tan d a rd  deviation  o f th e  m easured 

p ressures is never know n. However, it is clear th a t  su b s tan tia l num bers of 

m easu rem en ts are  required to  give precise estim ates o f underly ing level an d , therefore , 

th a t  th e re  is ad v an tag e  in accum ulating  th is  in form ation  w henever a  sub ject visits his 

general p rac titio n er.

A second im p o rtan t issue concerns th e  m onitoring  o f diastolic p ressure for change. 

U nderly ing tren d s  are  sm all and  so will require extensive num bers o f m easu rem en ts to  

estab lish  th e ir existence given th e  large n a tu ra l variab ility  o f d iasto lic  pressure. In 

c o n tra s t, a  s tra teg y  for checking th e  success of in terven tion  to  low er blood pressure 

would require accu ra te  de term in a tio n  of level prior to  tre a tm e n t and  th en  again  when 

th e  effect is expected  to  be estab lished . T his m ay require su b s tan tia l num bers of 

m easurem ents a t  each tim e (possibly g rea te r th an  ten ) p articu la rly  w hen relatively  

sm all reductions o f th e  o rder o f lOm m Hg or so are  expected. Such a  num ber o f te s ts
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w ould seem justified  given th e  undesirab ility  o f long-term  in terven tion  w hich is costly 

and  carries th e  possibility o f adverse effects.

A th ird  issue th a t  arises from  th e  m odel for blood p ressure variab ility  concerns w h a t is 

m ean t by “hypertension” . T rad itio n a lly , th is is defined in te rm s o f ranges for diastolic 

pressures tho u g h  it is no t alw ays clear w hat is m ean t by a  blood pressure: a  single 

ob serv a tio n , th e  m ean o f several observations o r th e  long-term  underly ing  level. For 

in s tan ce , guidelines proposed by th e  P a rtic ip an ts  o f th e  W .H .O ./I .S .H . m eeting  (1986) 

for th e  tre a tm e n t o f mild hypertension  used a  definition of a  long-term  average betw een 

90 and  104m m Hg w hereas th e  M edical R esearch C ouncil’s Mild H ypertension  T ria l 

(M edical R esearch Council W orking  P a r ty  on Mild to  M oderate  H ypertension , 1985) 

use a  screening c rite ria  based upon th e  m ean of four m easurem ents tak en  d u rin g  tw o 

visits being betw een 90 and  H O m m H g to  determ ine en try  in to  th e  tria l. C learly  th e  

variab ility  of diasto lic pressure m eans th a t  th e  tw o definitions do n o t describe th e  sam e 

set o f individuals w ith in  th e  population . F o r instance , th e  m odel given in tab le  3.9 for 

E d inburgh  im plies th a t  23% of th e  population  would have a  single observed diasto lic 

p ressure above 90m m H g b u t only 16% have an  underly ing p ressure above 90m m H g. 

Such a  difference in percentages has a  clear im plication for p lanning  and  costing  public 

h ea lth  stra teg ies.

T his definitional issue is also im p o rtan t in determ in ing  blood p ressure levels a t  which 

in te rv en tio n , particu la rly  pharm acological, is ap p ro p ria te : th a t  is, when th e  benefits in 

te rm s o f risk reduction  are likely to  outw eigh th e  possible adverse effects o f tre a tm e n t. 

C linical tria ls  o f an tihypertensive  tre a tm e n ts  should aim  to  describe th e  p a tien ts  

random ized  in te rm s o f th e ir underly ing blood pressure levels as definitions in te rm s of
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observed blood pressures will be affected by th e  source of th e  tr ia l popu lation . For 

in stance , th e  d istrib u tio n  o f underly ing  blood pressures in a  tr ia l popu la tion  selected 

from  a  general popu lation  because th e ir  observed pressures fulfill som e defined c rite ria  

will be qu ite  different from  a  popu lation  selected from  p a tien ts  a tten d in g  a  

hypertensive  clinic on th e  basis o f th e  sam e criteria . In o rder to  achieve th is  definition, 

tr ia l in v estig a to rs need to  know th e  d is trib u tio n  o f underly ing levels in th e  population  

sam pled and  th en  apply  th e  resu lts for w ith in-person variab ility  ob ta ined  in th is s tudy . 

A ltern a tiv e ly , m ore precise d e term in a tio n  o f th e  d is trib u tio n  of underly ing  levels o f th e  

sub jects en tered  in to  th e  tria l m ust be un d ertak en  by repeated  m easu rem en t a fte r th e  

decision to  random ize b u t prior to  com m encing tre a tm e n t. A lthough  th is  will increase 

th e  cost o f tria ls , it would aid th e  d o c to r who, faced w ith a  p a t ie n t’s blood pressure 

m easu rem en ts, is try in g  to  re la te  these to  com plex tr ia l en try  c rite ria  and  so m ake th e  

decision w he ther to  tre a t  th a t  p a tien t o r no t.
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4. Blood pressure and risk of cardiovascular mortality

4.1 In tro d u c tio n

T h e  re la tionsh ip  betw een blood pressure level and  risk of dying from  card iovascu lar 

causes has been well estab lished  by m any observational studies. However th e re  is 

p resen tly  in te re st in estab lish ing  m ore precisely th e  m agn itude o f th is  rela tionsh ip . 

Sim ple tho u g h  th is  m ay seem , it is in fact com plicated  by th e  variab ility  w ith in  

ind iv iduals in blood pressure. T h e  s tren g th  o f th e  re la tionsh ip  appears w eaker if 

re la ted  to  a  single m easurem ent on each m em ber of a  cohort th a n  if re la ted  to  th e ir 

underly ing  pressure ( th a t  is, th e  long-term  m ean level). T his reflects th e  “regression to  

th e  m ean” phenom enom  and  its effect on estim ates o f th e  risk association  has been 

te rm ed  “regression d ilu tion” by M acM ahon e t al (1990).

In th is  ch ap te r, th e  p roportional hazards m odel (C ox, 1972) is used to  q u an tify  th e  

re la tionsh ip  betw een risk o f card iovascular m o rta lity  and  blood pressure. In th e  next 

section , risk is re la ted  to  observed blood pressure and  th e  m odel assum ptions are 

assessed. Also considered are th e  effects o f tren d s  in blood pressure and  th e  lab ility  of 

blood pressure in im proving predictive power. T hen  in section 4.3, th e  regression 

dilu tion  effect is considered. F irs t th e  m ethodological aspects of regression d ilu tion  are 

considered in th e  co n tex t of survival models. T hen  th e  m agn itude of th e  ac tu a l risk 

re la tionsh ip  w ith underlying pressure is estim ated .

Before proceeding to  th e  next section and th e  developm ent o f survival m odels, it is 

useful to  sum m arize th e  ex ten t o f m o rta lity  d a ta  available for th e  s tu d y  cohort taken  

from  th e  clofibrate tria l. T h ro u g h o u t th e  ch ap te r, d ea th s  from  card iovascu lar causes

88



E dinburgh  B udapest P rag u e  All tow ns

No. in s tu d y  cohort 3 4 2 4  3 8 6 4  4 0 1 1  1 1 2 9 9

No. dying from
card iovascu lar causes 1 5 2 1 5 9 1 9 7 5 0 8

% dying from
card iovascu lar causes 4 . 4 4 4 . 1 1 4 . 9 1 4 . 5 0

Follow -up in individuals no t dying from  card iovascular causes (years)

m axim um 1 3 . 9 2 1 1  . 5 8 11  . 2 2 1 3 . 9 2
upper q u artile 1 2 . 1 6 9 . 6 2 9 . 7 6 1 0 . 2 5
m edian 1 0 . 5 1 8 . 7 3 9 . 3 0 9 . 3 0
lower q u artile 9 . 1 4 7 . 9 6 8 . 8 0 8 . 6 3
m inim um 0 . 4 2 0 . 0 8 0 . 1 3 0 . 0 8

Follow -up in individuals dying from  card iovascular causes (years)

m axim um 1 1  . 9 9 1 0 . 2 0 1 0 . 9 7 1 1  . 9 9
upper q u artile 9 . 2 4 7 . 7 5 8 . 1 5 8 . 1 8
m edian 6 . 9 0 6 . 1 5 6 . 6 8 6 . 5 9
lower q u artile 4 . 2 5 3 . 5 2 4 . 3 5 3 . 9 9
m inim um 0 . 3 7 0 . 2 5 0 . 3 2 0 . 2 5

T able  4.1: C ard iovascu lar m o rta lity  and length of follow-up by tow n and
across all tow ns

will be m odelled w ith dea th s from  o th er causes being considered as observations 

censored a t  th e  tim e of d ea th . C ard iovascu lar causes can be sum m arized  as ischaem ic 

h ea rt disease, stroke and  o th er c ircu latory  diseases (C o m m ittee  o f P rincipal 

Investiga to rs, 1978 and  1980). Follow-up is defined as th e  tim e from  visit V 0 (th e  

fo u rth  visit in th e  sequence for which blood pressures are  available) un til d ea th , o r until 

censoring a t  th e  final follow-up for th e  tria l. T ab le  4.1 sum m arizes th e  m o rta lity  and
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follow-up figures bo th  by tow n and overall. C ard iovascu lar m o rta lity  ra te s  are  sim ilar 

in th e  th ree  tow ns, averag ing  4.5% during  a  m edian follow-up o f 9.3 years from  visit

V 0 -

T h ro u g h o u t th is  ch ap te r, all survival m odels developed have o th e r risk and 

confounding facto rs included (age, cholesterol level and  sm oking s ta tu s  a t  visit V 0 , 

to g e th e r w ith  c lo fib ra te /p lacebo  tre a tm e n t group and  tow n). H ow ever, as these are  of 

secondary  in te re st and  th e ir estim ates vary  little  betw een m odels, th e  effects associated  

w ith  these  variab les will only be reported  for a  “final” m odel p resen ted  a t  th e  end of 

th e  section 4.2. Because som e individuals have m issing d a ta  on som e of these 

variab les, th e  developm ent excludes 311 individuals including 16 th a t  died, giving a  

m o rta lity  ra te  in th is  group (5.1% ) slightly higher th a n  th a t  in th e  cohort as a  whole; 

any  bias arising  from  th is  m issing d a ta  is likely to  be sm all. N ote also th a t  cholesterol, 

in p a rticu la r, and  sm oking s ta tu s  are also variables m easured  “w ith  e rro r” an d  so could 

be sub jected  to  a  sim ilar form  of analysis as here for blood pressure.

4.2 O bserved blood pressure level and  risk

4.2.1 M odel definition and  assessm ent of assum ptions

D enoting  by h (t |x ,z ) , th e  hazard  function  for card iovascu lar m o rta lity  a t  tim e t given 

an observed blood pressure x a t  tim e 0 and  o th er covaria tes z, th en  th e  p roportional 

hazard s m odel is defined by

h ( t |x ,z )  =  h ( t |x  =  0, z =  0) ex p (/?x + 2 T z) (4 .1)
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T h u s ex p (/?) is th e  re la tive increase in th e  hazard  (or in s tan tan eo u s  risk) o f dying from  

card iovascu lar causes associated  w ith a  un it increase in observed blood pressure. T here  

a re  tw o  fu n d am en ta l assum ptions underly ing th is m odel: firs t, th a t  o f a  log-linear

re la tionsh ip  betw een each covaria te  and  risk; second, th a t  o f p ro p o rtio n a lity  of 

h azard s  th ro u g h o u t tim e: th a t  is, for given values of th e  covariates (xj^Zj ) and  (x 2,z2), 

th en

h C ta lx ! ,^ )  _  h ( tb [x1,z1) 
h ( ta |x 2 ,z2) h ( tb |x 2,z2)

for an y  poin ts in tim e t a and t b.

T he  log-linear re la tionship  betw een risk and  level of blood p ressure has been studied  by 

M acM ahon e t al (1990) in th e ir overview of nine m ajor observational s tud ies including 

420,000 individuals of w hom  nearly  5,000 suffered fa ta l card iovascu lar even ts. T hey  

show ed stro n g  evidence for linearity  in th e  re la tionship  betw een th e  logarithm  o f risk of 

co ronary  h ea rt disease and  blood pressure level and  also suggested th a t  linearity  in th e  

re la tionsh ip  betw een th e  logarithm  of risk of s troke and blood pressure was a  good 

app ro x im atio n . G iven th a t  d ea th s  from  coronary  h ea rt disease dom in ate  s troke dea ths 

by a  fac to r of 3:1 in th e  clofibrate tr ia l, th e  assum ption  of log-linearity  betw een risk of 

card iovascu lar d ea th , overall, and  blood pressure seems ju stified . T h e  shape of th is 

re la tionsh ip  can also be assessed in th e  cohort from  th e  clofibrate tr ia l being stud ied  

here. D ividing th e  cohort in to  quartiles w ith in  each tow n based on each ind iv idual’s 

m ean diasto lic blood pressures across th e  four visits V_3 to  V 0, th en  figure 4.1 shows 

crude m o rta lity  ra te s  during  th e  follow-up period by th e  average p ressure in each 

quartile . T hough based upon com paratively  sm all num bers o f even ts , th is  provides
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F igure  4.1: C rude card iovascular m o rta lity  ra te s  by quartile  of d iasto lic pressure
(m ean o f four m easurem ents) w ith in  tow n (b ars  a re  ± o n e  s tan d a rd  
erro r)

92



fu r th e r  evidence for th e  log-linear tren d  associating risk and  blood p ressure level. In 

ad d itio n , th is  was confirm ed by including q u ad ra tic  te rm s in diasto lic p ressure  in th e  

su rv ival m odels: none reached any  conventional level o f s ta tis tica l significance.

F o r assessing th e  assum ption  o f p roportional hazards th e  cohort can be subdivided in to  

six g roups on th e  basis o f th e ir m ean diastolic blood pressure (over four v isits). If th e  

assum ption  is valid , th en  th e  hazards h ( t)  w ith in  each group  should be p ro p o rtio n a l to  

one an o th e r. E qu ivalen tly , th e  logarithm  of th e  cum ulative hazard s in each group 

should differ by a  co n stan t am o u n t th ro u g h o u t tim e. T his leads to  th e  so-called 

log( —log) p lots (K albfleisch and P ren tice , 1980; ch ap te r 4) where th e  surv ival function 

S (t)  is estim ated  using K aplan-M eier m ethods w ith in  each g roup , so th a t  

log( —log[S(t)]) is th e  logarithm  of th e  cum ulative hazard . F igure 4.2 show s th e  plot of 

—lo g (—log[S(t)]) for th e  grouped diastolic pressures. For convenience, th e  p lo ts a re  

sm oothed  betw een th e  poin ts m arking  th e  tim es of dea ths: s tric tly , th e  estim ated

curves should be step  functions showing decreases only a t  th e  tim es o f these  d ea th s. 

T h ere  a re  no clear d ep a rtu res  from  parallelism  of th e  curves.

A n a lte rn a tiv e  approach  for assessing th e  assum ption  o f p ro p o rtio n a l hazard s is to  use 

a  s ta tis tic a l te s t suggested by H arrell (1986). T his is based upon th e  eva lua tion  of 

“p a rtia l residuals” (Schoenfeld, 1982) a t each tim e a t  which a  d ea th  occurred . Each 

residual is sim ply th e  difference betw een th e  observed d iasto lic p ressure o f th e  

ind iv idual dying and th e  expected  value o f th e  pressure es tim ated  from  d a ta  on th e  set 

o f individuals still being followed-up a t th a t  tim e poin t. Schoenfeld show s th a t  these 

residuals are , under th e  assum ption  of p roportional hazards, u n co rre la ted , b u t are  

co rre la ted  if th is  assum ption  fails. Harrell uses th is  fact to  give a  te s t o f th e  hypothesis
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Figure 4.2: —log[—logS(t)] plots by m ean (of four observations) d iasto lic p ressure
group (po in ts m arked correspond to  th e  tim es o f d ea th s  observed)
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of zero correlation  which is then  a  te s t o f p roportional hazards. C onsidering th e  m ean 

o f fou r d iasto lic pressures as th e  covaria te  o f in te re st, using th is  te s t gives no 

significant evidence for d ep a rtu res  from  proportional hazards (P = 0 .7 3 ).

O verall th e  goodness o f fit o f a  m odel can be assessed using generalized residual plots 

(K albfleisch and  P ren tice , 1980; ch ap te r 4). T h e  philosophy behind these  is th a t  th e  

e s tim ated  survival p robabilities a t th e  tim e of observed d ea th  o r censorship for each 

ind iv idual based on th e ir observed covariate  values form  a  (censored) sam ple from  a  

uniform  d is trib u tio n . E quivalen tly , th e  corresponding generalized residuals for each 

ind iv idual, th e  estim ated  cum ulative hazard  based on th e ir covaria te  values a t  th e  tim e 

of censorship o r dea th  from  card iovascular causes, form  a  (censored) sam ple from  an 

exponen tia l d istrib u tio n  w ith un it m ean. T hus — log(proportion  o f residuals >  r), 

w here r is any  real positive num ber, p lo tted  against r should follow a  line o f un it 

g rad ien t. F igure 4.3 shows th e  plot ob ta ined  for th e  m odel including th e  m ean 

diasto lic pressure: th e  fit is ap p a ren tly  good. Sim ilar plo ts can be ob ta in ed  for an 

analysis stra tified  by blood pressure group (figure 4 .4). T his perm its  assessm ent o f th e  

p a r ticu la r fit of blood pressure. A gain th e  fit is good, th e  d ep a rtu res  for larger values 

of r, which ap p ear visually large, being less im p o rtan t s ta tis tica lly  because th ey  are 

based upon long follow-up tim es when few w ithin  th e  respective group  are  a t  risk.

Sim ilar checks o f th e  assum ptions and goodness o f fit w ere m ade for th e  o th er 

covariates in th e  m odel. F o r both  age and cholesterol, th e  log-linear m odel seems 

reasonable. M ore generally , th e re  was no evidence o f d ep a rtu res  from  p roportional 

hazards and th e  residual plo ts suggested a  good fit.
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Figure 4.3: R esidual plot for th e  p roportional hazards m odel including m ean
diasto lic pressure and o th er covariates
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Figure 4.4: R esidual plot for th e  p roportional hazards m odel, s tra tified  by m ean
diasto lic pressure group
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D iastolic b .p  
from  visit

Risk coefficient, 
0

S tan d ard  
e rro r of /?

-2 log likelihood 
a t  m axim um

v 0 0 . 0 3 3 5 0 . 0 0 4 1 8 5 4 9 . 5 3

V-1 0 . 0 3 3 0 0 . 0 0 4 3 8 5 5 3 . 7 6

V-2 0 . 0 3 2 0 0 . 0 0 4 4 8 5 5 9 . 9 0

V - 3 0 . 0 3 2 5 0 . 0 0 4 4 8 5 5 9 . 9 9

T ab le  4.2: R isk coefficients for diastolic blood pressure m easured a t  a
single visit w hen included separate ly  in a  m odel also w ith  age, 
cholesterol, sm oking s ta tu s , tow n and  tre a tm e n t group.

4.2.2 E stim a tes  o f risk association: d iasto lic blood pressure

T h e  sim plest m odel for p red ic ting  survival based on diasto lic blood p ressure level is to  

use ju s t  a  single observed m easurem ent a t  visit V 0. Including th is  in a  p roportional 

hazards m odel ind icates an increased risk of 3.40% associated  w ith a  Im m H g  difference 

in observed diasto lic pressure (ap p ro x im ate  95% confidence in terva l: 2.57%  to  4.25% ). 

T hus a  difference o f lOm m Hg in observed diastolic pressure m easured  a t  a  single visit 

(a  difference corresponding to  approx im ate ly  one s tan d a rd  deviation  in th e  population  

sam ple s tu d ied ), gives a  40% increase in re la tive risk.

O f course, th e  survival m odel could also be based on th e  single m easu rem en t recorded 

a t  visit V_3, o r a t  v isit V_2, o r a t visit V .j .  T he  estim ated  risk coefficients, (3, and 

th e ir s tan d a rd  erro rs are  given in tab le  4.2 for m odels using, in tu rn , each of these 

m easurem ents. V ery clear is th e  stab ility  o f th e  coefficients w hich for all p ractical
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purposes are  th e  sam e. Also shown is —2 tim es th e  log likelihood a t  th e  m axim um . 

A lthough  th e  m odels a re  no t nested  and  so form al s ta tis tica l com parison using a  

likelihood ra tio  te s t is no t ap p ro p ria te , these  values do allow inform al com parison 

suggesting  th a t  using th e  m ost recent m easurem ent explains a  little  m ore varia tio n  

th a n  using earlier m easurem ents.

T h e  e s tim ates  ob ta ined  are rem arkab ly  sim ilar to  th e  logistic regression coefficients 

o b ta in ed  for co ronary  h ea rt disease m o rta lity  in w hite  m en aged 40-54 w ith  no p re­

ex isting  h ea rt disease repo rted  by K annel e t al (1986) in th e ir  sum m ary  o f resu lts from  

several epidem iological studies. In p articu la r they  rep o rt coefficients for diastolic 

p ressure m easured  a t one visit o f 0.0331 (s tan d a rd  erro r 0.0023) in th e  largest s tudy , 

th e  M ultip le Risk F ac to r In terven tion  T ria l screening cohort o f 221076 m en, and of 

0.0342 (s ta n d a rd  erro r 0.0099) in th e  longer te rm  b u t sm aller F ram ingham  stu d y .

T h e  likelihood values can be com pared w ith  th e  value from  th e  sa tu ra te d  survival 

m odel w here diastolic pressures from  each of th e  four v isits a re  included 

sim ultaneously . T he  estim ates from  th is m odel are given in tab le  4.3. T here  is a 

highly significant im provem ent in s ta tis tica l significance in m oving from  one to  four 

d iasto lic pressures (P  < 0 .0001 , likelihood ra tio  te s t) .  T h ere  are  no sta tis tica lly  

significant differences betw een th e  risk coefficients. T h u s, a lthough  th e  coefficients 

vary  considerably  in rela tive te rm s (th e  estim ate  for visit V 0 is over 50% higher th an  

th a t  for visit V_2), lack of pow er lim its an ab ility  to  claim  th a t  th e  level of diastolic 

pressure closer to  V 0, th e  tim e origin used for p red ic ting  surv ival from , is m ore 

im p o rtan t for p red ic ting  fu tu re  risk.
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D iastolic b .p . Risk coefficient, S tan d ard  -2 log likelihood
from  visit (3 e rro r of (3 a t  m axim um

V0 0 . 0 1 6 1  0 . 0 0 5 3  8 5 2 1 . 2 5
V_! 0 . 0 1 3 5  0 . 0 0 5 5
V_2 0 . 0 1 0 2  0 . 0 0 5 6
V_3 0 . 0 1 2 2  0 . 0 0 5 5

T ab le  4.3: R isk coefficients for observed diastolic blood pressures w hen
included sim ultaneously  in a  m odel also w ith  age, cholesterol, 
sm oking s ta tu s , tow n and  tre a tm e n t group.

A fu rth e r m odel can be developed by constra in ing  th e  risk coefficients for diastolic 

pressures a t  visits V_3 to  V 0 to  be equal. T his is equivalen t to  en tering  in to  th e  model 

ju s t  th e  m ean o f th e  four pressures as a  p red ic to r variab le. In th is case, th e  risk 

coefficient is 0.0522 w ith s tan d a rd  e rro r 0.0054. T his gives an  increase in risk o f 5.36% 

associated w ith  a  1m m H g increase in th e  observed m ean o f four d iasto lic pressures 

m easured approx im ate ly  one year a p a rt (95% confidence in terva l: 4.26%  to  6.48% ).

M ore im p o rtan t, though , is th e  sm all change in th e  m axim um  value o f th e  likelihood 

from  th e  previous m odel ( —2 log likelihood =  8521.77, an  increase o f 0.52) w hich is not 

s ta tis tica lly  significant. T hus all th e  in form ation from such a  sequence o f four diastolic 

pressures would ap p ear to  be contained  w ithin th e ir m ean.

T he im p o rtan t consequence of th is result is th a t  th ere  is insufficient pow er ob ta inab le  

in th is d a ta se t to  determ ine w hether any o th er function  o f th e  four observed blood 

pressures has g rea te r pred ic tive pow er th a n  th e ir m ean. A lso, no function  will 

significantly im prove th e  predictive pow er o f a  survival m odel including th e  m ean.
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T his im plies th a t  neither tren d  nor lab ility  (m easured  here by th e  residual varia tion  

ab o u t th e  fitted  tren d  th ro u g h  th e  four m easurem ents) im prove pred ic tive pow er. F or 

com pleteness and  to  em phasize th is po in t, in figures 4.5 and  4.6 are  show n th e  crude 

m o rta lity  ra te s  by quartile  o f observed tren d  (w ith in  individual) and  observed residual 

s ta n d a rd  deviation  ab o u t th e  fitted  tren d , respectively, w ith in  each tow n: th e  lack of

any  re la tionsh ips is clear. T h e  resu lt for th e  lack o f pred ic tive pow er o f tren d s  agrees 

well w ith  findings from  th e  F ram ingham  s tu d y  (H ofm an e t al, 1983). C onsidering 

tren d s  over a  longer period (12 years) w ith prediction over th e  following 14 years, they  

concluded th a t  th e  tren d  did no t add  an y th in g  to  prediction a fte r th e  level a t th e  end 

of th e  12-year period was considered. In add ition  they  assessed th e  pred ic tive value of 

residual variab ility  ab o u t th e  tren d  during  th e  12 year period an d , as here, found no 

effect. N ote th a t  th e  lack o f predictive pow er o f residual v aria tio n  m ight be expected  

given th a t  a  m odel describing w ith in-person variab ility  as hom ogeneous in th e  

popu lation  (a fte r allowing for level) was found, in th e  previous ch ap te r, to  fit well. 

T hus v aria tio n  in th is ch arac te ristic  is, a p a rt from  sam pling v aria tio n , ju s t  describing 

differences in underly ing m ean diasto lic pressure.

K annel, Sorlie and  G ordon (1980) also considered as possible p red ic to rs  o f risk, th e  

m axim um , m inim um  and m ean observed pressures w ithin a  v isit. T hey  found th a t  

th ey  w ere each equally good pred ic to rs o f risk and also th a t  w ith in-visit v ariab ility  had 

no pred ic tive pow er. A lthough th is s tu d y  has no sim ilar w ith in-v isit in fo rm ation , it is 

useful to  consider w hether e ither th e  m axim um  or th e  m inim um  diasto lic pressure 

across th e  four annual visits perform s as well as th e  m ean o f th e  four. T ab le  4.4 shows 

th e  es tim ates  o f th e  risk coefficients ob ta ined  to g e th er w ith  th e ir s ta n d a rd  erro rs and  

th e  m odel likelihood values. An inform al com parison o f th e  likelihood values for each
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Figure 4.5: Crude cardiovascular mortality rates by quartile of annual trend in
diastolic pressure, within town (bars are ±  one standard error)
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Figure 4.6: Crude cardiovascular mortality rates by quartile of residual standard

deviation of diastolic pressure (after fitting mean and trend to a 
sequence of four annual observations), within town (bars are ±  one 
standard error)
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F unction  o f diastolic Risk coefficient
pressures a t  visi ts/?
V o  t o V n

S tan d ard  
e rro r of /?

-2 log likelihood
at maximum

m ean 0 . 0 5 2 2 0 . 0 0 5 4 8 5 2 1 . 7 7

m axim um 0 . 0 4 0 8 0 . 0 0 4 6 8 5 3 6 . 9 9

m inim um 0 . 0 4 3 4 0 . 0 0 5 2 8 5 4 4 . 8 2

T able  4.4: Risk coefficients for functions o f th e  four observed diastolic
blood pressures when included separate ly  in a  m odel also w ith 
age, cholesterol, sm oking s ta tu s ,  tow n and  tre a tm e n t group .

m odel suggests th a t  th e  m ean is a  b e tte r  ex p lan a to ry  variab le  th an  e ith er th e  m inim um  

or th e  m axim um . O f course, b o th  th e  m axim um  and  m inim um  reflect inform ation  

con tained  in four pressure m easurem ents. T herefore, ju s t  as th e  risk coefficient 

associated  w ith th e  m ean o f four m easurem ents is larger th a n  th e  coefficient associated  

w ith a  single m easurem ent due to  its im proved precision in es tim atin g  underly ing  level, 

so a re  th e  coefficients associated  w ith  th e  m axim um  and  m inim um . S im ilarly , th a t  

th e ir coefficients are  sm aller th an  th a t  associated  w ith  th e  observed m ean is a  reflection 

of th e ir com paratively  lower precision in estim atin g  th e  underly ing level.

Before p resen ting  th e  full m odels developed, tw o fu rth e r issues are  w orth  considering. 

F irs t, as th e  s tu d y  cohort is tak en  from  th ree  tow ns, th e re  is th e  o p p o rtu n ity  to  

consider w hether th e  association betw een diastolic pressure level and  risk varies 

betw een tow ns. F ittin g  a  model w ith sep a ra te  te rm s for diasto lic pressure w ith in  each
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Tow n Risk coefficient, /?, S tan d ard
for m ean of 4 d b p ’s erro r o f (3

-2 log likelihood
at maximum

E dinburgh  0 . 0 5 0 4  0 . 0 0 9 0  8 5 1 6 . 6 2
B udapest 0 . 0 3 7 3  0 . 0 0 9 8
P rag u e  0 . 0 6 7 0  0 . 0 0 8 9

T ab le  4.5: R isk coefficients for th e  m ean o f four observed diasto lic blood
pressures, by tow n, when included sim ultaneously  in a  m odel also 
w ith  age, cholesterol, sm oking s ta tu s , tow n and  tre a tm e n t group.

o f th e  th ree  tow ns gives th e  resu lts presen ted  in tab le  4.5. T h e  estim ated  effect for 

P rag u e  is ab o u t tw ice th a t  for B udapest, w ith  E d inburgh  in term ed ia te . T h e  difference 

in —2 tim es th e  log likelihood betw een th is m odel and th e  m odel w ith a  com m on risk 

coefficient for th e  observed m ean diasto lic pressure is 5.15 w hich is o f m arginal 

s ta tis tica l significance (P = 0 .0 8 ). T his result co n tra s ts  w ith th e  overview  o f M acM ahon 

et al (1990) which found no evidence of heterogeneity  betw een effects observed in 

several epidem iological studies carried o u t in different geographical locations. T hus 

cau tion  should be used before in te rp re tin g  th is finding as evidence for betw een-tow n 

variab ility  in th e  risk rela tionship . In add ition , it is possible for th e  association o f risk 

w ith  underly ing m ean pressure to  be th e  sam e in each tow n , b u t for th e  relationsh ip  

w ith  observed pressure to  be different betw een tow ns because of regression d ilu tion: th e  

ex ten t o f induced differences is dependent on th e  re la tive m agnitudes o f w ith in- and 

betw een-person variance com ponents which th e  m odels developed in ch a p te r 3 suggest 

do v ary  m arkedly  betw een tow ns. T his issue is re tu rn ed  to  la te r  w hen th e  effects of 

regression dilu tion  are considered m ore fully. D espite th is , if th e  v ariab ility  in effects
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betw een tow ns is real, th en  applying these coefficients to  differences in th e  m ean  of four 

observed pressures in each tow n of one s tan d a rd  deviation  in th e  respective to w n ’s 

population  (given in tab le  3.5) produces very varied and  p ractica lly  im p o rtan t 

differences in th e  associated  risks: 54%, 34% and  62% increase in risk per s tan d a rd  

deviation  in E d inburgh , B udapest and  P rag u e , respectively. N ote also th a t  for 

p red ic ting  risk in an  individual from  observed diasto lic pressures, as d is tin c t from  

u n d ers tan d in g  risk re la tionsh ips, these differences im ply th a t  th e  ap p ro p ria te  to w n ’s 

m odel should be used.

T he  second issue is one o f po ten tia l confounding th a t  m ight arise from  th e  use o f tria l 

d a ta . E arlier, th e  influence o f clofibrate in producing a  step  decline in blood pressure 

level from  visit V_4 to  visit V_3 was no ted . T herefore it is re levan t to  assess w hether 

th e  lower blood pressures found in th e  clofibrate group  produce a  d ifferent risk 

re la tionsh ip  from  th a t  found for sim ilar levels in th e  placebo groups. T h is  can be 

assessed by including an in terac tion  te rm  of diasto lic pressure and  tre a tm e n t w ith 

clofibrate. F o r th e  in te rac tion  of tre a tm e n t w ith  th e  m ean o f th e  four observed 

pressures, th e  te s t does no t achieve conventional s ta tis tica l significance (P = 0 .3 8 ) . 

T h u s, it seems th a t  th e  lower blood pressures achieved in th e  clofibrate g roup  lead to  

th e  sam e risk re la tionship  w ith card iovascular m o rta lity  as sim ilar pressures would in 

individuals n o t tak ing  clofibrate, though  it is im p o rtan t to  recognize th e  lim ited  power 

of th is  s tu d y  to  detec t an in te rac tion .

T hus th is section has established th a t  given th e  sequence o f observed diasto lic  blood 

pressure m easu rem en ts, a fte r th e  m ean level has been included in a  surv ival m odel for 

p red ic ting  risk of dying from  card iovascular causes, no o th e r ch a rac te ris tic  o f th e
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sequence significantly  im proves prediction. If th e  m ean diasto lic pressure is based upon 

fewer th a n  four observations, th en  th e  estim ated  risk coefficients for d iasto lic pressure 

can be replaced by values o f 0.0335 (giving an  increase in risk o f 3.40% per m m H g) if 

based on one diastolic pressure m easurem ent, 0.0436 (4.46%  per m m H g) if based on 

tw o , o r 0.0485 (4.97%  per m m H g) if based on th ree . T his shows very  clearly th e  

im p o rtan ce  o f know ing how m any  pressure m easurem ents th e  m ean is based upon when 

using a  survival m odel for fu tu re  predictions. N ote though  th a t  th is is a  resu lt of 

reducing th e  w ith in-person com ponent o f variance as th e  num ber o f m easurem ents on 

which th e  m ean is based is increased. T his illu stra tes  well th e  issue o f regression 

dilu tion: th e  risk coefficients are sm aller th e  less precisely th e  observed pressures

reflect th e  underly ing level. Section 4.3 takes up th is  issue and  re la tes risk to  an 

ind iv idual’s underly ing average diastolic pressure ra th e r  th a n  to  an  observed diastolic 

pressure.

4.2.3: E stim a tes  o f risk association: o th e r facto rs

Coefficients re la ting  to  o th e r variables included in th e  m odel w ith  th e  m ean of four 

diasto lic blood pressures are  presented in tab le  4.6. R equiring particu la rly  careful 

in te rp re ta tio n  are th e  associations betw een risk o f card iovascu lar m o rta lity  and  bo th  

cholesterol and  tre a tm e n t group. T he  cholesterol d istribu tion  o f subjects en tering  th e  

tria l is very peculiar including all sub jects w ith  a  single m easurem ent in th e  upper th ird  

of th e ir  to w n ’s d istribu tion  (groups I and  II) and  half o f those in th e  lower th ird  (group 

III). C holesterol, like blood pressure, varies considerably w ith in  an  ind ividual, so 

tre a tm e n t group as well as cholesterol level a t  v isit V 0  are  b o th  m arkers o f an 

ind iv idual’s underlying average level. T his is reflected by th e  non-zero risk coefficient
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V ariab le Risk S tan d a rd  Increase in
coefficient, /? e rro r o f /? risk*

M ean dbp  from  visits
V _ 3  to  V 0  (m m H g)

C holesterol observed 
a t  V 0  (m g /d l)

Age a t  V 0  (years)

Sm oking s ta tu s :
never sm oked 
ex o r cu rren t c ig a r/ 

tobacco  only 
ex c ig are tte  sm oker 
1 - 1 9  c ig s/d ay  
2 0  c ig s/d ay  
> 2 0  c ig s/d ay

T ow n:E dinburgh
B udapest
P rag u e

T re a tm e n t group:
I: high ch o l./ 

clofibrate 
II: high ch o l./ 

p lacebo 
III: low cho l./ 

placebo

0 . 0 5 2 5

0 . 0 0 4 1

0 . 1 0 0 6

0 . 2 6 7 2  
0 . 0 4 4 3  
0 . 5 9 2 6  
0 . 7 7 9 5  
0 . 8 6 2 5

- 0 . 1 3 8 5
- 0 . 1 4 2 4

0 . 2 4 5 9

- 0 . 3 2 3 3

0 . 0 0 5 4 5  .3 9 %  per m m H g

0.0012  

0 . 0 0 8 2

0 .4 1 3 %  per m g /d l 

1 0  . 6 % per year

0 . 2 5 7 9  
0 . 1 4 1 8  
0 . 1 3 8 9  
0 . 1 5 0 6  
0 . 1 5 1 1

0 . 1 2 6 9  
0 . 1 2 4 5

0%

3 0 .6 %  
4 .5 %  

8 0 .9 %  
1 1 8 .0 %  
1 3 6 .9 %

0%
- 1 2 . 9 %
- 1 3 . 3 %

0 . 1 0 3 0

0 . 1 4 5 9

+ 2 7 .9 %

0%

- 2 7 . 6 %

for continuous variables increase in risk per un it on th e  scale given; 
for b inary  variables (ie sm oking categories, tow n and  tre a tm e n t, 
increase in risk rela tive to  th a t  in th e  base group specified).

T ab le  4.6: Risk coefficient and  th e  associated  estim ates of re la tive risk
for all variables included in th e  model w ith  m ean d iasto lic blood 
pressure over th e  four visits, V _ 3  to  V Q.
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for g roup  III sub jects (low cholesterol a t en try ) com pared w ith  group  II sub jects  (high 

cholesterol a t  en try ) desp ite th e  te rm  for cholesterol level a lready  included in th e  model 

and  th e  fact th a t  bo th  groups received th e  placebo. T h u s it is no t possible to  

generalize th e  risk coefficient found for cholesterol in th is s tu d y  to  o th e r populations 

nor is it ap p ro p ria te  to  com pare it w ith  th e  findings of o th e r observational stud ies.

Recall also th a t  th e  d rug  clofibrate is used to  lower cholesterol and  th a t  th e  cholesterol 

levels a t  v isit V 0  for subjects in group I reflect ab o u t four years o f tre a tm e n t w ith  it. 

T h u s th e  risk coefficients for cholesterol and tre a tm e n t group should be considered as a  

pa ir and  th e ir in te rp re ta tio n  lim ited to  describing outcom e for w h a t is a  very specific 

cohort: selected on th e  basis o f th e ir cholesterol level a t  one v isit, tre a te d  w ith  either

clofibrate o r placebo for four or m ore years and  then  having a  cholesterol m easurem ent 

a t  visit V 0 . F o r instance , consider tw o  hypo thetical sub jects from  E d inburgh , one from 

each o f tre a tm e n t groups I and II and  having observed cholesterol levels a t  visit V 0  

equal to  th e  average in th e ir group: th a t  is (from  tab le  2.3) 2 25m g/d l for th e  subject 

in g roup  I tak in g  clofibrate and  252m g/d l for th e  subject in group  II tak in g  the  

placebo. T hen  th e  tre a tm e n t g roup /cho leste ro l com ponent of th e ir risk scores are 

1.1684 ( th a t  is, 225x0.0041-f0.2459) and 1.0332 ( th a t  is, 2 52x0 .0041+ 0), respectively. 

T h u s th e  subject in th e  c lo fib ra te-treated  group has a  risk increased by a  fac to r of 

exp(1.1684 —1.0332) =  1.14 com pared w ith th e  subject in group  II w ho received the  

placebo. G iven th a t  th e  difference in th e ir cholesterol levels a t  visit V 0  m ight be 

a ttr ib u te d  to  clofibrate tre a tm e n t (because th e  tw o groups are derived from  th e  sam e 

popu lation  using random  allocation), then  th is increased risk m ight also be a ttr ib u te d  

to  clofibrate. T his is a  little  higher th an  th e  crude re la tive  risk in th is  s tu d y ’s cohort 

(g roup  I: 217 /3 8 0 8  (5.70% ) died; group II: 198 /3788  (5.22% ) died; re la tive  risk =  1.09)
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and  th a t  rep o rted  for all random ised p a tien ts  (group I: 404 /5331  (7.58% ) died; group 

II: 3 7 4 /5 2 9 6  (7.06% ) died; rela tive risk =  1.07; C om m ittee  o f P rincipal In v estig a to rs, 

1978 and  1984).

Some com m ent is also useful on o th e r covariates included in th e  m odel. T h e  increase 

in risk w ith  age is, o f course, no t surprising and  its m agn itude represen ts a  doubling of 

risk ab o u t every seven years. T his is very com parable to  th e  findings o f o th e r  studies: 

risk coefficients for coronary  h ea rt disease from  logistic regression m odels o f 0.1174 

(s tan d a rd  erro r 0.0298) for m iddle-aged F ram ingham  m en and  0.1091 (s ta n d a rd  erro r 

0.0038) for M R F IT  w hite screenees are  repo rted  by K annel e t al (1986), an d  for m ore 

elderly E uropean  subjects in th e  E W P H E  tria l, a  coefficient o f 0.1017 for 

card iovascu lar m o rta lity  from  a  p roportional hazards m odel (A m ery  e t al, 1986). F or 

sm oking s ta tu s , th e  well-known increase in risk for cu rren t sm okers com pared  w ith 

sub jects w ho have never sm oked is ap p a ren t. Again th e  risk re la tionsh ip  com pares well 

w ith th e  findings for M R F IT  screenees and  F ram ingham  m en: es tim ated  coefficients of 

0.87 and  0.92, respectively, for men sm oking ab o u t 20 c igare ttes per day . T h e  ex­

c ig are tte  sm okers have negligible increase in risk com pared w ith  those  w ho have never 

sm oked though  m any o f th e  ex-sm okers in th e  tria l had been non-sm okers for a  

su b stan tia l num ber o f years. F or c ig ar/to b acco  sm okers, th e  observed risk is elevated 

tho u g h  th e  sm all num ber o f subjects in th is  category  m eans th a t  it is no t s ta tis tica lly  

significant in com parison w ith those who have never sm oked an d , as found in th e  

B ritish  Regional H eart S tudy  (C ook et al, 1986), is well below th e  increase in risk 

associated  w ith c ig are tte  sm oking. F inally , th e  tw o E ast-E u ro p ean  tow ns, B udapest 

and P rag u e  show very sim ilar b u t lower observed risks th a n  E d inburgh  (th o u g h  not 

significantly  so).

110



4.3 U nderly ing blood pressure level and  risk: co rrec ting  for regression d ilu tion

4.3.1 B ackground to  regression d ilution

T h e  problem  of regression dilu tion has been understood  for m any years th o u g h  not by 

th a t  nam e: it is m ore often term ed  th e  problem  of “erro rs in variab les” . S tan d a rd

te x t books (for exam ple: Snecdor and C ochran , 1980, p l7 1 ; D rap er and  S m ith , 1980, 

p l 2 2 ) consider th e  problem  in th e  con tex t o f sim ple linear regression w hen th e  

p red ic to r variab le  is m easured w ith e rro r. In th is  case a  correction  fac to r to  th e  

estim ated  regression coefficient is ob ta in ab le  w hich, un d er certa in  conditions, rem oves 

th e  bias induced by th e  variab le  m easured w ith  erro r. I t is useful to  re s ta te  th e  

problem  as it form s th e  basis for deriving estim ates o f th e  m agn itude  o f risk associated  

w ith  underly ing blood pressure in th e  con tex t of survival m odels.

C onsider th e  sim ple linear regression s itu a tio n  w ith dependen t variab le  Y and  p red ic to r 

v ariab le , £, w here

Y =  a  +  +  e

w ith  E(e) =  0 and  V (£) =  cr| in th e  population  sam pled. In practice , f  canno t be 

m easured d irectly  and instead  X is ob ta ined  w here

X =  £ +  6

w ith E(<5) =  0 and  V(5) =  cr^. T hen  th e  regression m odel th a t  should be fitted  is

Y =  a  +  f i*x  +  e*
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w here e* =  e — /?*<$ and  so th e  erro r te rm  also depends on /?*. H owever, if th e  random  

variab les, 8 and  e, are  uncorrelated  and  norm ally  d is trib u ted , and  are also u n co rre la ted  

w ith  £, th en  th e  usual least squares e s tim ato r, /?, based upon observed values o f Y  and  

X is biassed b u t is d irectly  re la ted  to  /?*:

ECS) =  /?*[l +  (4.2)

T h u s, under these  assum ptions, th e  es tim ated  regression coefficient, /?, based on th e  

observed values needs to  be increased by a  fac to r o f ( 1  +  in o rder to  provide an

unbiassed es tim ate  of (3*.

In m oving aw ay from  sim ple linear regression, C arroll (1989) notes th a t  such sim ple 

correction facto rs  a re  generally no t o b ta inab le  and  th e  problem  becomes dependen t on 

th e  tru e  regression coefficients. In th e  next section, th e  dependence o f th e  correction  

fac to r on th e  tru e  coefficient is considered fu r th e r in th e  con tex t o f th e  p roportional 

h azards m odel for survival d a ta .

4 .3.2 R egression dilu tion  in th e  p roportional hazards m odel: background 

P ren tice  and co-w orkers have stud ied  th e  problem  of covaria te  m easurem ent e rro r in 

th e  co n tex t o f p roportional hazards m odels (P ren tice , 1982; Pepe e t al, 1989). T heir 

app roach  has been to  assum e th e  p roportional hazards m odel for th e  underly ing 

covaria te , £, and  then  to  determ ine th e  form  of th e  induced hazard  m odel for th e  

covaria te , X, which represents £ m easured w ith erro r. T hey  show th a t  th e  induced 

h azard  function  canno t be w ritten  in th e  form  o f (4 .1), th a t  is a  base hazard  function
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dependen t on tim e m ultiplied by a  risk function  dependen t on th e  covaria te  b u t no t on 

tim e. T h u s, th e  usual estim ation  m ethods canno t be applied. However, th ey  do ob ta in  

som e general resu lts for th e  form  of th e  induced hazard  ra tio  h ( t |x ) / h 0 ( t ) ,  w here 

h o( t)  =  h ( t |x  =  0) a t  any  tim e t ,  from  w hich som e conclusions can be d raw n . In 

p a rticu la r, these  include th a t  th e  risk coefficient es tim ated  using th e  co v a ria te  x , /?, is 

re la ted  to  th e  coefficient associated  w ith  th e  underly ing covaria te , /?*, by  th e  sam e 

re la tionsh ip , app rox im ate ly , as derived for sim ple linear regression (given by equation  

(4 .2 )) w hen e ith e r th e  event ra te  is low or th e  d is trib u tio n  o f £ conditional on x  is 

“co n cen tra ted ” . However, th e  sensitiv ity  of these resu lts to  d ep a rtu res  from  “low” 

ra te s  or less “co n cen tra ted ” d istribu tions was not exam ined. T his is investigated  in th e  

nex t sub-sections using an  a lte rn a tiv e  approach: th e  expected value o f th e  coefficient /? 

is found by solving th e  usual equations for m axim um  likelihood based , incorrectly , on 

th e  observed covaria te , x and  re la ting  th is  to  th e  risk coefficient, /?*, associa ted  w ith 

th e  underly ing  covaria te , £. In section 4.3.3, th e  situ a tio n  when th e re  is no censorship 

is considered and  then  th e  resu lts a re  ex tended , in section 4.3.4, to  assess also th e  

im p act o f censorship.

4.3.3 R egression d ilu tion in th e  p roportional hazards m odel w ith  no censorship  

S tan d a rd  tex ts  on survival analysis (for exam ple: C ox and  O akes, 1984, ch ap te r 7; 

Kalbfleisch and  P ren tice , 1980, ch ap te r 4) show th a t  th e  m axim um  likelihood estim ate , 

/?, for th e  risk coefficient associated  w ith  th e  covaria te  x in th e  p ro p o rtio n al hazards 

m odel given by (4.1) is th e  solution to  th e  equation :

£  x kexp(/?xk)

£
ieD

keD:
X: —

£  exp(/?xk)
=  0 (4 .3)

keD;
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w here th e  set D (indexed by i) is th e  set o f p a tien ts  w ith  known tim es o f d ea th  ( th a t  

is, uncensored observations), and  th e  set Dj (indexed by k) is th e  set o f p a tien ts  still 

being followed up a t  th e  tim e im m ediately  prio r to  th e  tim e o f d ea th  o f p a tien t i. 

In te re s t here is in finding th e  expected value of ft when th e  covaria te , x, corresponds to  

a  p red ic to r variab le , f , m easured w ith erro r. T o  s tu d y  th is , a  sim ilar s itu a tio n  to  th a t  

described in section 4.3.1 for sim ple linear regression is considered w here, for 

convenience, th e  scale o f m easurem ent is transform ed:

so th a t  7 ~ N ( 0 , 1), and  hence x ~ N ( 7 , T he  variance ra tio , e r^ /o ^ , will be

deno ted  by A.

T h e following analysis is asym pto tic : th e  situ a tio n  considered is w here th e  sam ple size 

is very  large so th a t  th e  es tim ate , /?, arising from  (4.3) equals its  expected value which 

will be denoted  by /?, and th e  sum m ations in (4 .3) can be replaced by ap p ro p ria te  

expecta tions. W ith  no censoring, so th a t  all sub jects are  followed to  d ea th , th is gives

E (x ) -  E x v '  t

E xexp(/?x) 
x |T > t_________

E exp(/?x) 
x |T > t

=  0 . (4.4)

T o  ev a lu a te  th is , no te  first th a t  E (x) =  0 since E ( 7 ) =  0 so th a t  th e  left hand  

expecta tion  d isappears. T o  eva lua te  th e  expecta tions w ith in  th e  b racket requires th e  

p robab ility  density  function  for th e  covaria te , x, conditional upon a  survival tim e
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g re a te r th a n  t .  Using th e  n o ta tio n  f(r) to  deno te th e  density  function  for any  random  

variab le , R , then

f ( x |T > t )  =  f(x, 7 |T > t )  d 7 .
J -oo

Now, if S (t)  is th e  usual survivor function  (giving th e  p robab ility  th a t  a  su b jec t’s 

surv ival tim e is g rea te r th a n  t ) ,  then

f(x , 7 |T > t )  =  S ( t | * , - r )  f (*. 7)

_  S(t. 17 ) f(x , 7 )
S (t)

if th e  assum ption  is m ade th a t  survival is determ ined  only by th e  underly ing  covaria te , 

7 , and  hence th a t  knowledge of x adds no inform ation  ab o u t surv ival when 7  is known. 

T herefore

f(x , 7 |T > t )  =  M J f e h l i f r i ,
S(t1 7 ) f(7 ) d7

J  -O O

f  S ( t | 7 ) f (x |7 ) f ( 7 ) d 7

f ( x |T > t )  =   . (4 .5)
S ( t |7 ) f ( 7 ) d 7

J -00

Using th is density  function , then

(
OO pOO

exp(/?x) S(t1 7 ) f ( x | 7 ) f ( 7 ) d 7  dx

n, exp^px)  =  ----- ps----------------------------------.
X|T“ t S(t1 7 ) f (T) d T

J -OO

C arry ing  o u t th e  in teg ra tion  w ith respect to  x in th e  n u m era to r gives

and  so
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exp(/?7 +  |/?2A) S(t|7) f(7) d7
E exp(/?x) =  - 

x T > t

Sim ilarly ,

E x exp(/?x) =  
x | T > t

(OU
S(t1 7 ) f(7 ) d7

-on

f°°
(7  + PX) ex p ( / ? 7  +  |/ ? 2 A) S ( t | 7 ) f ( 7 ) d 7

J  - O O

f  S (t |7 )  f(7 )
* -00

d7

(4.6)

(4.7)

S u b stitu tin g  (4.6) and (4.7) in to  (4.4) gives

f°°
( y  + pX)  ex p ( ^ 7  +  |/ ? 2 A) S ( t (7 ) f ( 7 ) d 7

J -noE
t

and  so

E
t

f°°
e x p ( p y  + ±p2\ )  S(t17 ) f ( 7 ) d 7

-no

=  0

f ° o

7  e x p ( p y )  S(t1 7 ) f ( 7 ) d 7

J -OO_______________________

[ exp(/? 7 ) S(t17 ) f ( 7 ) d 7

J  - O O

+ p x =  0 . (4.8)

T o  ev a lu a te  th is requires th e  p robab ility  density  function for t .  T his is th e  m arginal 

d ensity  function:

f( t)  = f ( t,  7 ) d 7

foo

f(t17) f(7 ) d 7-
-no

B ut f(t1 7 ) =  S ( t |7 )

w here for th e  log-linear p roportional hazards m odel
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S(t|7) =  exp -e x p ( /? * 7 ) [ h 0 (u ) du 
J n

(4.9)

T herefore

f(117) =  h 0 ( t)  exp(/3*y)  S(t1 7 )

and  hence
f o°

*(*) =  ho(t ) exP(/?*7) S ( t | 7 ) f ( 7 ) d 7 .
J -no

(4 .10)

Using (4 .10), th e  expecta tion  in (4 .8) can be eva lua ted  giving

J Q

00 -00

7 exp(/? 7 ) S(t1 7 ) f ( 7 ) d 7  h 0 ( t)  exp((3*y)  S ( t | 7 ) f( 7 ) d 7

-OO__________________________ J -oo_______________________________
f°°

ex p( f i y)  S(t17 ) f ( 7 ) d 7

J - no

d t -J- /?A — 0.

(4.11)

A n im p o rtan t resu lt can be ob ta ined  by m aking th e  change o f variables:

v =  H 0 ( t)  =  [ h 0 (u) du
J 0

so th a t  d v = h 0 ( t )d t ,  w ith  v =  0  w hen t  =  0  and , if th e  reasonable assum ption  is m ade 

th a t  S ( t ) —>0 as t —»-oo ( th a t  is, everyone dies even tua lly ), v —>-oo as t —*-oo. T hen  w ith  

expansion o f S(t1 7 ) using (4 .9), equation  (4.11) becomes

(OO 

0

(OO fO O

yexp(/3y)exp[-v exp( j3*y) j f (y)dy  exp( f t*y)exp[-v  exp(/?* 7 )]f(7 )d 7

-OO______________________________________________________________________J -00____________________________________________________________________

(00

exp(/? 7 ) exp[-v exp (/3*y)] f (y )  d y
-OO

+  /?A =  0.

dv

(4.12)
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T h u s th e  re la tionsh ip  betw een /? and  /?* does no t depend upon th e  form  of th e  

underly ing hazard  function . T his resu lt requires no assum ptions ab o u t th e  

d is trib u tio n a l form s for 7  and 6 , beyond th e ir m u tu a l independence. In general, th is 

equation  requires a  num erical ra th e r  th a n  an ana ly tica l solution  to  d e term in e  th e  

re la tionship  betw een /?, th e  expected risk coefficient ob ta ined  using th e  observed 

covaria te  values and /?*, th e  risk coefficient re la ted  to  th e  underly ing co v aria te , 7 .

T ak ing  f( 7 ) as th e  norm al density  function w ith m ean zero and  variance one, then  

given /?*, equation  (4.12) can be solved num erically  for (3 for d ifferent values o f A: here 

values betw een 0 and  2.5 in steps of 0.1 are  considered. F igure 4.7 shows th e  

re la tionship  betw een th e  correction facto r /?* /  f3 and  A for a  v a rie ty  o f values o f /?* 

from  0 to  2 (corresponding to  a  wide range o f risk increases from  0 to  639% for a  

s tan d a rd  deviation  change in th e  underlying covaria te  value in th e  p o p u la tio n ). Also 

shown is th e  correction fac to r found for sim ple linear regression: /? * //? =  1 +  A. V ery

clear is th e  dependence o f th e  correction fac to r on th e  underly ing risk coefficient, /?*. 

F o r sm all values o f /?* th e  correction needed is close to  1 +  A for all values o f A. T his 

agrees w ith th e  conclusion o f P ren tice  (1982) th a t  th is is an ap p ro p ria te  fa c to r to  use if 

th e  event ra te  is low. However, as (3* increases th e  correction required  also increases 

m arkedly . Even for values of A and /?* which m ight be m ore re levan t in p rac tice  (say 

(3* up to  1 and A up to  1), th e  correction  fac to r needed to  e s tim ate  th e  underly ing  risk 

coefficient can be su b stan tia lly  m ore th an  1 +  A. F or exam ple, w ith  /?* =  1 an d  A =  l ,  

1 +  A =  2 w hereas th e  required fac to r is 2.644.

A n o th er fea tu re  shown in figure 4.7 is th e  ap p ro x im ate  linear re la tionsh ip  betw een th e  

correction fac to r, /?*//?, and th e  variance ra tio , A. T his is p articu la rly  good for sm aller
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F igure 4.7: Regression d ilu tion: th e  re la tionsh ip  betw een /?* /(3 and  th e  variance
ra tio , A, for th e  p ro p o rtio n a l hazards m odel when th e  co v a ria te  is 
m easured w ith  a  norm ally  d is trib u ted  e r ro r  and  th e re  is no censorship 
(dashed  line is w here /?*//? =  1 -fA)

119



values o f /?* (say , up to  1) having also th e  convenient in te rcep t o f /3* / /? =  1 for A =0. 

T h u s if th e  g rad ien t o f th is re la tionsh ip  can be described in te rm s o f a  simple 

dependence on /?*, if only app rox im ate ly , then  a  usable re la tionsh ip  betw een (3* and /? 

m ight be ob ta ined .

O f course, th e  lack of knowledge ab o u t th e  underly ing risk coefficient, (3*, m akes th e  

d irec t applica tion  o f figure 4.7 difficult. T herefore it is also useful to  consider a  m ore 

d irect form  of th e  relationsh ip  betw een th e  correction  fac to r, /3* /(3 and  /?: th en  given 

/?, th is  would allow som e inference concerning th e  value o f /?*. F igure 4.8 shows th is 

for several different values of th e  variance ra tio , A. N ote th a t  in th e  case o f simple 

linear regression, /?*//? =  ( 1 +  A) and  so th e  correction fac to r is independen t o f (3 and 

would ap p ear as a  ho rizan ta l line on th e  figure w ith  in tercep t (1-fA ). T his figure 

shows very clearly th e  d ep a rtu res  o f th e  correction  fac to r from  (1 +  A) as /? increases; 

th is  is p articu la rly  m arked  th e  larger A is. T h u s, unless (3 is close to  zero, correction  

for regression d ilution using th e  fac to r (1 +  A) would give an  u n d erestim a te  of /?* 

possibly by a  considerable am o u n t.

Recall th a t  /? is th e  expected  value o f /?, th e  risk coefficient ob ta ined  by solving 

equa tion  (4.3) based on th e  observed covaria te  values. In p ractice , (3 will not equal (3 

b u t if th e  sam ple size is sufficiently large then  th e  difference betw een th e  tw o will be 

sm all and  so figure 4.8, to g eth er w ith knowledge o f A, can be used to  give a  guide as to  

th e  likely m agn itude of th e  underly ing risk coefficient, /?*. In sm all sam ples, it would 

be advan tageous to  reduce A by tak in g  several m easurem ents on each individual and to  

find (3 using th e  m ean o f these in stead  o f a  single value as th en  th e  correction fac to r 

necessary is not so sensitive to  th e  d ep a rtu re  o f /? from  j3.
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F igure 4.8: Regression dilu tion: re la tionsh ip  betw een th e  correc tion  fac to r /?*//?
and  th e  expected  risk coefficient re la ting  to  th e  observed covaria te , /?, 
in th e  p roportional hazards m odel w ith  no censorship p resen t and  
norm ally  d is trib u ted  m easurem ent erro rs
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4.3 .4  Regression dilu tion  in th e  p ro p o rtio n a l hazard s m odel w ith  censorship p resen t 

In p ractice , censoring m echanism s are often  difficult to  describe well, so only one sim ple 

form  will be considered explicitly here. T his is w here all subjects a re  followed to  d ea th  

o r som e m axim um  tim e, t 0  say , w hichever is th e  sh o rte r  tim e. T his ty p e  o f m echanism  

m igh t arise in p ractice, for exam ple, in a  clinical tr ia l w here a  fixed length  o f follow-up 

is prescribed for each p a tien t random ized. T he  effect o f th is  censorship in equation  

(4 .4) is to  tru n c a te  th e  d is trib u tio n  o f survival tim es, t ,  used in de term in ing  th e  righ t 

h an d  te rm  and  to  produce a  non-zero expecta tion  for th e  left-hand  term :

E (x). 
x | T < t 0 V

Proceeding  in a  sim ilar m anner as w hen no censorship was p resen t, consider firs t th e  

p ro b ab ility  density  function o f survival tim es th a t  a re  observable. T his is sim ply th e  

density  function (4.10) tru n ca ted  a t  th e  tim e t 0  giving

f( t)  =

* 0 0

h 0 ( t)  exp(/?* 7 ) S(t|-y) f ( 7 ) d 7

J -  on
I oo

[ l - S ( t 0 | 7 ) ] f ( 7 ) d 7

-O O

and  being zero if t > t Q. T h u s, as in ob ta in in g  equation  (4.12),

0 < t < t o ,

E xexp(/?x) 
x | T > t

E exp(/?x) 
x | T > t

- fJ o

(oo . oo

7 exp(/? 7 ) S(t1 7 ) f( 7 )d 7  h 0 ( t)  exp((3*y)  S ( t | 7 ) f ( 7 )d 7

-OO J -00_____________________________________________________________

(oo -OO

exp((3y)  S(t17 ) f (T) d 7  [ l - S ( t 0 | 7 ) ]  f (T) d y
-00 *  -00

d t +  f3 A
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=JJ o

H0(t0) (OO aOO

7exP(/?7)exp[-vexp(/?*7)]f(7)d7 exp(/?*7)exp[-vexp(/?*7)]f(7)d7
-oo_______________________________ J -oo_______________________________
(oo -oo

exp(/? 7 )exp[-vexp(^* 7 )]f(7 )d 7 j  |^ l-exp[-H 0 ( t 0 )exp(/?* 7 ) ] J f ( 7 )d 7

+  /?A. (4 .13)

dv

T o  determ ine th e  expecta tion  o f x conditional upon T < t 0  requires th e  p robab ility  

d ensity  function  o f x given a  survival tim e less th a n  t 0 . Akin to  o b ta in in g  f ( x |T > t )  

given by (4 .5),

f ( x |T < t0) =

(OO

[ l - S ( t 0 | 7 )] f (x |7 ) f ( 7 ) d 7

-oo_________________________
(oo

[ l - S ( t 0 | 7 )] f (7 ) d T
-OO

T h u s,

E (x) 
* |T < t 0

f oo -oo

x [ l - S ( t 0 | 7 )] f (x |7 ) f ( 7 ) dx d 7

-oo J  -oo___________________________________________
fOO

[ l - S ( t 0 l7 ) ] f ( 7 ) d T
J -o o

f°°
7 [ l - S ( t 0 |7 )] f(7 ) d7

* -oo____________________

f oo

[ l - S ( t 0 | 7 ) ]  f ( 7 )  d 7
- no

(OO

7 S ( t 0 | 7 ) f ( 7 ) d 7

-OO________________

f oo

S (t 0 l7) f(y ) d7
-o o

since E ( 7 ) = 0 . (4.14)

Using (4.13) and  (4 .14), equation  (4.4) gives, in th e  presence o f censorship a t  tim e t 0 ,
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[ 7 S ( t 0 |7 ) f(7 ) <*7 +  /?* | 1 -  f  S (t 0 | 7 ) f ( 7 ) d 7

J - 0 0  L “0 ° _

+
H0(‘o)

( oo * 0 0

7 e x p (^ 7 )exp[-vexp(/?* 7 )]f(7 )d 7  exp(/?* 7 )exp[-vexp(/?* 7 )]f(7 )d 7

-  on  J -  rm(OO

exp(/? 7 ) exp[-vexp(/?* 7 )]f(7 )d 7

-  rm

dv

= 0 (4.15)

w here S ( t 0 | 7 ) =  exp [ - H 0 ( t 0 )exp(/?* 7 )].

T his is dependen t on th e  underly ing hazard  function only th ro u g h  H 0 ( tg ) , th e  

cum ulative base hazard  function  eva lua ted  a t  t 0 , or equivalen tly  th ro u g h  S q ^ q ), th e  

base surv ivor function  eva lua ted  a t  tim e t Q. A lthough th e re  is a  one-to-one 

re la tionsh ip  betw een th is  and  th e  p roportion  in th e  popu lation  th a t  would be censored, 

th is depends on th e  d is trib u tio n  o f th e  underly ing covaria te , 7 , in th e  popu lation  as 

well as * and , in general, can only be ob ta ined  by solving th is re la tionsh ip  

num erically .

K eeping 7 ~ N ( 0 , 1 ), figures 4.9 and  4.10 show th e  re la tionsh ip  betw een th e  correction 

facto r /?*//? and  th e  variance ra tio , A, ob ta ined  by solving (4.15) for vary ing  levels of 

censorship when /?* =  0.5 and 1.0, respectively. Also shown on bo th  figures is th e  

dashed line /?*//? =  1-f A. C lear from  these figures is th a t  increasing levels o f censorship 

reduces th e  correction  fac to r needed tow ards 1 +  A tho u g h  th e  m ag n itu d e  o f th is 

reduction  is dependen t upon th e  value o f /3*.

For o th e r form s o f censoring m echanism , both  survival tim es and  th e  values o f th e  

covaria te  x am ongst p a tien ts  observed to  die are  likely to  be m ore varied  th a n  those 

arising from  th e  censoring m echanism  considered here. Hence, th e  im pact o f censorship
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F igure 4.9: Regression d ilu tion in th e  p roportional h azard s  m odel w ith  censorship
present: re lationship  betw een (3*/{3 an d  A w hen /?* = 0 .5  for different 
levels o f censorship (dashed  line is w here (3*/(3 — 1 +  A)
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presen t: re la tionship  betw een /?*//? an d  A w hen /?* =  1.0 for d ifferent 
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is likely to  be less m arked  w ith  th e  re la tionship  betw een th e  correction fac to r, /?*//?, 

an d  th e  variance ra tio , A, closer to  th a t  found w ith  no censorship th a n  th e  linear 

re la tionsh ip  w ith  /?*//? =  l - f  A.

4 .3 .5  Blood pressure and  risk: ad ju stin g  for regression d ilu tion

T his section describes how an ad ju s tm en t to  th e  risk coefficients ob ta ined  in section 

4.2.2 for re la ting  risk o f card iovascu lar m o rta lity  to  observed blood pressure can be 

m ade to  give an  estim ate  o f th e  risk coefficient re la ting  to  underly ing diastolic blood 

pressure. Key to  th is  derivation  is th e  result from  th e  previous ch ap te r th a t  th e  high 

level o f censorship in th is  s tu d y ’s cohort (ju st over 95% in each o f th e  th ree  tow ns) 

im plies th a t  applying a  fac to r o f 1 +  A will give an  es tim a te  th a t  is a lm ost unbiassed 

p articu la rly  as th e  risk coefficient /?* is com paratively  sm all (by  considering th e  

coefficient re la ted  to  th e  m ean o f four m easurem ents it will be o f th e  o rder o f 0.5 for a  

s ta n d a rd  deviation  change in underlying blood pressure level). As m entioned earlier, 

P ren tice  (1982) also suggests th e  use of th is correction fac to r if th e  d istribu tion  of £ 

given x is “co n cen tra ted ” . T his m ight be in te rp re ted  as m eaning th a t  th e  variance 

ra tio , A is sm all. T his can be b e tte r  achieved by applying th e  correction to  th e  risk 

coefficient gained for th e  m ean of four observations as th en  th e  value o f A is reduced by 

a  fa c to r of four com pared w ith  when using th e  risk coefficient is based on a  single 

observation .

T he  difficulty w ith applying th e  ad ju s tm en t to  th e  risk coefficient associated  w ith 

observed blood pressures given a t  th e  end of section 4.2.2 is in defining th e  ra tio , A, 

w hen it is know n th a t  th e  d a ta  is derived from  th ree  d istinc t tow ns and  th a t  th e
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v arian ce  com ponents differ betw een tow ns. T hus th e  approach  adop ted  is to  fit th e  

full m odel w ith in  each tow n and  then  apply  th e  ad ju s tm en t fac to r to  each to w n ’s risk 

coefficient based upon th e  variance com ponents derived for th e  respective tow n in 

c h a p te r  3. T h e  m odel fo rm ulated  for these com ponents re la ted  an  observed blood 

pressure, x, to  th e  underly ing pressure, £, in th e  following m anner:

x ~  N [{, < r jy [l+ c (£ -/i)]2]

£  ~  N ( / i ,  <r2 ) .

T his m odel allows th e  w ith in-person variance to  change w ith  th e  level, £. T his is an 

ad d itio n al com plexity  no t considered in th e  previous section. It im poses a  correlation 

s tru c tu re  betw een £ (and  hence 7 ) and  6 which will have an effect on th e  correction 

fac to r needed. However th is correlation  is very weak and  so, d raw ing on a  parallel in 

sim ple linear regression (D rap er and  Sm ith , 1980, p l2 3 ) , its im pact on th e  correction

fac to r would be sm all. T hus, in ob ta in ing  th e  variance ra tio , A, th e  average w ithin-

• • operson variance will be used for th e  te rm , cry

*6  =  E [ <Tw [ 1  +  c( ^ ~ / i ) ] 2]

=  <tJy[ i  +  c2<72] .

As th e  m odel where th e  observed pressure is in fact th e  m ean of four m easurem ents is 

being used, th is average variance needs to  be divided by four to  give th e  ap p ro p ria te  

value o f <7 ? and  so
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A _  *6 _  a \N[ l + c2<̂2]  
a 2 ~  4<r2  ’

T h e  p a ram e te r estim ates for c, Oyj  and  <r2 (ob ta ined  in ch ap te r 3) a re  p resen ted  again 

in tab le  4.7 for each tow n to g e th er w ith  th e  consequent correction facto rs  1 +  A. Also 

given in tab le  4.7 a re  th e  risk coefficients associated  w ith th e  observed m ean o f four 

d iasto lic  pressures to  which th e  correction facto rs  are  applied to  give th e  risk 

coefficients shown in th e  sam e tab le  for th e  underly ing diasto lic pressure. S tan d ard  

e rro rs  a re  also presented ; th e  ad ju sted  erro rs being ob ta ined  from  th e  m odel estim ates 

w ith  th e  sam e correction , 1 +  A, applied. T his ignores th e  e rro r in es tim atin g  A b u t, 

given th e  large sam ple size, th is will be negligible.

T h e  risk coefficients show qu ite  m arked variab ility  betw een one an o th e r particu la rly  

betw een th a t  for P rag u e  and  those for E dinburgh  and B udapest. A pooled es tim ate , 

/?p, for th e  risk coefficient, /?*, can be ob ta ined  by finding th e  w eighted average o f th e  

ind ividual estim ates w here th e  w eight for th e  ith  es tim ate , Wj, equals th e  inverse of th e  

variance of th e  associated  ad justed  es tim ate  ( th a t  is, th e  square  o f its  ad justed  

s ta n d a rd  erro r):

/3p= —^ -------- w ith  s tan d a rd  erro r

£ " i  
i = l

w here /?* denotes th e  ad justed  risk coefficient for th e  ith  tow n. T his gives an  es tim ate  

o f 0.0672 w ith  s tan d a rd  erro r 0.0069. T hus th e  pooled estim ate  ind icates an increase in 

risk o f 6.95% for a  un it increase in underly ing diasto lic p ressure (95% confidence 

in terva l: 5.51% to  8.41% ). An ap p ro x im ate  te s t o f hom ogeneity  can be fram ed , as in

£ w i
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E dinburgh  B udapest P rague

O bserved m ean of 
four d iasto lic  pressures

Risk coefficient 
S tan d a rd  erro r

0 . 0 5 0 9
0 . 0 0 9 1

0 . 0 3 8 1
0.0100

0 . 0 6 7 3  
0 . 0 0 9 0

V ariance com ponents

W
c (x lO 3 ) 
C orrection  factor*

6 0 . 4 4  
4 5 . 2 4  
1 0 . 4 3  

1 . 1 8 8 4

4 6 . 5 8  
5 5 . 0 0  
1 2 . 6 7  

1 . 2 9 7 4

3 6 . 6 6  
5 3 . 5 9  
1 3 . 8 8  

1 . 3 6 8 0

U nderlying m ean 
diastolic pressure

Risk coefficient 
S tan d a rd  erro r

0 . 0 6 0 5
0 . 0 1 0 8

0 . 0 4 9 4
0 . 0 1 2 9

0 . 0 9 2 1
0 . 0 1 2 3

* C orrection  fac to r =  1  4 - -------
40-

T able 4.7: D erivation  o f coefficients for associating underly ing diastolic
blood pressure w ith  risk of dying from  card iovascular causes by 
tow n.

overview s, to  assess th e  evidence for heterogeneity  in th e  risk coefficients betw een 

tow ns (D erS im onian and L aird , 1986). T h e  te s t s ta tis tic  is

E  H P t - f t ? -

Under th e  null hypothesis o f hom ogeneity  of coefficients betw een tow ns, th is  is
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d is tr ib u te d  as chi-square on tw o degrees o f freedom . E valua ting  th e  s ta tis tic ’s value 

gives 6.37 (0 .0 2 5 < P < 0 .0 5 ) . T h u s th e re  is som e evidence o f heterogeneity  in underlying 

risk coefficients betw een tow ns.

M acM ahon e t al (1990) have also studied  th e  problem  of regression dilu tion  to  o b ta in  

an  e s tim a te  o f th e  re la tionship  betw een underly ing diasto lic pressure and  risk o f 

card iovascu lar events. T heir correction fac to r w as o b ta ined  graphically  using repeated  

blood p ressure m easurem ents m ade in th e  F ram ingham  S tudy . E ssentially , they  

grouped  subjects in to  five diastolic pressure bands on th e  basis o f pressure 

m easu rem en ts a t  one, “baseline” , v isit. By re la ting  th e  m ean diasto lic pressure w ithin 

each g roup found a t  a  visit four years a fte r baseline, to  th e  g roup  m eans a t  baseline, 

th ey  found th a t  th e  difference betw een th e  m eans o f th e  low est and  highest groups was 

reduced by ab o u t 60% betw een baseline and th e  la te r  visit. T his is th e  effect of 

regression to  th e  m ean and  consequently  they  increase th e  risk coefficients based on 

observed diastolic m easurem ents by 60% to  correct for regression d ilu tion.

T his is low er th a n  th e  correction facto rs for ad ju stin g  risk coefficients re la ting  to  a  

single diasto lic m easurem ent ob ta ined  in th is  study : increases o f 75%, 119% and  147% 

for E d inburgh , B udapest and P rague , respectively. N otab ly , th e ir correction fac to r is 

closest to  th a t  o f E dinburgh  where a  sim ilar policy o f rounding  to  th e  even digit was 

p rac tised  as in th e  F ram ingham  S tudy . How ever, it does illu s tra te  th e  possibility , as 

th ey  recognize, th a t  a  larger correction  fac to r m ay be necessary th a n  they  used. It also 

shows th e  posssibility for erro r if a  fac to r o b ta ined  from  one s tu d y ’s repeat 

m easurem ents is applied to  th e  estim ated  risk coefficient from  an o th e r s tu d y  carried 

o u t in a  population  w here th e  w ithin- and  betw een-person variance com ponents are
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differen t to  those  in th e  first s tudy .

B ecause th e ir s tu d y  does no t have correction facto rs  from  each s tu d y , th ey  are  unable 

to  in v estig a te  th e  possibility o f heterogeneity  betw een studies in th e  risk re la tionsh ip  

w ith  underly ing  diasto lic pressure level. T h u s th e re  is no evidence to  confirm  or refu te 

th e  possible heterogeneity  found betw een th e  th ree  tow ns in th is  s tu d y . T h u s  direct 

com parison  can only be m ade betw een th e ir e s tim ate  o f th e  m ag n itu d e  o f the  

re la tionsh ip  and  th e  pooled estim ate  ob ta ined  here: th e  reduction  in risk associated

w ith  a  reduction  in underly ing pressure of 7 .5m m H g (as th ey  used) from  th e ir overview  

w as 46% for stroke and  29% for coronary  h ea rt disease com pared  w ith  40% for 

ca rd iovascu lar m o rta lity  in th is  s tu d y  (36% , 31% and 50% for E d inburgh , B udapest 

and  P rag u e , respectively). T hus th e ir es tim ate  for coronary  h ea rt disease and  stroke 

com bined (ab o u t 30% or so) would be lower th a n  th e  pooled es tim a te  o b ta in ed  here 

tho u g h  th is m ight ju s t  reflect th e ir use o f a  lower correction fac to r ra th e r  th a n  real 

differences in risk relationships.

4.4 S um m ary  o f m ain resu lts w ith  discussion

T he resu lts o f th is ch ap te r can be divided in to  tw o types. T h e  first a re  th o se  w ith 

p rac tica l im plications for assessing th e  com ponents of risk o f card iovascu lar m o rta lity  

associated  w ith different charac teristics  o f blood pressure variab ility  over tim e. T he 

second are those concerning m ethodological aspects o f regression d ilu tion  in 

p ro p o rtio n a l hazards m odels, th a t  is th e  effect on risk assessm ent o f a  co v aria te  th a t  is 

m easured  w ith  error.
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C onsider first risk pred ic tion . A sequence o f four m easurem ents tak en  a t 

app rox im ate ly  annual in terva ls  was used to  assess th e  value o f repeated  m easurem ents. 

T h e  p rim ary  resu lt found was th a t  m ean pressure level is th e  dom inan t d e te rm in a n t of 

risk and  th a t  o th e r charac te ris tic s  such as tren d  and residual variab ility  (ab o u t th e  

tren d ) ca rry  little , if any , predictive value a fte r allowing for m ean level. T h e  resu lt for 

residual variab ility  is no t surprising  given th a t  hom ogeneity  of w ith in-person  variance 

across individuals was estab lished , a fte r allowing for level, for diasto lic p ressure in 

ch ap te r 3, and  so differences betw een individuals in th is p a ram ete r can be a ttr ib u te d  to  

sam pling v aria tio n . T rends during  th e  th ree -year period have been estab lished  to  be 

sm all so th a t  th is  s tu d y  lacks power to  d em o n stra te  any  predictive ab ility  th a t  m ight 

ex ist, unless risk changes d ram atica lly  w ith changes in tren d . T herefore it w as no t 

surprising  th a t  tren d s were no t found to  be im p o rtan t. T his su p p o rts  th e  finding of 

H ofm an e t al (1983) w ho stud ied  th e  predictive pow er o f longer-term  tren d s  using d a ta  

from  th e  F ram ingham  S tudy .

W hen considering diastolic pressure level as a  p red ic to r o f risk, it is im p o rtan t to  

d istinguish  betw een m odels developed for pred ic ting  risk in a  new individual on th e  

basis o f th e ir observed blood pressure and m odels aim ed a t  u n d erstan d in g  th e  aetiology 

of th e  disease. F or th e  firs t, risk coefficients re la ting  to  th e  m ean of a  given num b er of 

observed blood pressure m easurem ents are required . F o r th e  second, it is m ore useful 

to  consider th e  risk coefficient re la ted  to  underlying pressure as th is enables d irect 

com parison w ith  o th e r populations and  o th e r risk facto rs. T ab le  4.8 sum m arizes th e  

changes in risk derived in th is s tu d y  for un it changes in m ean of betw een one and  four 

diastolic pressure m easurem ents and  also for th e  underly ing level (equivalen t to  th e  

m ean o f an infinite num ber o f m easurem ents). C lear from  th is  tab le  is th e  im portance
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No. o f m easu rem en ts on 
which m ean diastolic 
pressure based__________

Increase in risk for 95% confidence in te rva l
un it change in m ean for increase in risk

1 3 .4 0 %  2 . 5 7 % ,  4 .2 5 %
2  4 .4 6 %  3 . 4 9 % ,  5 .4 4 %
3  4 .9 7 %  3 . 9 2 % ,  6 .0 3 %
4  5 .3 6 %  4 . 2 6 % ,  6 .4 8 %
oo ( =  underly ing  level*) 6 .9 5 %  5 . 5 1 % ,  8 .4 1 %

* based on pooled es tim a te  o f effects ad ju sted  for regression d ilu tion 
w ith in  each o f th e  th ree  tow ns studied

T ab le  4.8: E stim a ted  risk g rad ien ts  associated  w ith th e  m eans o f different
num bers o f diasto lic blood pressure m easurem ents

of apply ing  th e  ap p ro p ria te  risk g rad ien t, based on th e  num ber o f m easurem ents tak en , 

to  give predictions. However, it is equally  im p o rtan t to  u n d ers tan d  w hy th e  

coefficients change: increasing th e  num ber of m easurem ents increases th e  precision

w ith w hich each ind iv idual’s level is assessed so th a t  th e  d istrib u tio n  o f observed m eans 

in th e  popu lation  becomes less variab le. T his is th e  “regression to  m ean” phenom enon 

and is th e  reason w hy “regression d ilu tion” is such an ap p ro p ria te  te rm  for th e  effect. 

An im p o rtan t consequence of th is is th a t  th e  risk coefficients th a t  a re  ob ta in ed  in any 

s tu d y  for observed m ean pressures depend on th e  re la tive sizes o f th e  w ithin- and 

betw een-person variances for diasto lic pressure and so are no t readily  applicable to  

o th er popu lations unless th e  variance com ponents are th e  sam e in each population . 

T his la t te r  requirem ent is unlikely to  be fulfilled if only because population  

d istribu tions o f pressure are  p a rtly  determ ined  by age profiles which can vary  

considerably betw een populations. T his is w hy th e  de term in a tio n  o f th e  risk g rad ien t 

w ith underly ing  level is so im p o rtan t as it does no t depend on these  popu lation  tra its .
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T his requires th e  ad ju s tm en t for th e  effect o f regression d ilution o f th e  risk coefficients 

re la tin g  to  observed pressures.

T h e  problem  of regression d ilu tion in th e  log-linear p roportional hazards m odel was 

exam ined by re la ting  th e  risk coefficient, /?*, associated  w ith  th e  underly ing  covariate , 

£, to  th e  expected value, /?, o f th e  risk coefficient, /?, which is th e  solu tion  to  th e  

m axim um  likelihood equations w ith  th e  covaria te  x (w hich is equal to  £ m easured w ith 

e rro r) replacing £. W ith  a  p roportional hazards m odel assum ed for £, th e  p roportional 

h azards m odel does no t apply  for x. Even so, /?* was found to  be re la ted  to  /3 in a  w ay 

w hich does no t depend upon th e  base hazard  function . However it does depend upon 

th e  value o f (3* and on th e  proportion  of observations th a t  a re  censored.

W hen th e  m easurem ent e rro r follows a  norm al d is trib u tio n  w ith  zero m ean , figure 4.7 

shows th e  re la tionship  betw een /?*//? and A, th e  ra tio  o f th e  w ith in- to  betw een-subject 

v ariance com ponen ts, for th e  case when th ere  are  no censored observations. An 

im p o rtan t resu lt here is th a t  /?* //?—► 1 +  A as |/?* |—*-0, which is sim ilar to  th e  

re la tionsh ip  found for th e  erro rs in variab le  problem  in sim ple linear regression w here 

(3*/(3 =  1 +  A for all values o f (3*. T hus applying th e  correction (1 +  A) to  th e  risk 

coefficient ob ta ined  using th e  observed covariate  values, x, will give a  low er bound for 

th e  es tim a te  o f (3*. T his will be a  good approx im ation  to  an unbiassed es tim ate  in 

m any p rac tica l applica tions w here th e  risk g rad ien t is relatively  sm all.

For larger values of (3*, th e  dependence o f th e  ra tio  /?*//? on A is app rox im ate ly  linear 

except for very sm all values of A. F u rth e r  w ork would be useful to  determ ine w hether 

a  sim ple analy tica l form  for th is re la tionship  can be found. W ith o u t th is , figure 4.8 can
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be used to  give a  guide for re la ting  a  risk coefficient, /?, estim ated  using observed 

pressures to  th e  underly ing risk g rad ien t, /?*. How ever, th is  figure d em o n stra te s  th e  

sensitiv ity  o f th e  value o f /3* found to  th e  precision to  which th e  risk coefficient for 

observed pressure is determ ined . Hence its value will particu la rly  lie in those  s itua tions 

w here large sam ple sizes are  available.

O ne specific ty p e  o f censoring w as considered: w hen all sub jects are  observed to  some 

m axim al tim e unless d ea th  occurs before th is . In th is  se ttin g , th e  ex ten t o f  the  

a d ju s tm en t needed depends on th e  p roportion  o f th e  popu lation  w ho are censored. No 

sim ple resu lt follows d irectly  from  th is  because th is  p roportion  also depends upon th e  

underly ing risk g rad ien t, /?*. H owever, one im p o rtan t resu lt found is, aga in , th a t  th e  

ra tio  (3*/(3—►l +  A if th e re  is a  high level o f censorship. T his would apply  for m any 

population  stud ies of chronic diseases w here only a  sm all p roportion  o f subjects 

followed-up are observed to  d ea th . T his agrees w ith  a  conclusion o f P ren tice  (1982) 

th a t  when th e  p robab ility  of survival during  th e  follow-up period is close to  u n ity , a  

p roportional hazards m odel for th e  covaria te  x is a  good app ro x im atio n , and  th a t  then  

th e  ra tio  o f th e  risk g rad ien ts  associated  w ith  £ and  x is app rox im ate ly  1 +  A. This 

lim it also im poses a  lower bound on th e  value o f (3* which can be used in conjunction 

w ith an upper bound ob ta ined  from  e ith er figure 4.7 o r 4.8. A gain , fu r th e r  w ork is 

suggested to  see w he ther an ana ly tica l app rox im ation  th a t  describes th e  re la tionship  

betw een /?*//? and  A w ith th e  level o f censorship th ro u g h  its dependence on /?* can be 

found.

Some fu rth e r com m ent is also useful on th e  issue o f com paring risk g rad ien ts  found in 

different populations. As has been seen, th e  m agn itude of risk coefficients re la ting  to
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observed blood pressures depends bo th  on th e  underly ing risk g rad ien t, /?*, and  also on 

th e  value o f th e  variance ra tio , A. T h u s w ith  covariates m easured w ith  erro r, 

differences in th e  associated  risk coefficients betw een studies m ight be a ttr ib u ta b le  

e ith er to  differences in th e  underly ing risk g rad ien ts  o r to  differences in th e  confounding 

p a ram e te r, A, o r to  bo th . T h u s, in conducting  an  overview  o f stud ies, th e  ideal would 

be to  o b ta in  es tim ates  o f (3* which reflect ad ju s tm en t for regression d ilu tion . T his 

requires inform ation  ab o u t A (and  hence also, im plicitly , ab o u t th e  num ber of 

m easurem ents on which an  observed m ean pressure is based). T hen  an  analysis of 

these can  be carried  o u t to  assess th e  evidence for heterogeneity  and , if ap p ro p ria te , 

pooled estim ates  ob ta ined . If th e  required in form ation  is available, th is  would be 

re latively  s tra ig h tfo rw ard  in a  sim ple linear regression co n tex t. H ow ever, th e  

dependence, in survival m odels, of th e  ad ju s tm en t on th e  unknow n m agn itude  o f (3* 

m akes th is  difficult unless th e  studies are  all large or th e  level of censorship in each is 

high.

If these conditions are  no t satisfied, th en  some consideration  of heterogeneity  m ight be 

possible if it can be established th a t  th e  values o f A are  sim ilar across stud ies. T hen  

evidence for heterogeneity  in th e  risk coefficients re la ted  to  observed blood pressures 

can be assessed and  a  pooled es tim ate  ob ta ined  for w hich, because it will be based on a  

larger sam ple size, th e  ap p ro p ria te  facto r for ad ju stin g  for regression d ilu tion  m ight be 

determ ined . O f course, th is d em o n stra tes  th e  im p o rtan ce  o f ob ta in in g  inform ation  

abou t th e  w ithin- and betw een-subject variance com ponents in an y  s tu d y  or, 

a lte rn a tiv e ly , rem oving th e  need for m arked corrections to  risk coefficients by 

determ in ing  precisely each ind iv idual’s underly ing p ressure level th ro u g h  repeated  

m easurem ents o f blood pressure on several occasions.
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5. Screening blood pressure

5.1 In tro d u c tio n

O n w h a t basis should a  docto r decide th a t  in terven tion  is desirable to  try  to  low er an 

in d iv id u a l’s blood pressure? W hilst th is is u ltim ate ly  a  question requiring a  clinical 

decision, th e re  is an im p o rtan t role for s ta tis tica l m ethodology in fo rm ula ting  aids for 

th e  decision-m aking process. In p articu la r, th is  con trib u tio n  needs to  assess w hat 

evidence th e re  is th a t  an ind iv idual’s underly ing m ean blood pressure is unduly  

e lev a ted , and  to  w ha t ex ten t, given a  sequence of blood pressure m easurem ents. M ore 

generally , th e  problem  concerns th e  use, for screening, o f repeated  m easures tak en  on a  

con tinuous variab le  th a t  varies ab o u t som e unknow n level and  where risk of disease 

varies, also continuously , w ith  th a t  level. T hus th e  classical d iagnostic  te s ts  associating  

a  positive o r negative resu lt, from  a  single te s t ,  w ith  a  b inary  disease s ta te  a re  n o t o f a  

clear d irect use. W hilst th is ch ap te r focuses on screening blood pressure because o f its 

associa tion  w ith  risk o f card iovascular disease, th e  concepts p u t fo rw ard  are 

generalizable to  o th e r s itua tions w ith continuous risk facto rs m easured  “w ith  e rro r” .

T h ere  is certain ly  an aw areness am ongst som e doctors o f th e  problem  th a t  th e  

v ariab ility  of blood pressure causes in reaching a  decision ab o u t th e  need for 

in te rv en tio n . T his has been form alized by th e  publication  o f guidelines for tre a tin g  

m ild hypertension  by th e  W orld H ealth  O rgan ization  (P a r tic ip a n ts  o f th e  

W .H .O ./I.S .H . m eeting , 1986). F o rm u la ted  by an  expert com m ittee  on th e  basis of a  

review of th e  scientific evidence, these  guidelines (show n, d iag ram atically  in figure 5.1) 

illu s tra te  th e  fram ew ork for a  screening program m e. On th e  basis o f th e  accum ulated  

in fo rm ation  from  a  set o f repeat blood pressure m easurem ents (generally  th e ir  m ean), a
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no

yes
yes

no
yes

no
yes

no

Stop
screening

Commence drug 
treatment

Consider drug 
treatment

Consider drug 
treatment

Diastolic BP measured twice on 2 
different occasions: mean>»90mmHg?

Continue behavioural intervention. 
Blood pressure measurement 
every 6 months.__________________

Repeat measurements on at least two 
further days over a period of 4 weeks: 
mean>« IQOmmHg?________________________

Behavioural intervention; 
no drug treatment.
Further observation over 3 months: 
mean>«95mmHg?

Behavioural intervention; 
no drug treatment.
Further observation over 3 months: 
mean>-95mmHg?

Figure 5.1: A pproach  to  screening for elevated  diastolic blood p ressure (phase  V) 
suggested by th e  W orld  H ealth  O rgan ization  guidelines 
(from : P a rtic ip an ts  o f W .H .O ./I.S .H . m eeting , 1986)



decision is m ade e ith er to  consider pharm acological in terven tion  o r to  continue 

screening (w hilst encouraging behavioural change such as stopping  sm oking, and 

a lte rin g  diet to  lower blood pressure, to  lower serum  cholesterol and  to  contro l 

d iab e te s), or to  stop  screening. N ote, th o u g h , th a t  these guidelines only allow th is  last

o p tio n  a fte r th e  first tw o m easurem ents have been tak en  and  no t la te r . In c o n tra s t,

th e  B ritish  H ypertension  Society w orking p a r ty  on th e  tre a tm e n t o f mild hypertension  

(1989) only specify a  m ean diastolic blood pressure in excess o f lOOmmHg over th re e  to  

four m o n th s as an  indication for d ru g  tre a tm e n t b u t do no t specify how m any 

m easu rem en ts should be taken . T his fails to  reflect fully th e  fact th a t ,  for exam ple , for 

an y  ind iv idual a  m ean o f tw o m easurem ents is m ore likely to  exceed th is level th a n  a  

m ean o f four because o f th e  reduced variance of th e  sam ple m ean o b ta in ed  by 

increasing  th e  num ber of m easurem ents on which it is based.

T h e  screening p rogram m e stud ied  in th is  ch ap te r is a  generalization  o f th a t  proposed  in 

th e  W orld  H ealth  O rganization  guidelines. E ssentially , a fte r th e  ith  m easu rem en t, a 

decision is m ade as follows:

(i) if Xj >  U j ,  then  consider in terven tion

(ii) if Xj <  L j ,  then  stop  screening

(iii) else if Lj  <  Xj <  U j ,  then  con tinue screening to  visit ( i+ 1 ) ,

w here Xj is th e  m ean of m easurem ents tak en  up to  and  including th e  ith  v isit. Here th e  

L and  U are critical values to  be determ ined , for which th e  m ethods for doing so form  

th e  basis of th is chap te r. Tw o approaches are  p u t forw ard . T h e  first em phasizes th e  

assessm ent o f evidence for blood p ressure raised above som e defined level such as th a t
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level a t  which in terven tion  is justifiab le  (section 5.3): th is develops previous w ork in 

th is  field. Section 5.4 ex tends th is  to  consider th e  evidence for a  raised risk in th e  

indiv idual p a tien t. In p a rticu la r th is  section develops quan tifica tion  o f th e  ex ten t of 

risk elevation  as th e  focus of screening. It th en  considers th e  role o f o th e r risk facto rs 

in screening for risk of card iovascular disease which requires assessm ent o f ab so lu te  risk 

and  no t ju s t  re la tive  risk.

T h e  second approach  takes a  public hea lth  perspective w ith  an  em phasis on identify ing 

th a t  section o f th e  popu la tion , o f a  defined size, for in terven tion  w ith  th e  g rea test 

expected event ra te  subject to  co n stra in ts  such as those  im posed by in te rv en tio n  and 

screening costs (section 5.5). F irs t, th o u g h , in th e  next section we briefly review th e  

previous s ta tis tica l w ork on screening blood pressures.

5.2 Review of s ta tis tica l developm ents for screening blood p ressure

R osner (1977) explored th e  parallel betw een classical d iagnostic te s ts  and  hypothesis 

te s tin g  to  g enerate  a  screening rule for blood pressure based no t on th e  existence of 

disease, per se, b u t on th e  availab ility  of a  tre a tm e n t for use in individuals w ith  raised 

underly ing levels. T his th en  form s th e  d ichotom y used in these  te s ts  and  so reduces 

th e  problem  to  one o f re la ting  th e  inform ation  from  th e  rep ea t m easu rem en ts to  th e  

underly ing level, £. He fo rm ulated  a  rule to  te s t th e  a lte rn a tiv e  hypothesis th a t  £ > £ 7 - 

aga inst th e  null hypothesis th a t  £<£-y- w here is som e th resho ld  for th e  underly ing 

m ean blood pressure level, above w hich tre a tm e n t for high blood pressure is ind icated . 

T h e  problem  of choosing £-y- is considered in th e  discussion. By deriv ing a  t-s ta tis tic , 

R osner suggests labelling an individual as “hypertensive” if, a fte r a  pre-defined num ber
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of blood p ressure m easurem ents, th e  null hypothesis can be rejected a t  som e chosen 

level; o therw ise he is labelled “norm otensive” . T h e  choice o f th e  n um ber of 

m easurem ents is determ ined  by th e  ra te  of ty p e  II error: th a t  is, being labelled 

norm otensive w hen tru ly  hypertensive . O f necessity , tw o  visits are  required  to  o b ta in  

an es tim a te  o f w ith in-person variab ility  and  R osner suggests four visits so as to  reduce 

th e  ty p e  II e rro r ra te  sufficiently; indeed Liu e t al (1978) suggest, in a  le tte r  

com m enting  on R osner’s app roach , th a t  a  larger num ber th a n  th is  is necessary to  give 

ad eq u ate  pow er. If all individuals have such a  num ber o f m easurem ents th en  th is  is a  

considerable p ractica l co n s tra in t bo th  in te rm s o f screening w orkload and  m ain ta in ing  

th e  cooperation  o f th e  screenees. T h u s, th e  dependence of th is  frequen tist app roach  on 

inform ation  from  screening th e  individual concerned, alone, and  on an erro r ra te  for the  

ind iv idual’s underly ing m ean level being equal to  f y  m ight explain why th is  approach  

has no t been pursued fu rth e r.

T here  is an  overlap  in m ethodology betw een screening th e  individual for po ten tially  

high blood pressure and  screening th e  individual for en try  in to  a  clinical tr ia l of 

hypertensive tre a tm e n ts . F or th e  la tte r ,  th e  aim  is to  identify  individuals w ith 

underlying m ean blood pressures w ith in  a  certain  range. G oldm an (1976) considered 

th e  la t te r  problem  and  fo rm ulated  a  rule w hereby an  individual was en tered  in to  a  tria l 

if a t each visit i, th e  observed blood pressure (n o t th e  m ean o f th e  accum ulated  

observations) w as betw een lim its Lj and Uj (which m ay v ary  betw een v isits). Using 

this definition, th e  p robab ility  o f an  individual, w ith  given underly ing m ean blood 

pressure and  w ith in-person variab ility , en tering  th e  tr ia l could be derived. A lso, if 

population  d istribu tions for th e  underly ing m eans and  variab ilities can be defined, then  

th e  d istrib u tio n  of underlying m eans for those en tered  in to  th e  tr ia l could be derived
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(using Bayes theo rem ) as well as th e  screening costs per tr ia l e n tra n t o f different 

screening policies (i.e. d ifferent choices o f Lj  and U j ) .  T w o difficulties arise from  th is 

work: firs t, th e  popu lation  d istrib u tio n s used were em pirical d is trib u tio n s o f observed 

blood pressures w ith o u t a tte m p tin g  to  re la te  th is  to  th e  underly ing  p a ram eters  and  so 

inco rporated  a  com ponent of variance reflecting sam pling varia tion ; second, th e  only 

in fo rm ation  used a t  any  visit is th e  observed blood pressure a t  th a t  visit ra th e r  th an  

som e sum m ary  of th a t  and  previous pressures m easured.

T hese lim ita tions have been considered by R osner and  Polk (1983) in th e ir 

developm ent of th e  “pred ic tive value screening ru le” . Using norm al m odels to  describe 

th e  w ith in-person variab ility  ab o u t th e  ind iv idual’s underly ing m ean and  th e  

d istribu tion  o f underly ing levels in th e  popu lation , th ey  ob ta in ed  es tim ates  for th e  

p aram eters  o f th e  underly ing d istribu tions for various a g e /se x /ra c e  groups, using d a ta  

from  bo th  a  com m unity  blood pressure stu d y  and  th e  H ypertension D etection  and 

Follow-up P ro g ram . T heir pred ic tive value for an  individual is th en  th e  p robab ility  

th a t  £>£-p conditional upon th e  m ean of th e  blood pressures so fa r observed in th e  

screening process for th a t  individual. Essentially  th e  sam e approach  w as used by 

W ilson and  Hebei (1988) in th e ir developm ent th a t  uses in fo rm ation  from  both  

diastolic and  systolic blood pressures to  m ake inferences ab o u t an  ind iv idual’s 

underlying diasto lic pressure level.

In th e  next section, th e  resu lts o f ch ap te r 3 are  used to  derive a  screening m odel for 

individual assessm ent sim ilar to  th a t  p u t forw ard  by R osner and Polk. T he  effect of 

allowing for increasing w ith in-person variab ility  w ith  level is considered for th is m odel 

and th e  consequences for prediction of differing p a ram ete r values betw een tow ns
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assessed. Follow ing th is , th e  m odel is ex tended  so th a t  th e  association betw een risk of 

d ea th  from  card iovascu lar disease and elevated  blood pressure co n trib u tes to  th e  

screening process (section 5.4).

5.3 Screening th e  ind ividual for tre a tm e n t

5.3.1 T h e  general m odel

T he  re la tionsh ip  betw een a  sequence o f observed blood pressures, X , and  an 

ind iv idual’s underly ing  m ean level, £, in a  popu la tion  can be described as

x  ~  f  (x |£ , 0)

t ,  £ ~  g (*, 0)

where 0 is a  vec to r of o th er p a ram ete rs  th a t  are  no t associated  w ith  risk which m ay 

vary  betw een individuals (for exam ple, w ith in-person variab ility ). T his assum es th a t  

th e  level £ is th e  im p o rtan t fac to r to  contro l because of its  association w ith  risk b u t th e  

concepts are  ex tendab le if o th e r fac to rs are  also re levan t. In screening th e  individual, 

inference can then  be based upon th e  ind iv idual’s underly ing level, £, given one o r m ore 

observed blood pressures, x. T his is achieved em ploying Bayes T heorem  to  give

h (£ |x ) =  k j  f(x |£ , 0) g ( ( ,  0) d0

where k is a  norm alization  co n stan t. T he difficulty, a lready  m entioned , is how to  tu rn  

this conditional d istrib u tio n  of belief ab o u t £ in to  a  rule to  guide decision-m aking as 

w hether to  in tervene to  lower blood pressure or no t.
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Follow ing R osner and  Polk (1983), assum e th a t  th e re  is a  level o f underly ing blood 

p ressure, £-p, above w hich in terven tion  is ind icated . T h e  p robab ility  th a t  £ > £ 7 - given 

th e  observed blood pressures is then

p(£>£Tte) = |  hUI*) d£

=  k [  f  f(x |£ , 0) g U , 0) d N (  .

i

T he decision to  in tervene is then  tak en  if p(£>£-y-|x) >  py for som e value py .

In p ractice , it is highly desirable for any screening rule to  be applied sequentia lly  so 

th a t  in te rven tion  begins as soon as th e re  is good evidence o f a  sufficiently elevated 

underly ing level. Conversely, it is difficult to  ju s tify  repeated  screening if th is  blood 

pressure level is adequately  low, both  on cost g rounds and  in th e  in te re st o f cooperation  

from  th e  individual being screened. T o  achieve th is , th e  following screening rule can be 

defined a fte r i screening visits have been com pleted:

(i) if p (£ > £ c l 2Ej) >  Pu then  consider in terven tion

(ii) if p (£ > fc l£ j)  <  P|_ th en  stop  screening

(iii) else if p L <  p (£ > £ c l 2^ )  <  Pu th en  continue screening to  visit ( i + 1 ).

where Xj denotes th e  vec to r o f m easurem ents up to  visit i. T h ere  is no necessity  for p L 

and py to  be co n stan t from  visit to  v isit, though  such a  co n stra in t does im ply th a t  th e  

sam e level of evidence is required a t an y  visit before a  decision is reached. In co n tra s t, 

though , it m ight be reasonable for p L and py to  vary  from  individual to  individual if
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different individuals have different perceptions of th e  balance of benefits to  disbenefits 

o f t re a tm e n t o r if th e re  a re  o th e r aspects o f th e ir clinical s ta te  th a t  m ight influence th e  

decision to  in tervene. In p articu la r, th e  age of th e  p a tien t m ight be an im p o rtan t 

d e te rm in an t o f p L and  py: given th e  p o ten tia l for side-effects o f pharm acological

t re a tm e n t, a  g rea te r degree of c e rta in ty  m ight be required  for raised blood pressure 

before a  younger subject is recom m ended for tre a tm e n t in com parison w ith  an  older 

sub ject. In c o n tra s t, if a  popu lation  perspective is tak en  for screening, th en  it m ay be 

desirable to  use h igher values o f py and  lower values o f p L a t  earlier v isits to  reduce 

th e  ex ten t o f m isclassification th a t  m ight be expected a t  th e  earlier visits w hen less 

in fo rm ation  is available. T his issue is re tu rn ed  to  in section 5.5.

5.3.2 T h e  norm al m odel for screening th e  individual for tre a tm e n t

T o  p u t th e  general m odel in to  practice, d is trib u tio n al form s for f  and  g m ust be 

assum ed. R osner and Polk (1983) used a  sim ple m odel w ith  norm al d is trib u tio n s  for 

bo th:

x ~  N (£, a i )  

f  ~  N(/z, a 2) (5 .1)

w here /i, a 2 and  a 2 were assum ed co n stan t w ith in  given ag e /se x /ra c e  groups. In th is 

case, a  s tan d a rd  application  of Bayes T heorem  afte r i visits gives:

N

1

_i*i , A*~ 
2 2 ~_L + _L 2 2

I__ J_ + _L~ 2 2
-1

_<rx a _ _<7X (T\ _(TX a _
(5 .2)
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w here x- is th e  m ean of th e  blood pressures observed from  visits 1 to  i. T hus

p ( £ > £ T |x i ) =  1 -  $ 1
<NNH

+ _i*i , /  
2 2

"J_ +  _L~ 
2 2

-1 /2

L°X V J _<tx a  _ _<rx <7 _
(5.3)

w here $  is th e  s tan d a rd  norm al cum ulative d istrib u tio n  function .

However, in ch ap te r 3, th e  following d is trib u tio n al form  for diasto lic pressure was 

found to  fit th e  d a ta  well:

x ~  N [e , o-Jv[ l + c ( ^ - / i ) ] 2]  

£ ~  N (/i, a 2 ) (5.4)

T his in troduces in to  a 2 a  dependence on £ and  produces a  problem  w hich requires a 

num erical solution:

f°°
P (£ > £ -H * i)=  ^(i/27r)<T’1< 7 ^ [ H -c ( ^ - / / ) ]  *exp K * i - 0 2 , U - aO'

(r§y[l +  c ( £ - / i ) J
+ i t

(5.5)

T his is th e  m odel th a t  we pursue fu rth e r com paring it w ith  th e  m odel ignoring th e  

dependence of <rx on £ given by (5 .1). F irs t, how ever, it is w orth  no ting  tw o o th er 

com plexities th a t  m ight also be in troduced  as p aram ete rs  in £. F irs t, th e  tim e in terva l 

betw een screening visits needs to  be sufficiently long so th a t  serial co rrelation  betw een 

m easurem ents w ithin an  individual is not a  problem : for blood pressure, W ilson e t al 

(1981) show th a t  for m easurem ents seven or m ore days a p a r t ,  th e  first-o rder
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au to co rre la tio n  is negligible. Sim ilarly, screening visits should no t be too  widely spaced 

as th en  long-term  tren d s  in underly ing level are  also re levan t. F rom  th e  resu lts of 

ch a p te r  3, th e  add itional com ponent o f variance from  ignoring tren d s  over th ree  years 

can  be considered sm all com pared  w ith  th e  w ith in-person residual variance. T h u s for 

blood p ressure screening, a  p rogram m e over a  period o f up to  tw o  o r th ree  years and 

w ith  v isits a t  least a  week a p a rt would seem reasonable. Second, w ith in-person  

varian ce  is assum ed to  be a  co n stan t betw een individuals (except for its dependence on 

level). G oldm an (1976) allowed th is  to  vary  using an em pirical d is trib u tio n  ob ta ined  

from  th e  w ork o f A rm itage and  Rose (1966). However th is  overlooked sam pling 

v ariab ility  in th e  es tim a te  o f th e  variance which would be particu la rly  m arked  given 

th e  sm all num ber o f observations. C h ap te r 3 suggested th a t  th e re  was no noticeable 

heterogeneity  (a p a r t  from  th a t  explained by its dependence on underly ing level) and  so, 

for d iasto lic pressure, co n s tan t w ith in-person variance would seem  reasonable. 

H ow ever, th is  m ay n o t be so in o th e r screening applications and  it m ay be im p o rtan t 

to  recognize its  co n tribu tion .

In co n stru c tin g  a  sequential screening program m e, an  ap p ro p ria te  choice for th e  

d is trib u tio n  g ( f )  needs to  be m ade. T his should describe th e  d istrib u tio n  o f £ in 

sub jects  being screened. If th e re  is no selection o f sub jects, th is can be tak en  as th e  

d is trib u tio n  o f underly ing diastolic pressures in th e  general popu lation . H ow ever, if it 

can be sensitised to  th e  individual being considered, th en  th is  will aid precision and  so 

reduce th e  screening required. Simple w ays to  achieve th is  a re  to  em ploy d is trib u tio n al 

form s ap p ro p ria te  to  th e  ind iv idual’s sex and  age.

T o  illu s tra te  th e  developm ent o f a  screening program m e, consider a  p rogram m e
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directed  a t  m iddle-aged m en in E d inburgh . If th e  m en in th is s tu d y ’s cohort are 

rep resen ta tiv e  o f th e  w ider popu lation , th en  ap p ro p ria te  estim ates of /i and  <t2  (w ith in  

age-groups), and  c are  given in tab le  3.10. T hese es tim ates  o f w ith in-person 

variab ility  will overestim ate  th e  tru e  variab ility  if th e  p rogram m e for any  ind ividual is 

over a  sh o rt tim e period b u t th is will only have a  m inor effect given th e  sm all 

difference betw een these values and  those ob ta ined  afte r ad ju stin g  for tren d s . If f-j- is 

tak en  as 95m m H g and  in terven tion  is to  be considered if p (£>£-j-|X j)>0 .9  =  p u , say? 

any visit i, th en  critical values, U j ,  can be found by solving equation  (5 .5) such th a t  

g rea te r values im ply in te rv en tio n . Sim ilarly if p (£ > £ - |- |x j)< 0 .1 = P |_ , say> th en critical 

values, L j ,  can be found so th a t  sm aller values o f Xj im ply no fu rth e r screening visits. 

Individuals w ith  Lj<Xj<Uj  a t a  visit i would th en  be asked to  a tte n d  for a  fu rth e r 

m easurem ent a t  v isit ( i+ 1 ) . T ab le  5.1 shows th e  screening p rogram m e ob ta ined  for up 

to  six v isits. Also shown in th is tab le  are  th e  critical values o b ta ined  when g(£) is not 

chosen to  reflect an ind iv idual’s age-group. Each critical value is given to  an  accuracy 

of one decim al place desp ite th e  fact th a t  rounding  to  th e  nearest even digit was 

p ractised . However, th e  com ponent o f variance a ttr ib u ta b le  to  th is  rounding  p ractice 

is negligible (show n in ch ap te r 3 to  be less th a n  Im m H g 2  when th e  to ta l w ith in-person 

variance averages ab o u t 45m m H g2), so th a t  these figures would be applicable when 

g rea te r m easurem ent accuracy is ob ta ined  possibly even by using au to m atic  m easuring 

m achines.

T o  illu s tra te  th e  use o f th is program m e, consider th ree  individuals from  E dinburgh  in 

th e  age group  50-54. T heir blood pressures a t  th e  four visits considered were:
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A ge-group 1

Screening visit 
2  3 4 5 6

< 3 9 U 1 2 1  . 9 1 1 0 . 8 1 0 6 . 6 1 0 4 . 4 1 0 2 . 9 1 0 1  . 9
< 3 9 L 9 6 . 6 9 4 . 3 9 3 . 7 9 3 . 5 9 3 . 4 9 3 . 3

4 0 - 4 4 U 1 1 9 . 5 1 0 9 . 4 1 0 5 . 6 1 0 3 . 6 1 0 2 . 3 1 0 1  . 4
4 0 - 4 4 L 9 4 . 4 9 3 . 1 9 2 . 9 9 2 . 8 9 2 . 9 9 2 . 9

4 5 - 4 9 U 1 1 8 . 4 1 0 8 . 8 1 0 5 . 2 1 0 3 . 3 1 0 2 . 0 1 0 1  . 2

4 5 - 4 9 L 9 3 . 3 9 2 . 6 9 2 . 5 9 2 . 5 9 2 . 6 9 2 . 7

5 0 - 5 4 U 1 1 6 . 2 1 0 7 . 6 1 0 4 . 4 1 0 2 . 6 1 0 1  . 5 1 0 0 . 8

5 0 - 5 4 L 9 1  . 6 9 1  . 7 9 1  . 9 9 2 . 1 9 2 . 2 9 2 . 4

5 5 - 5 9 U 1 1 6 . 6 1 0 7 . 8 1 0 4 . 5 1 0 2 . 7 1 0 1  . 6 1 0 0 . 8

5 5 - 5 9 L 9 1  . 6 9 1  . 6 9 1  . 9 9 2 . 1 9 2 . 2 9 2 . 4

6 0  + U 1 1 6 . 1 1 0 7 . 5 1 0 4 . 3 1 0 2 . 6 1 0 1  . 5 1 0 0 . 8

6 0  + L 9 1  . 7 9 1  . 7 9 1  . 9 9 2 . 1 9 2 . 2 9 2 . 4

All ages U 1 1 8 . 3 1 0 8 . 7 1 0 5 . 2 1 0 3 . 2 1 0 2 . 0 1 0 1  . 2

L 9 3 . 1 9 2 . 5 9 2 . 4 9 2 . 5 9 2 . 6 9 2 . 6

T ab le  5.1: Screening th e  individual for tre a tm e n t in E dinburgh: critical values 

for Lj and  Uj for visit i by age-group w hen £-j-=95m m H g, p y = 0 .9  

and  p L =  0 . 1

individual 1 : 1 1 0 104 1 1 2 1 0 0

individual 2 : 90 82 8 8 80

individual 3: 106 90 98 104.

For th e  first individual, blood pressure a t visit 1 lies betw een th e  critical values and  so 

screening continues. A fter tw o visits, th e  m ean is 107 and  is betw een th e  critical
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values for v isit 2. A fter th ree  v isits, th e  m ean is 108.67 and  is now g re a te r th a n  U 3  

and  so screening would stop  here and in terven tion  to  lower blood p ressure would be 

considered because th e re  is reasonable ce rta in ty  th a t  £ > 9 5  m m H g  for th a t  individual. 

F or th e  second individual, th e  first blood p ressure is below L j (= 9 1 .6 ) and  so screening 

would stop  concluding th a t  £ is indeed below 95 m m H g, w ith reasonable c e rta in ty , for 

th a t  individual. However for th e  th ird  individual, th e  m ean blood pressures a fte r one, 

tw o, th ree  and  four m easurem ents are 106, 98, 98 and  99.5 m m H g, respectively. T hese 

a re  all betw een th e  ap p ro p ria te  critical values and  so screening would con tinue as th e  

evidence is no t sufficiently conclusive ab o u t th a t  ind iv idual’s need for in te rven tion . 

N ote, th o u g h , how th is  ignores how high o r low £ m ay be w hen m aking an y  decision 

ab o u t s topp ing  o r continu ing  screening, or ab o u t considering in terven tion ; th is  issue is 

re tu rn ed  to  in section 5.4.

C om paring  th e  screening program m es in tab le  5.1 betw een age-groups, it is clear th a t  

afte r th ree  o r four v isits, th e  difference betw een corresponding critical values is, for 

p ractica l purposes, sm all re la tive to  th e  accuracy  w ith  which th e  m ean is determ ined  

(for exam ple, 0 .5m m H g for a  m ean o f four m easu rem en ts). S im ilar p ractical 

considerations apply  a t  earlier visits except, perhaps, for th e  youngest age-group w here 

th e  critical values are  m ore d iscrepan t. T hus, for sim plicity , it m ight be reasonable to  

use th e  com m on program m e for all ages (also given in tab le  5 .1). F rom  a  s ta tis tica l 

po int of view, th is sim ilarity  of critical values reflects th e  constancy  o f th e  w ithin- 

person variance, <7 x, across th e  age-groups and th e  fact th a t  th e  dependence o f the  

d istribu tion  h(£|Xj) on th e  age-related  param ete rs  // and <r2  is considerable reduced as 

th e  num ber of visits increases. T his is readily  seen by considering eq u a tio n  (5.2) 

w ithou t th e  dependence o f er* on £ when rew ritten  as
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quickly as th e  num ber o f v isits, i, increases since th e  ra tio  o f w ith in- to  betw een-person 

v arian ce  has o rder o f m agn itude, un ity .

T h ere  is no p a rticu la r reason for tak in g  p L as 0.1 and  Pu as 0.9. Indeed, any  pair of 

values m ight be chosen. In tab le  5.2, th e  critica l values for various choices of 

p ( f  > 9 5 |x j)  are  given for all age-groups com bined for E d inburgh , B udapest and  P rague . 

Even here, w here th e  ra tio  <r̂N j<P' varies tw o-fold from  0.75 in E d inburgh  to  1.18 in 

B u d ap est and  to  1.46 in P rague , th ere  are  only sm all differences betw een th e  

corresponding  critical values betw een tow ns particu la rly  a fte r th e  second o r th ird  visit. 

G iven th a t  som e of th e  difference betw een tow ns in th e  w ith in-person variab ility  can be 

a ttr ib u te d  to  th e  digit preferences opera ting , it m ight be reasonable to  em ploy a  single 

screening p rogram m e in all th ree  tow ns particu la rly  if blood pressure reading is 

s tan d ard ized  and , as w ith th e  W orld  H ealth  O rgan ization  guidelines, tw o  or th ree  

m easu rem en ts are  required  of any  individual before any decision is m ade.

W o rth  no ting  is th e  sim ilarity  o f th e  values corresponding to  a  p robab ility  o f 0.1 in 

E d inburgh  and  B u d ap est, and to  0.05 in P rague . A lthough th e  lines will increase 

to w ard  £-p ( =  95m m H g in th is exam ple) for larger num bers o f visits th a n  show n, these 

w ould provide useful rules in deciding th a t  no fu rth e r screening is ju stified  sim ply by 

using a  fixed cut-off level regardless o f th e  visit num ber. F or exam ple an observed 

m ean diastolic blood pressure below 92m m H g a t any  visit m ight be ap p ro p ria te  in
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Screening visit
p ( £ > £ t I * )  1

2 3 4 5 6

E din b u rg h

0 . 9 9 1 2 8 . 1 1 1 5 . 3 1 1 0 . 3 1 0 7 . 6 1 0 5 . 9 1 0 4 . 7
0 . 9 5 1 2 1  . 7 1 1 1 . 0 1 0 6 . 9 1 0 4 . 8 1 0 3 . 4 1 0 2 . 4
0 . 9 1 1 8 . 3 1 0 8 . 7 1 0 5 . 2 1 0 3 . 2 1 0 2 . 0 1 0 1  . 2

0 . 8 1 1 4 . 1 1 0 6 . 0 1 0 3 . 0 1 0 1  . 4 1 0 0 . 4 9 9 . 7
0 . 7 1 1 1 . 0 1 0 4 . 0 1 0 1  . 4 1 0 0 . 1 9 9 . 2 9 8 . 7
0 . 5 1 0 5 . 9 1 0 0 . 6 9 8 . 8 9 7 . 9 9 7 . 3 9 6 . 9
0 . 3 1 0 0 . 7 9 7 . 3 9 6 . 2 9 5 . 7 9 5 . 4 9 5 . 2
0 . 2 9 7 . 6 9 5 . 3 9 4 . 6 9 4 . 3 9 4 . 2 9 4 . 1
0 . 1 9 3 . 1 9 2 . 5 9 2 . 4 9 2 . 5 9 2 . 6 9 2 . 6
0 . 0 5 8 9 . 4 9 0 . 1 9 0 . 6 9 0 . 9 9 1  . 2 9 1  . 4
0 . 0 1 8 2 . 3 8 5 . 7 8 7 . 2 8 8 . 1 8 8 . 7 8 9 . 2

B u d ap est

0 . 9 9 1 3 5 . 4 1 1 9 . 8 1 1 3 . 6 1 1 0 . 3 1 0 8 . 1 1 0 6 . 6
0 . 9 5 1 2 8 . 1 1 1 4 . 9 1 0 9 . 8 1 0 7 . 0 1 0 5 . 2 1 0 4 . 0
0 . 9 1 2 4 . 1 1 1 2 . 2 1 0 7 . 7 1 0 5 . 2 1 0 3 . 7 1 0 2 . 6

0 . 8 1 1 9 . 3 1 0 9 . 0 1 0 5 . 2 1 0 3 . 1 1 0 1  . 8 1 0 0 . 9
0 . 7 1 1 5  . 7 1 0 6 . 7 1 0 3 . 3 1 0 1  . 6 1 0 0 . 5 9 9 . 7
0 . 5 1 0 9 . 7 1 0 2 . 8 1 0 0 . 3 9 9 . 0 9 8 . 2 9 7 . 7
0 . 3 1 0 3 . 6 9 8 . 9 9 7 . 3 9 6 . 5 9 6 . 0 9 5 . 7
0 . 2 9 9 . 9 9 6 . 5 9 5 . 4 9 4 . 9 9 4 . 6 9 4 . 5
0 . 1 9 4 . 5 9 3 . 1 9 2 . 8 9 2 . 7 9 2 . 8 9 2 . 8
0 . 0 5 8 9 . 9 9 0 . 3 9 0 . 7 9 1  . 0 9 1  . 2 9 1  . 4
0 . 0 1 8 0 . 9 8 5 . 0 8 6 . 6 8 7 . 6 8 8 . 3 8 8 . 8

P rag u e

0 . 9 9 1 3 8 . 0 1 2 1  . 5 1 1 4 . 8 1 1 1  . 2 1 0 8 . 8 1 0 7 . 2
0 . 9 5 1 3 0 . 7 1 1 6 . 5 1 1 0 . 9 1 0 7 . 9 1 0 5 . 9 1 0 4 . 6
0 . 9 1 2 6  . 7 1 1 3 . 8 1 0 8 . 8 1 0 6 . 1 1 0 4 . 4 1 0 3 . 2
0 . 8 1 2 1  . 8 1 1 0 . 6 1 0 6 . 3 1 0 3 . 9 1 0 2 . 5 1 0 1  . 5
0 . 7 1 1 8 . 2 1 0 8 . 2 1 0 4 . 4 1 0 2 . 4 1 0 1  . 1 1 0 0 . 3
0 . 5 1 1 2 . 2 1 0 4 . 2 1 0 1  . 3 9 9 . 8 9 8 . 9 9 8 . 2
0 . 3 1 0 5 . 9 1 0 0 . 2 9 8 . 2 9 7 . 2 9 6 . 6 9 6 . 2
0 . 2 1 0 2 . 1 9 7 . 8 9 6 . 3 9 5 . 6 9 5 . 2 9 5 . 0
0 . 1 9 6 . 6 9 4 . 3 9 3 . 7 9 3 . 4 9 3 . 3 9 3 . 3
0 . 0 5 9 1  . 8 9 1  . 4 9 1  . 5 9 1  . 6 9 1  . 7 9 1  . 8

0 . 0 1 8 2 . 4 8 5 . 9 8 7 . 3 8 8 . 2 8 8 . 7 8 9 . 2

T ab le  5.2: Screening th e  individual for tre a tm e n t: critical values for

Lj and  Uj for visit i for all ages by tow n when £-j- =  95m m H g
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p ( £ > £ x |x) 1 2

Screening visit 
3  4 5 6

0 . 9 9 1 2 5 . 1 1 1 2 . 7 1 0 8 . 2 1 0 5 . 9 1 0 4 . 4 1 0 3 . 4
0 . 9 5 1 1 9 . 1 1 0 8 . 9 1 0 5 . 3 1 0 3 . 4 1 0 2 . 2 1 0 1  . 4
0 . 9 1 1 5 . 8 1 0 6 . 9 1 0 3 . 7 1 0 2 . 1 1 0 1  . 0 1 0 0 . 3
0 . 8 1 1 1 . 9 1 0 4 . 4 1 0 1  . 8 1 0 0 . 4 9 9 . 6 9 9 . 0
0 . 7 1 0 9 . 1 1 0 2 . 6 1 0 0 . 4 9 9 . 3 9 8 . 6 9 8 . 1
0 . 5 1 0 4 . 4 9 9 . 7 9 8 . 1 9 7 . 4 9 6 . 9 9 6 . 6
0 . 3 9 9 . 8 9 6 . 8 9 5 . 9 9 5 . 4 9 5 . 2 9 5 . 0
0 . 2 9 6 . 9 9 5 . 0 9 4 . 5 9 4 . 3 9 4 . 2 9 4 . 1
0 . 1 9 3 . 0 9 2 . 6 9 2 . 6 9 2 . 7 9 2 . 8 9 2 . 8
0 . 0 5 8 9 . 8 9 0 . 5 9 1 . 0 9 1 . 3 9 1  . 6 9 1  . 8

0 . 0 1 8 3 . 7 8 6 . 7 8 8 . 0 8 8 . 8 8 9 . 4 8 9 . 8

T ab le  5.3: Screening th e  individual for tre a tm e n t when w ithin-person 

variab ility  is assum ed no t to  depend on f :  critical values for 

Lj and  Uj for v isit i for all ages in E dinburgh  when £-|- =  95m m H g

giving reasonable evidence aga inst th e  need for tre a tm e n t. In practice , given th e  

accuracy  of blood pressure m easu rem en t, th is  m ay be sufficient.

R osner and  Polk (1983) assum ed th a t  a* is not dependen t on th e  underly ing  level, £. 

It is useful to  consider w ha t differences such an assum ption  produces com pared w ith 

th e  resu lts so fa r presen ted  w here th e  dependence is acknow ledged. T ab le  5.3 is 

com parab le to  th e  E d inburgh  section of tab le  5.2 b u t w ith  th e  dependence of the  

w ith in-person  variance on th e  level, £, rem oved ( th a t  is, th e  p a ram ete r c in th e  model 

for blood pressure variab ility  in (5 .4) is tak en  as zero). T h e  w id th  o f th e  in terval 

Uj —Lj a t any  visit i is less wide when c = 0 . T his reflects less s tr ic t c rite ria  bo th  for 

considering in terven tion  and  for s topping  screening caused by th e  u nderestim ation  of
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th e  w ith in-person  variance by ignoring its  dependence on £ a t  h igher underly ing 

pressures. Sim ilar o rders o f difference betw een th e  program m es w ith  c equal o r  not 

equal to  zero were found for o th e r values o f £-p. T h u s  decisions will be reached sooner 

th a n  is ap p ro p ria te  if th e  dependence is no t tak en  account of. Inev itab ly , th is  will 

resu lt in som e add itional m isclassification o f individuals to  in terven tion  when it is not 

w arran ted .

In p u ttin g  th is  form  o f screening p rogram m e in to  p ractice , a  graphical display as shown 

in figure 5.2 for E d inburgh  m en (w ith o u t g(£) determ ined  by age-group) is useful. T his 

allows an ind iv idual’s observed m ean blood p ressure from  m easurem ents up  to  any  visit 

to  be easily re la ted  to  th e  p robab ility  o f having an  underly ing diasto lic blood pressure 

th a t  is sufficiently high to  w a rran t in terven tion . T h u s th e  decision can be tailo red  

m ore closely to  th e  needs o f th e  individual concerned: a  g rea te r c e rta in ty  ab o u t th e  

need for o r value of in terven tion  m ay be required  if, for exam ple, th e  sub ject is younger 

or has a  low cholesterol level.

T he  figure shows clearly th e  funnel shape o b ta ined  for th e  p rogram m e w ith  th e  curves 

having as an asy m p to te  Xj =  f-p as i increases. H ow ever, no te  th a t  a lthough  th e  

critical values ten d , in general, m onotonically  to w ard  £-j-, th e re  are  values o f th e  

p robab ility  p ( £ > £ T |xj) for which th is does no t apply . F or exam ple , for 

p ( f  >£-|-|Xj) =  0.2 th e  critical value for Xj is g rea te r th a n  95, b u t for th e  o th e r values of 

i show n, Xj moves progressively below 95 th o u g h , for larger i, it does t u r n  back up 

tow ard  95- T his behav iour is a  consequence o f th e  re la tive s tren g th s  o f th e  betw een- 

person variance a 2  and  th e  w ith in-person variance <j \ ,  and  th e  consequent m ovem ent 

o f th e  conditional d is trib u tio n  for £, h(f | xj ) ,  aw ay from  th e  popu lation  d is trib u tio n ,
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mean observed dbp
125
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Figure 5.2: Screening the individual for treatment: critical values by visit giving 
defined probabilities p(£>£-j- =  95|x) for all ages in Edinburgh.
Points A, B and C show the W.H.O. guideline: screening stops if x2 is 
below A, or drug treatment starts if x4is above B or is considered if x6 
is above C.
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g (£ ), to  reflect an  ind iv idual’s own underly ing level. T his is clear, analy tica lly , in th e  

case w ith  not dependen t on £ as given by (5 .2). D espite th e  m ath em atica l valid ity  

o f th is  behav iour, in p ractice it would be less appealing  to  th e  docto r dealing w ith th e  

ind iv idual p a tien t: for E d inburgh , if p L is tak en  as 0.2, th en  an  individual w ith  a  blood 

pressure o f 95m m H g a t th e  first screening visit would be followed no fu r th e r b u t an 

ind iv idual w ith  a  m ean pressure o f 95m m H g by any  subsequent visit would be advised 

to  re tu rn  for fu r th e r follow-up.

It  is useful to  consider how th e  W orld  H ealth  O rgan ization  guidelines re la te  to  th is 

ty p e  of screening program m e. It is no t a  s tr ic t com parison as th e  d a ta  considered here 

a re  phase IV diasto lic pressures w hereas th e  guidelines a re  based on th e  low er phase V 

pressure. O n figure 5.2 are  m arked th ree  po in ts (A , B and  C ), one each a t  th e  second, 

fo u rth  and  six th  visits. A ccording to  th e  guidelines, individuals w ith  a  m ean a t  th e ir 

second visit below 95m m H g (po in t A ) would not undergo fu rth e r screening. T his is 

qu ite  a  s trin g en t lim it as p (^ > ^ -p |x 2  =  9 0 )« 0 .0 5 . However, th e  decisions for those th a t  

con tinue screening and  for w hom  pharm acological in terven tion  m ight be considered 

(x 4 > 1 0 0  o r x 6 > 95; above poin ts B and C , respectively) have probabilities 

p ( f >£-|-|x4 =  1 0 0 )« 0 .7  and  p ( £ > f T |x6  =  95)w 0.3 . Even allowing for th e  fact th a t  

phase V diastolic pressures will be lower th a n  phase IV ones, th e  evidence for elevated 

blood p ressure required before in terven tion  is considered is qu ite  weak.

O f course, th is presupposes th a t  th e  expert com m ittee considered th a t  an  individual 

w ith  an underly ing level of g rea te r th a n  95m m H g would benefit from  tre a tm e n t. This 

seems likely given th a t  th ey  use 95m m H g as th e  level for considering d rug  tre a tm e n t 

for individuals undergoing repeated  follow-up over a  long period. However, they  also
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suggest th a t  “mild hypertension  in adu lts  is defined as a  diastolic pressure persisten tly  

betw een 90 and  HM mmHg” and  th a t  in terven tion  is justified  in such individuals. 

T h u s , it is w o rth  also considering a  critical level, £-p, o f 90m m H g and looking a t  th e  

guidelines in th is  co n tex t. F igure 5.3 shows th e  screening p rogram m e for th is  s ituation  

w ith  th e  th ree  po in ts A , B and  C also m arked.

In com paring  th is  figure w ith  figure 5.2, th e  effect of th e  change in is clear and 

su b s tan tia l. A t th e  first v isit, tak in g  as 90m m H g produces a  shift o f corresponding 

po in ts for observed blood pressures down by ab o u t lOm m Hg com pared w ith  when is 

95m m H g. As visits accum ulate , th e  difference betw een th e  tw o figures reduces and 

ten d s  to  a  shift in corresponding points o f ab o u t 5m m H g. P o in t A shows th a t  th e  

evidence required to  stop  screening a t th e  second visit is com paratively  weak 

[ j ) ( £ > £ t |x 2  =  90) «0.3^J. In c o n tra s t, th e  evidence required  for pharm acological 

in terv en tio n  (po in ts B and  C) is strong . T his would certain ly  be b e tte r  c rite ria  for a 

screening p rogram m e in te rm s o f th e  level o f evidence required th an  th a t  shown in 

figure 5.2. However, if th e  d is trib u tio n  of underly ing phase V diastolic blood pressures 

in a  popu lation  is considered as a  tran s la tio n  dow nw ards from  th e  phase IV pressures, 

th en  th e  d istance of p  from  in phase V te rm s is m ore akin to  th a t  used in 

co n stru c tin g  figure 5.2 for phase IV pressures. T h u s th e  logical basis for th e  W orld 

H ealth  O rgan ization  guidelines m ight be questioned.

A n o th er possible difficulty w ith screening program m es of th is  ty p e  is th e  p o ten tia l for a  

large num ber of screening visits to  be required to  o b ta in  sufficient evidence of an 

ind iv idua l’s underly ing blood pressure in o rder to  stop  screening o r to  recom m end 

in terv en tio n . T his is particu la rly  re levant to  those individuals w ith  borderline
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Figure 5.3: Screening the individual for treatment: critical values by visit giving  
defined probabilities p (£ > £ T = 9 0 |x )  for all ages in Edinburgh.
Points A, B and C show the W.H.O. guideline: screening stops if x 2 
below A, or drug treatment starts if x4is above B or is considered if x6 
is above C.
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V isit

£ < 9 5  (n: 
s to p
screening

= 9 4 6 8 3 )
in terven tion
considered

£ > 9 5  ( n = 5 3 1 7 )  
stop  in terven tion  
screening considered

all £ (n = 1 0 0  0 0 0 ) 
s top  in te rven tion  
screening considered

1 8 3 6 2 8 4 1 4 6 1  4 9 8 5 0 8 9 5 3
(88.37c) (0.07c) (27.57c) (0.97c) (85.17c) (0.17c)

2 4 7 6 4 11 2 5 3  2 3 1 5 0 1 7 2 4 2
( 4 . 9 % ) (0.07c) (4.87c) (4.37c) (5.07c) (0.27c)

3 1 7 8 9 21 1 0 2  2 6 5 1 8 9 1 2 8 6
( 1 . 9 % ) (0.07c) (1.97c) (5.07c) (1.97c) (0.37c)

4 9 0 3 1 9 5 7  2 7 5 9 6 0 2 9 4
(1 .07c) (0.07c) (1.17c) (5.27c) (1.07c) (0.37c)

> 4 3 5 4 4 2 6 2 4 6 1 6 8
(3.77c) (49.47c) (6.27c)

T ab le  5.4: S im ulation o f 100 000 E d inburgh  men being screened for tre a tm e n t using 

£-p=95m m H g, p y = 0 .9  and p L= 0 .1  according to  w hether th e ir underlying 

level £ is g rea te r o r less then  95m m H g. (num bers in b rackets  are 

percan tages o f colum n to ta ls , n)

underly ing levels ( th a t  is, close to  £-j-). F o r exam ple, if py is tak en  as 0.9 and  p L as 

0.1, th en  tab le  5.4 shows th e  percentages o f th e  popula tion , in E d inburgh , who would 

require a  m easurem ent a t  each successive screening visit. T hese are ob ta ined  from  a 

sim ulation  of 100,000 individuals from  th e  d is trib u tio n al form  described for E dinburgh  

in tab le  3.11 and  assum e th a t  a  blood pressure observed a t  any  screening visit is 

m easured precisely. T h e  m ost s trik ing  fea tu re  is th e  percen tage o f individuals (6.2% of 

th e  population) for w hom  no decision is reached on com pleting  th e  fo u rth  visit. For
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th is  g roup  o f individuals m any  fu rth e r repeat m easurem ents would be required (for ju s t  

over th ree -q u a rte rs  of th em , no decision would have been reached on com pleting th e  

six th  v isit). How ever, th e  d is trib u tio n  o f underly ing levels, £, in th is group is 

ap p ro x im a te ly  norm al w ith  m ean 94.3m m H g and s tan d a rd  deviation  3.8m m H g. T hus, 

th e  su b s tan tia l m ajo rity  will have underly ing diasto lic pressures in th e  range 90m m Hg 

to  lOOmmHg and  so a  re laxation  o f th e  s tren g th  o f evidence before considering 

in te rv en tio n  m ay be acceptab le . F o r instance, individuals for whom  p (£ > 9 5 |x 4 )> 0 .5  

m igh t be considered for in te rv en tio n . A lterna tive ly , th e  whole group  m igh t, as 

suggested  in th e  W orld  H ealth  O rgan ization  guidelines, be encouraged to  m odify th e ir 

lifestyle w hilst undergoing long-term  b u t m uch less frequent screening.

If screening is s topped  a t  th e  fo u rth  v isit, th en  th e  cost o f th e  screening p rogram m e in 

te rm s o f th e  average num ber o f screening visits required  per person in th e  population  

can be ev a lu a ted . F or th is exam ple, th is gives 1.32 visits per person. Sim ilarly, w ith 

som e decision-m aking c rite ria  a t  th e  fou rth  v isit, th e  cost o f in te rven tion  in term s of 

th e  percen tage of th e  population  considered for in terven tion  can be ev a lu a ted . F o r th e  

sim ula tion  show n, th is  could range from  0.9% if none of those w ith 

p (£ > 9 5 |x 4 )< 0 .9  =  Pu are considered, to  7.1% if all of those  w ith p (£ > 9 5 |x 4 )> 0 .1 = p L 

are  considered. C learly, th en , th e  c rite ria  for considering in te rven tion  a t  th e  fo u rth  

visit has considerable in terven tion  cost im plications.

Also show n in tab le  5.4 is a  descrip tion o f w hat happens, in th is  s im ula tion , to  those 

individuals ta rg e tte d  for in terven tion  ( th a t  is those  w ith  £ > 9 5 m m H g ) an d  those no t 

( th a t  is those w ith  £ < 95m m H g). C lear is th a t  very  few individuals w ith  £< 9 5 m m H g  

are  considered for in terven tion . In c o n tra s t, a  su b stan tia l percen tage o f those w ith
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£ > 9 5 m m H g  are no t considered and  th is is particu la rly  a ttr ib u ta b le  to  those  for w hom  

screening stops a t  th e  first visit (for over one q u a r te r  o f individuals w ith f  > 9 5 m m H g ). 

T he  sensitiv ity  o f th e  screening p rogram m e m ight be defined as th e  percen tage o f th o se  

w ith  f> 9 5 m m H g  w ho are  considered for in terven tion . T his can be as low as 15.4% if 

none o f those  w ith  p (£ > 9 5 |x 4 )< 0 .9  are  considered or as high as 64.8% if all o f those  

w ith p (£ > 9 5 |x 4 )> 0 .1  are  considered. C learly  th en , sensitiv ity  is very  dependen t on th e  

action tak en  for those  individuals w ith  P l< p ( ^ > 9 5 |x 4 )< P jj ,  b u t is never high a t  least 

when pj_=0.1 . In co n tra s t, defining specificity as th e  percen tage o f those  w ith  

£ < 9 5 m m H g  who are no t considered for in terv en tio n , th is  will be betw een 96.2% and  

99.9% depending, again , on th e  action  tak en  a t  th e  fo u rth  v isit. N ote th a t  th e  

sensitiv ity  and  specificity are very little  changed if th e  observed p ressure a t  each 

screening visit is rounded to  th e  nearest even digit as was th e  p rac tice  for th e  

E d inburgh  d a ta . O f course, o th e r choices o f p L and  py can m ake su b s tan tia l changes 

to  th e  sensitiv ity  and  specificity. Also, as m entioned  earlier, d ifferent values o f p L and  

Py m ight be used a t  different visits: in p a rticu la r, decreasing p L a t th e  earlier v isits

would increase th e  sensitiv ity  m arkedly . T his issue is no t pursued  fu r th e r here b u t is 

discussed, briefly, in th e  con tex t of th e  population  screening m ethod  described in 

section 5.5.

5.4 Screening th e  individual for expected  risk

In th e  previous section, th e  decision to  consider in te rven tion  o r to  cease screening was 

based upon an  assessm ent th a t  an  ind iv idual’s underly ing blood p ressure level is above 

or below som e critical value. T h u s, it ignores th e  ex ten t by which it is above o r below 

th is value. E x ten t can be m easured on various scales: n o tab ly  those  o f underly ing
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pressure , o f risk o f card iovascular disease and  o f reduction  in risk o f card iovascu lar 

d isease due to  in te rven tion . C learly , these possibilities rep resen t an  increasing 

progression in th e  evidence and  assum ptions needed for m odels. C onversely, th ey  also 

rep resen t an increasing association w ith  th e  long-term  aim  of a  screening program m e: 

to  iden tify  high-risk individuals and  consequently  to  a tte m p t to  reduce th e ir  risk. As 

th e  risk scale parallels th a t  of risk reduction  if th e  reduction  achieved is p ro p o rtio n a l to  

risk, an  assum ption  th a t  m ight be justified  in ou r co n tex t on th e  basis o f evidence from  

tria ls  o f an ti-hypertensive  tre a tm e n ts  (Collins e t al, 1990), th e  use o f a  risk scale will be 

pursued  fu rth e r here.

A pproach ing  th e  problem  generally , assum e th a t  th e re  is a  function  R (£) re la ting  risk 

of disease to  th e  underly ing level, £. T hen  given observations up  to  th e  ith  v isit, Xp th e  

expected  risk for an individual is

E (R |X j)=  k j R « )  f(S j|£) g ( «  d£ (5 .6)

w here

k =  Jf(x jlO  g ( 0

is a  norm aliza tion  co n stan t. By tak in g

R ( 0 = i i f e > € T 

=  o if z < ( T

a useful link w ith  th e  “screening for tre a tm e n t” approach  can be m ade. In th is case
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E (R |x j)= k  f(Xj|£) g(£) d£ 

*T

=  p (£ > £ T tej)*

T h u s th e  “screening for t re a tm e n t” approach  is equivalen t to  defining a  step  risk 

function  th a t  sw itches from  0  to  1  a t f-j-, and  th en  considering in te rven tion  if E ( R | x j )  

is sufficiently close to  1  and  ceasing screening if it is sufficiently close to  0 .

A parallel for any  risk function R (£) can be draw n:

(i) if E (R jx j)> R u th en  consider in terven tion

(ii) if E ( R | x j ) < R | _  then  stop  screening

(iii) else if R l_ < E ( R | x j ) < R u  con tinue screening to  visit (i +  1 ) .

T his has tu rn ed  th e  decision m aking process aw ay from  s ta tem en ts  concerning th e  

p robab ility  th a t  risk is above som e cut-off point (which is equivalen t to  th e  “screening 

for tre a tm e n t” approach  for any  R m onotonic in £), to  an  assessm ent based on th e  

expected risk. T he  logic for th is  m ight be th a t  Ry is th e  level above which th e  

p o ten tia l risk reduction  due to  in terven tion  definitely outw eighs th e  p o ten tia l side- 

effects o f in te rven tion . C onversely, below R L th e  p o ten tia l for side-effects is considered 

to  outw eigh th e  possibility for risk-reduction . T h e  w indow  RL to  Ry th en  reflects 

u n ce rta in ty  ab o u t th e  rela tive balance of risk reduction  to  side-effects. T his co n tra s ts  

w ith  th e  “screening for tre a tm e n t ap p ro ach ” which assum es a  defined cu t-p o in t, a t 

which th e  p o ten tia l for risk reduction  and  for side-effects is considered to  be in balance. 

However it still ignores th e  issue o f how high, or low, risk m ight p lausibly be.
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F or th e  purposes o f p resen ting  such a  screening program m e, tw o  approaches m igh t be 

ad o p ted . T he  first is to  show expected risk as a  ra tio  to  som e base risk. T h e  choice of 

base risk is a  p ractica l and  no t a  m ath em atica l decision as different values will only 

affect all ra tio s  by a  co n stan t fac to r. T his base risk could be th e  th resh o ld  risk a t 

which tre a tm e n t begins to  be beneficial (th e  value as used previously) o r th e  

expected  risk in th e  popu la tion , ignoring blood pressure level. T h e  second is to  show 

risk in abso lu te  te rm s such as th e  expected annual (cause-specific) d ea th  ra te  o r cause- 

specific incidence ra te . O f course, th e  second is ju s t  a  relabelling o f th e  risk scale for 

th e  first though  n o t a  linear tran sfo rm atio n  o f it. However, w here th e re  are  m ultip le 

risk fac to rs for a  disease, abso lu te  risk needs to  be quantified  tak in g  accoun t o f all 

facto rs for th e  individual concerned even though  th e  reduction  in risk due to  tre a tm e n t 

will re la te  to  a  single facto r.

T o  illu s tra te  these concepts fu r th e r, consider again E d inburgh  m iddle-aged m en as in 

th is s tu d y ’s cohort. Using th e  log-linear relationsh ip  betw een risk of card iovascu lar 

m o rta lity  and underly ing blood pressure described in th e  previous ch ap te r, th en

E (R |x ,)= k

where Xj is, as before, th e  m ean of blood pressures observed up to  and  including visit i, 

and /? represen ts th e  g rad ien t o f risk on a  log scale associated  w ith  th e  underlying 

pressure, £. Also th e  expected  risk in th e  popu lation  is 

E (R ) = |e x p ( /? £ )  g (O d £

= e x p /3(h + 1={3(t2) when £ ~ N ( / i , e r 2 ) .
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T h u s  by se ttin g  th e  risk ra tio  E (R |x j) /E (R )  equal to  given values and  solving for Xj, 

screening p rogram m es can be defined. N ote th a t  th e  use o f th is  ra tio  avoids th e  need 

to  consider o th e r (independen t) risk facto rs as th e ir effect cancels o u t. F igure 5.4 

show s th e  curves o b ta ined  for various values of th e  risk ra tio  from  1 to  2.5, tak in g  (3 as 

0.0605 as derived for E d inburgh  in th e  previous ch ap te r. A gain, a  decision rule for 

screening can be determ ined  by choosing tw o  curves; considering in te rv en tio n  if an  

in d iv id u a l’s m ean observed blood pressure lies above th e  u pper curve, stopp ing  

screening if it lies below th e  lower, o therw ise continuing  fu r th e r observa tion . F o r 

exam ple , if R y  =  2.25 and R L =  1.5 and tak in g  th e  th ree  individuals described in section 

5.3.2, th en  th e  first individual whose pressure a t  th e  first v isit was H O m m H g w ould be 

recom m ended for in terven tion  a t  th a t  visit because of a  sufficiently high expected  risk, 

w hilst th e  second would cease screening a fte r th e  first visit because his m easu rem en t of 

90m m H g indicates a  sufficiently low expected  risk. H ow ever, th e  th ird  indiv idual w ith 

m ean pressures o f 106, 98, 98 and 99.5m m H g has in te rm ed ia te  expected  risks a t th e  

firs t, second, th ird  and fou rth  v isits, respectively and so screening would continue.

T h ere  is a  fu n d am en ta l difference betw een these curves and those  o f th e  “screening for 

t r e a tm e n t” approach : these  do no t have a  single value (£-|-) as th e ir asy m p to te ; instead  

th e  asy m p to tes  are , for a  risk ra tio  R R ,

^ _1 Q n (R R ) +  (^ /i  +  |/ ? 2 (r2)J  as i —*-oo.

T his is a  consequence of using a  risk function , R , th a t  is continuous in £ ra th e r  th an  a  

step-function . It also explains why th e  curves a re  f la tte r  th an  those  for “screening for 

t r e a tm e n t” and are m onotonic for all ra tio s o f p ractica l in te re st. However, th is
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Figure 5.4: Screening the individual for risk: critical values by visit giving defined 
ratios of individual risk to the average in the population, E (R |x )/E (R ), 
for all ages in Edinburgh.
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approach  does no t solve th e  p ractica l problem  of th e  su b s tan tia l num bers for w hom  no 

decision to  consider in terven tion  o r cease screening has been reached a f te r  several 

visits.

A lthough  th e  resu lts o f th e  previous ch ap te r were by no m eans conclusive ab o u t th e  

evidence for different risk re lationships betw een card iovascu lar m o rta lity  and 

underly ing  pressure, £, it is useful to  consider how sensitive such a  screening 

p rog ram m e is to  v aria tio n  in th e  risk coefficient, /?. T o  illu s tra te  th is , th e  estim ated  

coefficients determ ined  in th e  previous ch ap te r for each o f th e  th ree  tow ns (/? =  0.0605, 

0.0494 and  0.0921 for E d inburgh , B udapest and P rague , respectively) to g e th er w ith  th e  

respective w ith in-tow n estim ates for th e  blood pressure d istrib u tio n  p a ram ete rs  can be 

used. Values o f th e  m ean Xj giving risk ra tio s o f betw een 1 and  2.5 (as used in 

fo rm ulating  figure 5.4) a re  given in tab le  5.5. Im m ediately  clear is th e  effect of 

increasing th e  risk g rad ien t associated  w ith a  change in underly ing d iasto lic pressure. 

For exam ple, com paring th e  values for B udapest (sm aller /?) and  P rag u e  (larger /?), th e  

sm aller th e  risk g rad ien t is, th e  higher are  th e  m ean observed pressures giving a  defined 

risk ra tio : a fte r four visits, for an expected risk ra tio  of 2 , th e  m ean pressure in 

B udapest m ust be 104.4m m H g com pared w ith  96.7m m H g in P rague . T h e  d istinction  

betw een E d inburgh  and P rague is no t so clear because o f th e  larger difference in th e  

relative sizes o f th e  w ithin- and betw een-person variances in these  tw o  tow ns. T hus 

th e  developm ent o f a  com m on screening p rogram m e o f th is so rt for use in different 

locations is difficult unless th e re  is s trong  evidence for a  com m on risk coefficient, /?, as 

well as sim liar values o f th e  variances, <r2  and  o’2 .

D espite th is , th e  “screening for risk” app roach  m ay be useful to  th e  docto r faced w ith
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Screening visit
E (R |x j ) /E (R )  1 2  3  4  5  6

E dinburgh

2 . 5 1 1 3 . 1 1 0 6 . 5 1 0 4 . 2 1 0 3 . 0 1 0 2 . 3 1 0 1  . 8

2 . 2 5 1 0 9 . 5 1 0 3 . 8 1 0 1  . 8 1 0 0 . 7 1 0 0 . 1 9 9 . 7
2 1 0 5 . 6 1 0 0 . 7 9 9 . 1 9 8 . 2 9 7 . 7 9 7 . 4
1 . 7 5 1 0 1  . 2 9 7 . 4 9 6 . 1 9 5 . 4 9 5 . 0 9 4 . 8
1 . 5 9 6 . 3 9 3 . 6 9 2 . 7 9 2 . 2 9 2 . 0 9 1  . 8

1 . 2 5 9 0 . 6 8 9 . 2 8 8 . 7 8 8 . 5 8 8 . 4 8 8 . 3
1 8 3 . 9 8 4 . 0 8 4 . 0 8 4 . 1 8 4 . 1 8 4 . 1

B udapest

2 . 5 1 3 0 . 2 1 1 8 . 2 1 1 3 . 7 1 1 1 . 3 1 0 9 . 8 1 0 8 . 8
2 . 2 5 1 2 4 . 5 1 1 4 . 0 1 1 0 . 1 1 0 8 . 0 1 0 6 . 7 1 0 5 . 9
2 1 1 8 . 3 1 0 9 . 4 1 0 6 . 1 1 0 4 . 4 1 0 3 . 4 1 0 2 . 7
1 . 7 5 1 1 1  . 5 1 0 4 . 3 1 0 1  . 7 1 0 0 . 4 9 9 . 6 9 9 . 1
1 . 5 1 0 3 . 8 9 8 . 7 9 6 . 9 9 5 . 9 9 5 . 4 9 5 . 0
1 . 2 5 9 5 . 0 9 2 . 2 9 1  . 3 9 0 . 8 9 0 . 6 9 0 . 4
1 8 4 . 8 8 4 . 7 8 4 . 8 8 4 . 8 8 4 . 8 8 4 . 8

P rague

2 . 5 1 1 2 . 2 1 0 4 . 6 1 0 1  . 8 1 0 0 . 4 9 9 . 5 9 8 . 9
2 . 2 5 1 0 9 . 0 1 0 2 . 3 9 9 . 9 9 8 . 6 9 7 . 9 9 7 . 4
2 1 0 5 . 5 9 9 . 8 9 7 . 7 9 6 . 7 9 6 . 0 9 5 . 6
1 . 7 5 1 0 1  . 6 9 7 . 0 9 5 . 3 9 4 . 5 9 4 . 0 9 3 . 7
1 . 5 9 7 . 2 9 3 . 8 9 2 . 6 9 2 . 0 9 1  . 7 9 1  . 5
1 . 2 5 9 2 . 0 9 0 . 1 8 9 . 5 8 9 . 2 8 9 . 0 8 8 . 9
1 8 5 . 8 8 5  . 7 8 5 . 8 8 5 . 8 8 5 . 8 8 5 . 8

T ab le 5.5: Screening th e  individual for expected risk: critical values for Lj and  Uj 

for visit i for all ages by tow n
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th e  ind ividual p a tien t. T h e  decision to  in tervene and  a t te m p t to  low er blood pressure 

concerns th e  balance of p o ten tia l side effects, inconvenience etc. w ith  th e  expected 

reduction  in abso lu te  risk for th a t  p a tien t. F or instance a  p a tien t in E d inburgh  w ith  a 

m ean blood pressure, a fte r four v isits, o f 95m m H g has a  re la tive risk o f ju s t  u nder 1.75 

com pared  w ith  th e  average popu lation  risk. If tre a tm e n t m ight be expected  to  reduce 

risk by 10 o r 20% th en  re la tive risk on tre a tm e n t would be betw een ab o u t 1.4 and  1.6. 

In abso lu te  te rm s th is  change m ight no t be sufficient to  outw eigh th e  possible side 

effects o f tre a tm e n t if th e  ind ividual is younger, non-sm oking an d  w ith  a  low 

cholesterol level. However for th e  older individual w ith  a  high cholesterol it m ay be a 

significant personal risk reduction . T h u s re la ting  th e  observed m ean blood p ressure to  

risk w ith o u t m aking any  form al decision rule for screening m ight be an  ad eq u a te  aid  for 

th e  docto r and  p a tien t jo in tly  to  reach a  decision ab o u t s ta r tin g  in te rv en tio n  or 

s topp ing  screening. O f course, th is  does no t negate th e  possibility  for show ing on the 

risk c h a rt, th e  risk curve below which it is generally  accepted  th a t  th e  risk reduction  

from  tre a tm e n t does not outw eigh th e  side effects for m ost ind ividuals o r does not 

ju stify  th e  cost o f in terven tion .

This concept of providing th e  docto r w ith risk inform ation  w ith o u t form ally  declaring  a 

decision rule can be tak en  a  step  fu rth e r. Using th e  survival m odel developed in the  

previous ch ap te r and  es tim atin g  th e  base surv ivor function  ( th a t  is, th e  survival curve 

for a  h ypo thetica l individual w ith  covaria te  values of zero) non param etrica lly  

(K albfleish and  P ren tice , 1980, ch ap te r 4), values o f £ can be tran sfo rm ed  to  

probabilities of dying from  card iovascu lar causes w ith in , say , 5 years w hilst also tak ing  

account o f an ind iv idual’s levels o f o th e r risk facto rs including age. In figure 5.5, the 

conditional d is trib u tio n  p (£ |x 4 ) is shown for th e  th ird  individual described in section
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0.3 0.4 0.6 1.0
low risk: % dying w ith in  5 years

10 20 30 40 50
high risk: % dying with in  5 years

70 80 90 100 110 120

underlying diastolic blood pressure

Figure 5.5: Conditional distribution for underlying diastolic pressure, £, for an 
Edinburgh man after four pressure measurements o f 106, 90, 98 and 
104mmHg, showing also the associated absolute risk scales if the man 
has other risk factors as low risk (age 40, never smoked, low cholesterol 
200m g/d l) or high risk (age 60, > 2 0  cigs/d ay and high cholesterol 
350m d/dl)
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5.3.2 (w ith  blood pressures a t  th e  four visits o f 106, 90, 98 and 104m m Hg, 

respectively). A bove th e  scale for £ are  tw o risk scales showing th e  es tim ated  risk o f 

dying o f ca rd iovascu lar causes w ith in  5 years: th e  first w here th e  individual is 40 years 

of age, a  non-sm oker w ith  a  low observed cholesterol ( 2 0 0 m g /d l a t  one v isit) and  th e  

second w here he is 60, a  heavy sm oker ( > 2 0  c igare ttes per day ) w ith  a  high observed 

cholesterol (3 5 0 m g /d l). V ery clear from  these p lo ts is th e  su b s tan tia l difference in 

abso lu te  risk depending on th e  levels o f factors o th e r th a n  blood pressure: th e  expected  

abso lu te  risks are  0.43% and 23% chances o f dying w ith in  five years for such low and  

high risk m en, respectively. T he  shaded ta il areas shown each cover a  p robab ility  o f 

5% so th a t  th e  in te rva l in betw een covers p robab ility  90%. T his in terv a l can be used 

to  determ ine w hether th e re  is a  significant possibility th a t  risk is sufficiently raised to  

w a rran t in te rv en tio n . If no t, then  th e re  would be no justifica tion  for fu r th e r screening. 

C onversely, if th e  in te rva l con tains risk levels which are e ith er sufficiently raised , or 

sufficiently low, th en  fu rth e r screening would be justified  to  reduce th e  s tan d a rd  

deviation  o f th e  d istribu tion  and  so help to  confirm  or re fu te  e ith er o f these 

possibilities.

5.5 Screening a  population

In th e  previous sections th e  screening rules developed have had tw o  charac teristics . 

F irst th ey  have been open-ended in th a t  som e individuals will be recalled repeated ly  

w ithou t a  decision being reached. T his is clearly undesirab le because o f th e  

im plications for screening costs and th e  need to  m ain ta in  th e  cooperation  of th e  

subjects concerned. Second, because th e  sam e expected risk o r p robab ility  o f pressure 

being elevated  above th e  critical level, f-p, is used a t  all visits, a  co n stra in t on th e
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critical values, Lj and  U j ,  is im posed. T his produces a  problem  of m isclassification 

no tab ly  of sub jects for w hom  in terven tion  is recom m ended or screening is stopped  afte r 

one or tw o screening visits. T his can be expressed in te rm s o f p a tien t num bers being 

considered for in terven tion  when th e ir underlying level do no t ju stify  it, o r vice versa. 

A lterna tive ly , a  m ore useful w ay of expressing it is to  q u an tify  th e  p roportion  o f those 

events th a t  m ight be p reven tab le  by in terven tion  b u t a re  no t p reven ted  because of 

m isclassification: th is  th en  also involves th e  ex ten t o f misclassified risk. T he  approach  

considered in th is  section addresses bo th  o f these issues: co n stra in ts  a re  defined by

lim its on th e  p roportion  o f th e  population  th a t  can be considered for in terven tion  and 

by th e  effort (or cost) o f th e  screening p rogram m e itself. Subject to  such co n stra in ts  it 

is then  desirable to  choose th e  Lj and Uj so th a t  th e  p roportion  o f th e  population  

selected for in terven tion  is th a t  p roportion  th a t  is m ost likely to  benefit. T h u s th e  

problem  is one o f constra ined  op tim ization . In th e  next section th is  screening m odel is 

defined m ore fully in te rm s of objective and  co n stra in t functions th a t  reflect th e  risk 

function , R( f ) ,  an<  ̂ variab ility  of diastolic pressures bo th  w ith in  and betw een 

individuals. T hen  we illu s tra te  its use by considering th e  screening o f an  E dinburgh  

m ale population  sim ilar to  th a t  found in th e  clofibrate tria l.

5.5.1 C onstra ined  op tim iza tion  m odel for popu lation  screening

As before, we consider a  screening program m e defined by critical values Lj and  Uj for 

visit i a t which th e  following decisions, determ ined  by th e  m ean of th e  accum ulated  

observations Xj, are  m ade:

(i) if Xj >  Uj then  consider in terven tion

(ii) if Xj <  Lj then  stop  screening
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(iii) else if Lj <  Xj <  Uj then  continue screening to  visit ( i + 1 ).

N ote th a t  th e  p rogram m e can be lim ited to  a  m axim um  num ber o f visits by choosing 

Lj =  Uj a t  th e  final allow able visit.

W e shall re s tric t ou r a tte n tio n  to  risk-related  objective functions tho u g h  th e  m ethod 

follows th ro u g h  in th e  sam e m anner if functions quantify ing  th e  reduction  in risk due 

to  in terven tion  are  used. Labelling by I th e  set o f observed m easu rem en ts in 

individuals considered for in terv en tio n , so th a t

I =  {x | Xj >  Uj and  Lj <  Xj <  Uj for i > l  and  for all j< i} ,

then  th e  problem  is to  m axim ize th e  expected  risk for individuals considered for 

in terven tion  =  E (R |x G l) subject to  co n stra in ts  on th e  Lj and U j .

T he co n stra in ts  considered here are  those o f “cost” and  can be defined in te rm s o f th e  

expected num ber o f visits required per individual en tering  th e  screening program m e 

(th e  screening “costs” ) and  th e  p roportion  o f those screened th a t  a re  considered for 

in terven tion  (th e  in terven tion  “costs” ). T ak ing  th e  screening cost co n s tra in t firs t, th is 

gives

oo
1 +  ^  p ( L j < X j < U j  | L j < X j < U j  for all j < i )  <  M, say , 

i= l

w here M is a  co n stan t to  be given. In th is  expression th e  one reflects all individuals 

having a t  least one m easurem ent and  each te rm  in th e  sum m ation  reflects the
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p ro p o rtio n  going forw ard  from  visit i to  v isit ( i+ 1 ). N ext, th e  in terven tion  cost 

co n s tra in t is

oo
Y ,  p(Xj>Uj  and  L j< X j< U j for all j < i )  <  P , say, 
i= l

w here P  is a  second co n stan t to  be given. Here each te rm  in th e  sum m ation  reflects 

th e  p rop o rtio n  o f th e  popu lation  w ho are considered for in terven tion  as a  result of 

o bserva tions up to  visit i. W ritin g  th e  objective function  in a  sim ilar m anner, th e  

problem  is to  m axim ize

E |^R(^)jXjGUi {Xj|Xj>Uj and L j<X j<U j for all j < i } J

sub jec t to  these co n stra in ts . In p ractice, it m ay also be useful to  lim it th e  num ber of 

screening visits th a t  can be com pleted by any  individual, say to  a  m axim um  of N. This 

necessita tes th e  add itional co n stra in t th a t  LN =  UN, so th a t  a  decision is reached for 

all individuals.

T o  ev a lu a te  th e  expecta tion  in th e  objective function , th e  p robab ility  density  function  

for £ conditional on x £ l  is needed. T his function is

J  P ( x ,  0  d x
x G l

|  |  P(x, 0  dx  d£ 

£ x(El

w here p is th e  jo in t density  function  for x and  £. G iven th a t  observations a t  successive
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visits m ay be considered independent (if th e  in terven ing  tim e  in te rv a l is sufficiently 

long) then

p(x, o = g(o n w
j = l

T h u s th e  required  density  function  is

(5 .7 )

w here lj is th e  set considered for in terv en tio n  a t th e  ith  visit ( i > l ) :

lj =  {Xj | Xj>Uj  and  L j<X j< U j for all j< i} .

N ote th a t  the  denom inato r of (5.7) is exactly  th e  proportion  considered for in terv en tio n  

and  so is th e  co n s tan t, P . T hus in de term in ing  th e  m axim um  of th e  ob jective function , 

th e  d enom inato r in (5 .7) can be ignored.

By defining th e  set proceeding from  visit i to  v isit (i +  1) for fu r th e r  screening by Sj 

w here

Sj =  {Xj | L j <Xj <Uj  for all j< i ) ,  

th en  th e  problem  can be w ritten  as
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N f f 'm axim ize (w ith  respect to  L and  H ): R ( f ) g ( f ) J J  f (x j|f )  d x jd f

i=1 £ XjEli j=1

sub ject to : (i) LN =  UN

(“ ) 1 + ]C f f S(0ll f(xjlO dxjdf = M
1=1 (  X,€Sj J=1

( " 0  s  f  f  « ( « n  f ^xj i ^  d x j d ^ =  p  ^5 *8 ^
i=1 e * ,€ 1, j=1

w here N is th e  m axim um  num ber o f screening visits allowed (N > 1 ) , M is th e  average 

num ber o f screening visits per person and P  is th e  p roportion  o f th e  popu lation  to  be 

considered for in te rv en tio n .

T he  difficulty in solving th is problem  is th a t  in tegrals o f dim ension (N +  l )  need to  be 

eva lua ted  and  these  will no t, in general, be am enable to  ana ly tic  sim plification. In 

add ition , th e  dim ension (2N —1) of th e  p a ram ete r space m akes th is a  su b s tan tia l 

co m p u ta tio n al problem  when requiring a  num erical solution. Hence it is only likely to  

be soluble for sm all values o f N. It is im p o rtan t also to  no te  th a t  th e  in teg ra l in th e  

objective function  m ay no t be bounded and so th e  problem  is no t alw ays soluble. In 

p articu la r, if R  is exponentia l in £, as is often  assum ed, and if g(£) is m arkedly  skew,

then  convergence o f th e  in tegra l to  a  finite value will no t be o b ta ined . T h is  would be

so if also £ is log norm ally  d is trib u ted . T hus in m odelling th e  d is trib u tio n  of 

underly ing covaria te  values, g (£), and th e  risk function , R (£ ), p a rticu la r care is needed 

in assessing th e ir fit to  th e  d a ta . W here u n ce rta in ty  persists it m ay be useful to  use an 

em pirical d istrib u tio n  function  for g ra th e r th an  a  poor m ath em atica l app rox im ation .
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5.5.2 Maximizing expected risk: population screening of blood pressures in Edinburgh

Here in te re st is re s tric ted  to  screening an E d inburgh  popu lation  o f m en o f ages sim ilar 

to  th a t  en te red  in to  th e  clofibrate tria l. T he  resu lts o f ch ap te rs  3 and  4 (tab les  3.9 and  

4.7) a re  used to  provide th e  necessary p a ram ete r es tim ates  for functions required  by 

th e  op tim iza tio n  problem :

f(XjlO =  n [£,<t̂ [ 1 + c( £ - ^ ) ] 2] .

g ( 0  =  N(//,cr2)

R ( 0  =  exp (/?£)

T he exam ple considered takes as fixed th e  in terven tion  cost co n s tra in t such th a t

OO

P =  f  g (O d { .
£ = 9 5

T hus if th e  underly ing diastolic pressure, £, could be determ ined , then  th e  in terven tion  

g roup would include all individuals w ith levels above 95m m H g so th a t  P = 5 .2 7 % . N ote 

th a t  th is  choice is an a rb itra ry  one m ade for illu stra tio n . If th e  volum e o f risk in a  

cohort is defined as its average risk tim es th e  cohort size, th en  th e  volum e o f risk in th e  

in terven tion  group as a  p roportion  o f th e  volum e of risk in th e  whole popu la tion , R p , is 

a  useful sum m ary  m easure of th e  risk th a t  will be in tervened  upon. If th e  underlying 

blood pressures were know n, a  useful upper bound on th e  volum e of risk in th e  

in terven tion  g roup is

00

[ R (£ )g (£ )d£  =  0.1253R p .

£ = 9 5
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Hence, m axim ally , 12.53% of fu tu re  card iovascular d ea th s  could be expected in a  

cohort o f 5.27% of th is  E d inburgh  population . T herefore any  op tim al screening 

p rog ram m e developed for a  given screening cost, M, m ight be re la ted  to  th is  m axim um . 

N ote th a t  a  lower bound can also be defined by considering th e  expected risk in th e  

in te rv en tio n  group  form ed by tak in g  a  random  sam ple o f size, P , from  th e  population . 

T his, for th e  E d inburgh  s itu a tio n , would include 5.27% of fu tu re  card iovascular dea ths 

and  rep resen ts  5 .2 7 /1 2 .5 3 = 4 2 %  of th e  m axim um  th a t  any  screening p rogram m e w ith 

an  in terv en tio n  group o f th is size could achieve. O th e r screening program m es sim ple in 

concept can also be fo rm ulated  for com parison. In p a rticu la r, p rogram m es in which 

every m em ber o f th e  population  has a  fixed num ber o f blood pressure m easurem ents 

are  useful in show ing how m uch very in tensive screening effort can achieve. T hese are 

equivalen t to  th e  general screening p rogram m e w ith  th e  th e  critical values Lj set to  

— co and  Uj set to  -foo for i< N  and  w ith L N =  U N such th a t  th e  in te rven tion  group is 

of th e  chosen size.

R etu rn in g  to  th e  op tim iza tion  problem , th e  exam ple considered allows a  m axim um  of 

four screening visits and  considers th ree  values of th e  screening cost param eter: 

M =  l . l ,  1.25 and  1.5 visits per person. A q u ad ra tic  p rogram m ing  m ethod  using 

analy tica lly  derived derivatives was used to  solve th e  problem . However, th e  objective 

function  changes very slowly near its  m axim um  as th e  p aram ete rs  L and  U are altered  

w ithin th e  co n stra in ts  and  so th e  op tim al solution found by th e  op tim iza tion  routine 

can be m ildly sensitive to  th e  num erical in teg ra tio n  p rocedure used, though  th e  value 

of th e  objective function  a t  th e  m axim um  is well determ ined . W e re tu rn  to  th e  

accuracy o f th e  critical values below.
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T ab le  5.6 shows a  com parison o f th e  op tim al program m es w ith  th e  o th e r screening 

p rog ram m es outlined above. T he  tw o m easures for com paring  th e  payoff from  

d ifferent p rogram m es are given: firs t, th e  volum e of risk in th e  in terven tion  group as a 

percen tag e  of th e  to ta l popu lation  risk (equivalen tly , th e  percen tage o f card iovascular 

d ea th s  th a t  m ight be expected in th e  g roup) an d , second, th e  volum e of risk in the  

in te rv en tio n  group  as a  percen tage o f th e  volum e achievable in th e  in terven tion  group 

if th e  underly ing pressure, f ,  were know n. C lear from  these  m easures is th a t  tak in g  a 

single blood pressure m easurem ent for all individuals in th e  population  and  selecting 

those  individuals w ith  th e  highest values for in terven tion  produces close to  a  doubling 

of th e  identified risk com pared w ith tak ing  a  random  sam ple from  th e  popu lation  o f th e  

desired size. T h u s th e  m ain gain is ob ta ined  by having som e m inim al knowledge of 

ind iv iduals’ blood pressure. F u rth e r  increasing th e  num ber o f observations per person 

p roduces m uch sm aller gains: going from  one to  four m easurem ents for each person 

screened increases th e  volum e of risk in th e  in terven tion  group  from  81.5% to  92.7% of 

th e  m axim um  possible. S im ilar orders of change are  also found for o th e r sizes o f the  

in te rv en tio n  g roup , P . If P = 16 .4%  (corresponding to  th e  percen tage w ith

£ > 9 0 m m H g ) then  th e  expected risk rises from  8 6 .8 % to  95.1% in m oving from  one to  

four m easurem ents for each person, and  tak in g  P = 1 .2 %  (corresponding to  

£> 10 0 m m H g ) gives a  change from  76.1% to  89.9%.

S im ilar sized gains can be m ade by considering th e  op tim al sequential rules: re tu rn ing  

to  tab le  5.6, averaging  1.5 observations per person w ith  a  m axim um  of four 

observations gives a  m arginally  lower payoff o f 91.9% com pared w ith th e  rule where 

everyone has four m easurem ents. N ote th a t  increasing th e  m axim um  n u m b er of visits 

allowed w hilst holding th e  average num ber per person co n stan t would p roduce fu rther,
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Risk in in te rven tion  group as % of 
to ta l risk in risk in
popu lation  in te rven tion  group

P ro g ram m e C ritical values if £ known

R andom  sam ple None 5.27 42.1

All ind iv iduals have 
M m easurem ents

M =  1 U != 9 9 .5 * 1 0 . 2 1 81.5

M = 2 U 2 = 9 7 .5 * 1 1 . 0 0 87.8

M = 3 U 3 = 9 6 .7 * 11.38 90.9

M = 4 U4 = 96 .3* 11.61 92.7

O ptim al sequential 
rules (m ax  4 visits)

t-HIIS

U =  (102.4, 99.0, 96.4, 94.4) 
L = (9 5 .5 , 95.1, 94.7)

1 0 . 8 8 8 6 . 8

M =  1.25 U =  (106.5, 101.6, 98.1, 95.1) 
L = (9 2 .5 , 93.3, 94.2)

11.28 90.0

M =  1.5 H = (1 1 1 .3 , 105.2, 100.1, 95.8) 
L = (8 8 .1 , 90.7, 93.3)

11.52 91.9

£ known in terven tion  if £ > 9 5 12.53 1 0 0

* F or j < i ,  values o f L j = —oo and Uj =  oo are  used w here i is th e  to ta l  num ber of 
m easurem ents allowed in th e  program m e.

T ab le  5.6: C om parison o f screening rules applied to  a  popu lation  of

E dinburgh  m en (sim ilar to  th a t  used in th e  clofibrate tria l)  

w hen th e  in terven tion  group has a  fixed size= 5 .27%  of th e  

p o p u la tio n = p (£  > 9 5 )
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b u t sm all, gains in payoff. T h u s considerable savings in screening costs can be m ade 

by using such sequentia l rules. D espite th is , th e  gain in payoff in te rm s o f volum e of 

risk identified  for in terven tion  is sm all an d , if in terven tion  costs (e ither financial or 

re la ted  to  th e  side-effects o f tre a tm e n t)  a re  low, th en  th e re  are  likely to  be g rea te r 

gains in payoff for fixed to ta l screening plus in terven tion  costs by accepting  a  larger 

in te rv en tio n  group on th e  basis o f a  single m easurem ent per person th a n  a  sm aller 

in te rv en tio n  group  found by repeat screening o f som e of th e  popu lation .

Also show n in tab le  5.6 are  th e  critical values, L and  U, found for th e  sequential 

screening rules. F o r each value o f M , these are  one set o f values (correc t to  one 

decim al place) which give th e  m axim al risk identified as a  percen tage o f th e  volum e of 

risk in th e  whole popu lation  (correc t to  tw o decim al places). O th e r sets of values (w ith  

critical values vary ing  from  those show n by 0.1 o r 0 .2m m H g) satisfy ing these crite ria  

for accuracy  m ay be found. T his reflects th e  flatness o f th e  ob jective function  close to  

its m axim um . However th e  considerable co m p u ta tio n al problem s th a t  need to  be 

overcom e in o rder to  increase accuracy  and  hence find a  solution closer to  op tim al is 

not w arran ted  w hen th e  accuracy  to  which blood pressure is m easured in practice  can 

lead to  m ore significant d ep a rtu res  from  th e  op tim al payoff. T his is illu stra ted  by th e  

following sim ulation.

C onsider a  sam ple o f 100 000 E d inburgh  m en w ith  underly ing pressure and  w ithin- 

person variab ility  as described in tab le  3.9. T he  men are en tered  in to  a  screening 

p rogram m e w ith critica l values for considering in te rven tion  o r th e  cessation of 

screening as given for th e  sequentia l rules in tab le  5.6. T ab le  5.7 shows th e  results 

from  tw o  situations: firs t, when m easurem ents a re  tak en  exactly  an d , second, when
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M easured exactly  M easured to  nearest even digit

M P (% ) R / R p (%) M P (% ) R / R p (%)

M =  l . l  1.101 5.34 10.89 1.115 5.22 10.76

M =  1.25 1.250 5.30 11.27 1.235 5.15 11.01

M =  1.5 1.502 5.34 11.59 1.474 5.37 11.63

C olum n definitions: M =  average num ber o f visits per person in sim ulation
P  =  percen tage of m en considered for in te rv en tio n  (th e  

program m es were designed w ith  P  =  5.27% )
R / R p = v o l u m e  of risk in th e  in terven tion  g roup as a  percen tage 

o f volum e of risk in th e  whole popu lation  (op tim al values 
found were 10.88%, 11.28% and 11.52% for M =  1.1, 1.25 
and  1.5, respectively)

T ab le  5.7: R esults of a  sim ulation o f 100 000 E dinburgh  m en en tering  screening 
program m es w ith th e  sequential rules given in tab le  5.6, when th e ir 
blood pressures are m easured exactly  o r a re  rounded to  th e  
nearest even digit

th ey  are rounded to  th e  nearest even digit as occurred , app rox im ate ly , in p ractice  in 

E d inburgh  in th e  cloflbrate tria l. F o r each o f these  situ a tio n s , th e  average num ber of 

visits per person (M) ,  th e  size o f th e  in terven tion  g roup (P ) and th e  volum e of risk in 

th e  in terven tion  group as a  percentage o f th e  volum e of risk in th e  whole popu lation , 

( R / R p ) % ,  were eva lua ted .

C onsidering firs t, th e  s itu a tio n  w ith blood pressure m easured exactly , th e  values o f M 

are w ith in  one s tan d a rd  erro r o f th a t  aim ed for (th e  s tan d a rd  e rro r varies from  0 . 0 0 1
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w hen M =  l . l  to  0.003 w hen M =  1.5). Sim ilarly, th e  values o f P  are w ith in  one 

s ta n d a rd  e rro r of th e  5.27% used in defining these  rules (th e  s tan d a rd  e rro r is 0.07% ). 

N ote how ever th a t  th e  rounding  o f th e  critical values to  one decim al po in t can affect 

th e  value o f P  by a  sm all am o u n t. F o r exam ple, when M = 1 .5 , if U 4  is changed to  95.9 

from  95.8, th en  P  drops to  5.23% from  5.34% w ith o u t a lte rin g  M. Secondly, when th e  

m easu rem en ts are  rounded to  th e  nearest even dig it, sim ulation o f th e  sam e cohort 

passing th ro u g h  th e  screening p rogram m e tends to  give larger d ep a rtu re s  from  th e  

values expected  for each o f th e  screening cost, in terven tion  cost and  payoff p aram eters . 

T h u s , in p ractice, th e  accuracy  o f blood pressure m easurem ent is likely to  be a  g rea te r 

d e te rm in an t o f th e  ac tu a l costs and  payoff for a  p a rticu la r screening p rog ram m e th an  

th e  d ep a rtu res  caused by com pu ta tional lim ita tions in seeking th e  op tim al payoff for 

constra ined  costs. O f course, th e  ideal would be to  u n d ertak e  th e  op tim ization  

allow ing also for th e  accuracy o f m easurem ent used b u t th is  im poses an  add itional 

degree o f co m p u ta tio n al com plexity.

F igure 5.6 illu stra tes  d iagram atically  th e  critical values (bold lines) for th e  op tim al 

screening rules given in tab le  5.6. This shows clearly th e  effect of increasing the  

screening costs allowed by th e  program m e: a  w ider ap e rtu re  o f th e  funnel shape for

higher costs. T hese rules have been overlaid o n to  th e  expected  risk ra tio  curves form ed 

for th e  “screening for risk” approach  for individuals (dashed  lines) iden tical to  those 

given in figure 5.4. T his shows, as should be expected, th a t  U j, U2 , U 3  and  U 4  form  a  

decreasing sequence in te rm s of th e  expected  ra tio  and L 1? L2 , L 3  and  L 4  an  increasing 

sequence, reflecting th e  use o f th is  expected risk ra tio  in th e  ob jective function  o f th e  

op tim iza tion  problem . P articu la rly  noticeable from  th e  overlaid p lo ts is th e  w ay in 

which th e  op tim al rules m ake cessation o f screening difficult a t  th e  first and  second
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Figure 5.6: Optimal screening rules for an average of M visits per person with 5.27% of 
the population considered for intervention and a maximum of 4 visits (bold 
lines). Dashed line show the expected risk as a ratio to the average risk in 
the population.
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v isits . As has been discussed earlier in th e  co n tex t o f th e  “screening for t re a tm e n t” 

ru les, th is  is w here th e  g rea test scope for m isclassification arose in th e  rules presented 

in sections 5.3 and  5.4; th is  d em o n stra te s  how th e  o p tim al rules m ake th e ir gains in 

risk  classification.

A lso shown in figure 5.6 is a  screening rule labelled “M =  l ” . T his rule rep resen ts  th e  

lim it as th e  num ber o f visits per person ten d s to  un ity . It is form ed by considering th e  

c ritica l value for in terven tion  w hen each individual has a  single diasto lic pressure 

m easu rem en t (equal to  99.5m m H g, from  tab le  5 .6). Individuals w ith  such a  pressure 

have an expected risk ra tio  o f 1.66 tim es th e  average popu lation  risk. T h u s any 

o p tim a l rule allowing an average num ber o f visits per person slightly  bigger th a n  one 

m u st p roduce a  funnel shape th a t  d ep a rts  slightly  from  th e  line shown linking th e  

p o in ts  w ith  an expected  risk ra tio  o f 1.66 a t  each visit. T h u s for any  rule allowing a 

m axim um  of four m easu rem en ts, th is gives a  lower bound for U 4  o f 94.3m m H g. An 

u p p er bound for U 4  is given by th e  critical value for considering in terven tion  when 

each individual in th e  population  has th e  m axim al four screening visits: equal to  

96.3m m H g (from  tab le  5.6). T hus for a  fixed value of P , U 4  varies very little  w ith  th e  

value o f M (a  useful aid in choosing a  s ta r tin g  poin t for th e  op tim iza tion  rou tin e).

W e have already  seen th e  relatively sm all im pact th a t  these sequential rules have on 

th e  m agn itude o f identified risk in th e  in terven tion  group. T h u s th e  gains in 

p opu la tion  (public h ea lth ) term s are  sm all by using rep ea t m easurem ents and  so th e  

c rite ria  for choosing th e  th ree  constra in ing  param ete rs  (N , P  and M ) m ight be chosen 

on th e  basis o f e th ical obligations to w ard  th e  individual subject to  any  lim ita tio n  on 

financial cost. As it would not be desirable to  have individuals selected for in terven tion
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for w hom  th e  expected risk reduction  does not exceed th e  expected  risk  o f side-effects, 

th en  P  m ight be defined in te rm s o f th e  m inim um  expected risk fo r an  individual 

selected  in to  th e  in te rven tion  group. Since th e  sequence o f th e  U j ’s  is decreasing as th e  

v isit n um ber, i, increases, th is im poses a  m inim um  on th e  value o f U N . Given th a t  U N  

varies very  little  as M changes (for fixed P ) , th en  to  a  reasonable app rox im ation  

E ( R / R p |xN =  U N )  defines P .

T h e  m axim um  num ber o f v isits, N, can  be determ ined  by th e  range o f  underly ing risk 

ra tio s  (o r equivalen tly  o f underly ing blood pressures) which are consisten t, w ith  

reasonab le  ce rta in ty , w ith  an observed m ean blood pressure a t  th e  final visit equal to  

U N. F o r exam ple, th e  p robab ility  density  function  f(£ |x 4  =  U4 ) w hen U 4 = 9 5 .1 m m H g  

(corresponding  to  th e  op tim al sequential rule in tab le  5.6 w ith M =  1.25) is shown in 

figure 5.7. T h e  shaded tails  each represen t a  p robab ility  o f 0.05 and  so we can be 90% 

ce rta in  th a t  an individual w ith such an observed m ean blood pressure has a  risk ra tio  

lying betw een 1.26 and  2.41 (or, equivalen tly , th a t  th e ir underly ing blood pressure lies 

betw een 88.0 and 98.8). If th is is a  sa tisfac to ry  range for in te rven tion  th en  four visits 

w ould be an  ap p ro p ria te  value for N. However, if it were felt uneth ica l to  t re a t  

som eone w ith  a  risk ra tio  as low as 1.26, then  a  higher m axim um  num ber o f visits 

would be needed. O f course, if th e  range is felt to  be too  narrow  th en  a  lower num ber 

o f visits m igh t be ap p ro p ria te .

T h e  sam e concept is useful in choosing th e  effort p u t in to  screening, th a t  is th e  average 

n um ber o f visits per person, M. F o r exam ple, figure 5.8 shows th e  90% probab ility  

in te rv a l for £ given observed m ean blood pressures equal to  th e  critical values L and U 

given in tab le  5.6 for th e  case when M =  1.25 visits per person. If th e  in tervals
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risk relative to average in population
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underlying diastolic blood pressure

Figure 5.7: Conditional probability density function for £ and the associated risk
relative to the average in the population given an observed mean diastolic 
pressure of 95.1mmHg after 4 visits (corresponding to  the critical value 
for intervention in the optimal rule with a maximum of 4 visits with 
M =  1.25 and P=5.27% ).
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F igure 5.8: C onditional p robab ility  density  functions for £ given observed m ean 
diasto lic  pressures equal to  th e  critica l values fo r considering 
in te rven tion  (U ) o r s topp ing  screening (L ) for th e  o p tim a l ru le w ith  
a  m axaim um  o f 4 visits and  w ith M = 1.25  an d  P = 5 .2 7 % .
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cond itional on Xj =  Uj, for som e visit i, include values th a t  a re  considered uneth ica l for 

in te rv en tio n , o r else those  in terva ls  conditional on Xj =  Lj, for som e visit i, include 

values th a t  should ind icate  in terv en tio n , then  increasing M would be necessary so th a t  

th e  re levan t in terva ls  do no t show such charac teristics. A lterna tive ly , it m ay  be 

possible to  decrease M , so saving screening costs, w hilst m ain ta in ing  ad eq u a te  evidence 

of elevated  risk before in terven tion  o r o f low risk before stopp ing  screening. T he  m ajo r 

d ifficulty  w ith  th is  approach  is th a t  th e  desire to  answ er to  individual eth ics m ay 

p roduce a  rule w ith an excessive financial cost a n d /o r  excessive inconvenience for th e  

indiv idual o f rep ea t screening. In th is  case, a  reasonable balance needs to  be reached. 

In p ractice , th is is likely to  require, in p articu la r, a  decrease in th e  p roportion  o f th e  

popu lation  considered for in terven tion  so th a t  th e  funnel p a tte rn  for th e  critica l values 

is sh ifted  upw ard  to  higher m ean observed blood pressures.

5.6 S um m ary  of m ain resu lts w ith discussion

In screening for card iovascular disease, we are dealing w ith  a  risk re la tionsh ip  th a t  is 

m u ltifacto ria l. However, in terven tions (p a rticu larly  pharm acological ones) are  

generally  concerned w ith producing a  change in a  single risk fac to r (th o u g h , for 

in stance , d ie ta ry  change m ight affect bo th  cholesterol and  blood p ressure levels). T his 

m akes th e  developm ent o f a  screening p rogram m e for selective in te rven tion  (i.e. no t for 

th e  w hole popu la tion) difficult because th e  decision to  tre a t  should be based upon th e  

balance betw een th e  expected benefits in te rm s o f th e  reduction  in abso lu te  risk and  

th e  expected  disbenefits such as cost and  side-effects. T he  approaches presen ted  have 

co n cen tra ted  on identifying individuals w ith elevated  underly ing blood p ressure or, 

sim ilarly , elevated  risk o f dying from  card iovascular causes a ttr ib u ta b le  to  raised blood
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pressure. F orm al rules can be defined by choosing critical levels for th e  m ean diastolic 

p ressu re  over m easurem ents tak en  a t  several screening visits so th a t  a  subject w ith  a

m ean  above th e  upper lim it would be recom m ended for in te rv en tio n , a  subject w ith  a

m ean below th e  lower lim it would cease screening and  a  subject w ith  an  in te rm ed ia te  

m ean w ould be encouraged to  re tu rn  for fu r th e r screening.

T w o approaches to  screening individual subjects th a t  would be p articu la rly  su itab le  for 

m ore ad  hoc screening s itua tions such as w ith  casual screening by general p ractitioners

have been considered. T he  first, th e  “screening for t re a tm e n t” app ro ach , considers a

th resh o ld  for underlying pressure, £-p, above which it is felt th a t  in terven tion  is 

desirab le and  below which it is felt to  be undesirable . In terven tion  is then

recom m ended when it can be estab lished  th a t ,  given a  sequence o f repeat 

m easu rem en ts, a  su b jec t’s underly ing pressure, f ,  is g re a te r th a n  w ith some high 

p ro b ab ility . C onversely, screening ceases when f  is shown to  be below £-p w ith  a  high 

p robab ility . T he  de term ina tion  o f critical values for th e  m ean p ressure over a  series of 

v isits th a t  satisfy  these c rite ria  was described, using B ayes T heorem , in section 5.3. 

T h e  m ain draw backs of th is approach  are  tw ofold. F irs t, it fails to  q uan tify  how high 

or low th e  underly ing pressure, and hence th e  risk of card iovascu lar m o rta lity , is and , 

second, it assum es th a t  a  level £-|- can be determ ined  well.

In c o n tra s t, th e  second approach , “screening for risk” , determ ines, on th e  basis o f th e  

m easu rem en ts o b ta in ed , th e  expected risk for a  sub ject. T his is th en  com pared w ith 

tw o  risk levels: an  upper one above which in terven tion  is considered advan tageous

because th e  p o ten tia l benefits in te rm s o f risk reduction  would outw eigh th e  po ten tia l 

side-effects, and a  lower one below which th e  reverse is felt to  apply  w hen screening
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would be stopped . T his app roach  allows u n ce rta in ty  in th e  knowledge ab o u t th e  level 

o f risk required  before tre a tm e n t is considered b u t does n o t consider th e  degree of 

u n ce rta in ty  ab o u t how high, o r low, an ind iv idual’s risk m ight plausibly be.

In effect w h a t is required is a  m ix tu re  o f these tw o approaches. W ith o u t form alizing 

rules, a  g raph ical d isplay  which p o rtray s  th e  required inform ation  w as suggested  a t  th e  

end o f section 5.4 (and  illu stra ted  in figure 5.5). T his enables a  docto r to  see visually 

th e  expected  risk to g e th e r w ith  a  d istribu tion  showing th e  range o f risk and  underly ing 

d iasto lic pressure th a t  th e  subject concerned m ight plausibly have. T h e  balance of 

expected  risk reduction  and  p o ten tia l side-effects can th en  be m ade to g e th e r w ith  an 

assessm ent as to  w he ther th e  decision to  in tervene, or n o t, should be influenced by th e  

u n ce rta in ty  in th e  risk d e term ina tion . If th e  la t te r  is so, then  fu r th e r screening would 

be w a rran ted  to  im prove th e  precision o f risk es tim atio n . T h e  o th e r d istinc t ad v an tag e  

of th is  graphical display is th a t  it can be designed to  show abso lu te  risk reflecting also 

levels o f o th e r risk facto rs which are clearly im p o rtan t in deciding w hether in terven tion  

is w a rran ted .

For b o th  o f these “indiv idual” approaches to  screening, th e  scope for m isclassification 

occurred m ainly  th ro u g h  th e  te rm in atio n  o f screening a t  th e  earlier v isits (n o tab ly  a t 

e ither o f th e  first tw o) w ith  th e  conclusion th a t  risk was adequate ly  low n o t to  w a rran t 

in terv en tio n . T his is addressed in th e  “p opu la tion” approach  which is concerned w ith 

identify ing th a t  group in th e  population  o f a  defined size w ith  th e  g re a te s t expected  

event ra te  for whom  in terven tion  would be recom m ended, subject to  a  co n s tra in t on 

th e  am o u n t o f screening (expressed in te rm s of th e  average num ber o f screening visits 

per person allow ed). T his approach  also had  th e  desirable fea tu re , no t ca te red  for in
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th e  individual approaches, o f lim iting th e  m axim um  num ber o f screening visits. F rom  

such a  public hea lth  perspective, th e  value o f repeated  m easurem ent o f d iasto lic  blood 

pressure for card iovascu lar disease m ight be questioned . A fter a  single m easu rem en t, 

fu r th e r m easurem ents add  little  in identifying a  higher-risk group  for in terv en tio n . F o r 

illu stra tio n , in a  cohort o f m iddle-aged men sim ilar to  th a t  s tud ied  from  E d inburgh , an  

exam ple considered for a  g roup  size represen ting  5.27% of th e  popu lation  an d  chosen 

on th e  basis o f having th e  highest diastolic pressures a t  a  single screening visit w ould 

be expected  to  have, in num ber, 81.5% of th e  even ts th a t  would be expected  had  a  

group  been chosen on th e  basis o f th e  highest underly ing pressures. Increases in th e  

volum e of screening th en  produce only sm all increases in th e  expected event ra te  above 

th is level. T his p rim arily  reflects th e  re la tively  low ra te  o f change in risk w ith  

underly ing level and so, in popu lation  risk te rm s, th e  re latively  sm all p en a lty  paid for 

m isclassification. N evertheless, th e  op tim al rules presen ted  illu s tra te  how careful 

selection of individuals for fu r th e r screening can achieve sim ilar gains in te rm s o f 

identified risk to  th a t  from  m ass screening w here all individuals have repeated  

m easurem ents.

A p articu la r ad v an tag e  o f considering th is  app roach  should be in its use to  define 

screening rules th a t  have desirable properties in th e  public hea lth  co n tex t ( th a t  is 

closed screening rules w hich are close to  o p tim al in te rm s o f popu lation  risk 

identification w ithin given cost co n stra in ts) b u t which also give sa tisfac to ry  risk 

assessm ent for individual p a tien ts  so th a t  th ey  are  no t subjected  to  unnecessary , costly  

and po ten tia lly  harm ful tre a tm e n t. This can be achieved by using th e  som ew hat 

heuristic  approach  suggested  for developing a  screening plan w hich em ploys th e  

conceptual fram ew ork o f th e  popu lation  approach  (and  so is op tim al in th a t  co n tex t)
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b u t w here th e  co n stra in ts  are  determ ined  by th e  precision o f risk assessm ent required 

for ind ividual p a tien ts  before in terven tion  is considered o r screening is s topped . T his 

should give a  good balance of public hea lth  considerations an d  ind iv idual eth ics.

In deciding w he ther in terven tion  is o r is not ap p ro p ria te , som e quan tifica tion  o f th e  

level a t  which adverse effects o r cost outw eigh th e  benefits needs to  be m ade. W hen 

th e re  is a  single (o r d o m in an t) risk fac to r th is  is sim plified as it can be in te rp re ted  as 

th e  underly ing level, f T , a lready  m entioned above w hich in te rv en tio n  is ind icated  

because, on balance, it is considered beneficial o r cost-effective, an d  below which it is 

no t. In th is  ch ap te r, values o f 95m m H g and 90m m H g have been used for illu stra tion  

purposes. However, determ in ing  th e  ap p ro p ria te  value o f £-p for use in p ractice  is not 

sim ple. A lthough th e  efficacy o f in terven tions m ay be estab lished  in clinical tria ls , it is 

not alw ays clear from  th e  en try  c rite ria  a t w hat level efficacy outw eighs adverse effects 

particu la rly  as th e  c rite ria  are  generally  defined in te rm s o f observed  risk facto r levels 

and no t underly ing levels. F o r instance th e  overview  of tria ls  o f an ti-hypertensive  

tre a tm e n ts  (Collins e t al, 1990) showed significant risk reductions in stroke and 

coronary  h ea rt disease in tria ls  w ith an  en try  (observed) d iasto lic  p ressure in th e  range 

o f ab o u t 90 to  llO m m H g. However, w ithou t know ledge o f th e  d is trib u tio n  o f blood 

pressures from  which th e  tria l e n tra n ts  were draw n, it is difficult to  derive th e  m ean 

underly ing diasto lic level for th e  e n tra n ts  to  th e  tria ls  an d  so to  use any  efficacy resu lt 

found to  m ake a  s ta tem en t ab o u t th e  level f-p. T h u s, it w ould be advan tageous for 

clinical tria ls  to  include inform ation  ab o u t th e  underly ing  m ean  blood pressures of 

individuals random ized. P erh ap s th e  easiest w ay to  do th is  w ould be to  random ize 

p a tien ts  and  then  to  have a  sho rt period (say , a  m on th  o r so) prior to  tre a tm e n t 

during  which several rep ea t m easurem ents are  m ade. T h en  th e  m ean of th e
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m easurem en ts for each individual would be a  precise es tim a te  o f th e ir underly ing  level.

In m oving from  a  disease w ith  a  single risk fac to r to  one w ith  several, th e  popu lation  

ap p ro ach  can still be applied directly  to  risks and  in terven tions associated  w ith  a  single 

fa c to r provided th a t  levels o f each fac to r are  (ap p ro x im ate ly ) uncorre la ted  and  th e  

effect o f in terven tion  on one fac to r does no t affect th e  levels o f o th e r fac to rs. However 

in screening th e  individual, m ultip licative risk facto rs m eans th a t  to ta l ab so lu te  risk 

needs to  be determ ined  so th a t  th e  balance of risk reduction  an d  cost o r adverse effects 

can be properly  assessed. T h e  “screening for t re a tm e n t” approach  is th en  less

applicable as it is m ore difficult to  define th e  value, £T , as th is  should depend  on th e  

levels of o th e r risk facto rs in th e  individual being screened: for exam ple, a  high 

cholesterol level in an older person m ight suggest a  lower critical value for in terven tion  

on blood pressure th an  for a  younger person w ith  a  low cholesterol level. In co n tra s t, 

th e  “screening for risk” app roach  can be easily ex tended  and  th e  package of 

in te rven tions chosen th a t  produces th e  g rea tes t benefit for least risk o f adverse effects 

or low est cost. T o  facilita te  th is , th e  effect of any  in terven tion  needs to  be understood  

for all levels of th e  risk fac to r th a t  it affects. In p articu la r, it would be useful to  know 

w h e th e r in terven tion  does produce a  p ro p o rtio n a te  reduction  in risk regardless o f the  

level o f th e  risk facto r o r w he ther th e  reduction  is a tte n u a te d  a t  lower levels. Also 

re levan t in th is con tex t is w he ther th e re  is ad v an tag e  in low ering risk fac to r levels in 

younger subjects to  reduce long-term  risk desp ite th e  risk o f m orb id ity  in th e  sh o rt­

te rm  being sm all. However, long-term  clinical tria ls  th a t  answ er th is  question  are 

rare ly  un d ertak en  and  so th e  issue can only be addressed by ex trap o la tin g  resu lts from  

sh o rte r-te rm  tria ls  and  considering th e  m echanism s th a t  re la te  th e  risk fac to r to  

m orb id ity .
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A n im p o rta n t consideration in applying any  o f th e  screening m ethods in p ractice  is 

th e ir  robustness to  th e  p a ram ete r estim ates adop ted  for th e  risk profiles and risk fac to r 

d is trib u tio n s  b o th  w ithin- and  betw een-person s. In th is  respect th e  population  

approach  is likely to  be particu la rly  sensitive: sm all erro rs in th e ir estim ation  could lead 

to  subop tim al solutions and  to  m arked d ep a rtu res  from  th e  costs expected. T he 

approach  is also sensitive to  th e  functional form s chosen, p articu la rly  to  th e  

re la tionsh ip  betw een th e  shape o f th e  risk function  w ith  th e  underly ing level, £, an d  th e  

d istrib u tio n  of £ in th e  popu lation . F or exam ple, th e re  m ay be little  difference in th e  

d ep a rtu res  from  norm ality  of th e  d istrib u tio n  for £ o r for log£, b u t if th e  risk function  

is log-linear and  a  norm al d istribu tion  is chosen for £ then  th e  problem  is soluble, b u t if 

a  norm al d istrib u tio n  is chosen for log£, th en  it is no t soluble because th e  volum e of 

risk ( th a t  is, num ber a t  risk tim es level o f risk) is an  unbounded  function  as £ 

increases.

F o r th e  individual approaches, th e  im portance o f th e  accuracy o f estim ates for th e  

p aram ete rs  defining th e  population  d istrib u tio n  for f  reduces very quickly as th e  

num ber o f repeat m easurem ents accum ulates. T his is appealing p articu la rly  as long­

te rm  in terven tion  is unlikely, in practice , to  be recom m ended w ith o u t a  few repeat 

m easurem ents. T hus th e  problem  o f u n ce rta in ty  ab o u t popu lation  p aram ete rs  really 

concerns those  who stop  screening a fte r one o r tw o  m easurem ents; for these  s itu a tio n s  

it m ight be ap p ro p ria te  to  be m ore cau tious before stopping  screening (as is suggested 

by th e  popu lation  approach ). T h u s a  lower level th a n  a  m ean of 90m m H g afte r tw o 

visits, as suggested by th e  W .H .O . guidelines for hypertension  screening (P a r tic ip a n ts  

of th e  W .H .O ./I .S .H . m eeting, 1986) would be useful. Sim ilarly, in casual screening
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s itu a tio n s  w ith o u t form al decision rules, doctors should be encouraged to  look a t  the  

m ean o f a  set of m easurem ents even if taken  over several years ra th e r  th an  considering 

a  single low m easurem ent a t  a  cu rren t visit as ind icative o f no requ irem en t for 

in te rv en tio n . In practice, w ith  b o th  th e  developm ent o f an em phasis on screening for 

p reven tion  and  w ith increases in com puting  facilities in general p ractice , it would be 

re la tively  sim ple for softw are to  be developed th a t  provides b o th  ind ividual risk profiles 

u p d a ted  a t  each visit w hilst also including individual in fo rm ation  in a  d a tab a se  th a t  is 

able to  u p d a te  population  p aram ete rs  ta ilo red  to  local areas. In ad d ition  the  

developm ent of m ulti-facto ria l risk scores w ith screening based on these  ra th e r  th an  

single fac to rs  would reduce th e  need to  m easure repeated ly  those facto rs, such as blood 

p ressure and  cholesterol, th a t  have su b stan tia l com ponents o f w ith in-person variab ility  

because th e  risk score will readily  give an  adeq u ate  assessm ent o f th e  range w ithin 

which an ind iv idual’s risk is likely to  be.
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6. Further perspectives

In th is  ch ap te r th e  developm ents o f th is s tu d y  are sum m arized in th e  co n tex t b o th  of 

o th e r  published w ork and  also o f fu r th e r research th a t  would be useful in developing a 

s ta tis tic a l fram ew ork  for screening. T he problem  considered essentially  concerns risk 

fac to rs  th a t  a re  continuous variables m easured “w ith e rro r” and  th e  consequent 

decision process th a t  leads to  an  individual being classified as a t “h igh-risk” of 

developing a  disease and  so being considered for in terven tion  to  low er th a t  risk. F our 

p a r tic u la r  issues can be identified th a t  co n trib u te  to  th e  screening and in terven tion  

process. T h e  first concerns th e  assessm ent o f risk in any  individual. T h e  second 

considers th e  in form ation  th a t  needs to  come from  clinical tria ls  to  aid th e  decision 

ab o u t w hen a  tre a tm e n t is likely to  be effective. T he  th ird  is th e  m ethod  by which 

screening leads to  a  decision as to  w he ther risk is, o r is n o t, sufficiently elevated to 

w a rra n t in terven tion . T h e  fo u rth  concerns th e  role of m onitoring  response, particu la rly  

in th e  sh o rt-te rm , following th e  s ta r t  of in terven tion  to  assess its  effectiveness. These 

issues are  considered in tu rn  in th e  next four sections w ith  a  specific em phasis on th e  

co n tex t considered in th is  s tu d y , screening diastolic pressure to  assess risk o f m o rta lity  

from  card iovascular disease, and  also on th e  role o f m ultip le risk facto rs  in th is  se tting .

6.1 R isk assessm ent

T h e  risk o f card iovascular disease appears to  rise continuously  w ith  d iasto lic blood 

p ressure level (M acM ahon et al, 1990) and  so low ering p ressure in any  individual is 

likely to  reduce th e ir risk. H ow ever, when in terven tions used to  achieve th is can be 

po ten tia lly  harm ful (as w ith  d rugs), costly a n d /o r  inconvenient, then  these
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“disbenefits” need to  be balanced  against th e  benefits, th a t  is th e  expected reduction  in 

risk of developing th e  disease, in considering th e  value o f in te rv en tio n . T his is 

necessarily som ew hat subjective b u t does require a  reliable assessm ent of abso lu te  risk 

for an  individual.

Risk scoring schem es to  identify  high-risk individuals have been developed for 

card iovascular disease (for exam ple, Shaper e t al, 1986). T hese can be used as a  basis 

for determ in ing  abso lu te  risk. Typically , how ever, th e y  only require in fo rm ation  on 

risk facto rs a t  one screening visit and therefore assum e th a t  th e re  is no dependence of 

risk on p as t levels o f these  facto rs. In ch ap te r 4, th is assum ption  was investigated  for 

th e  association betw een risk and  changes in observed d iasto lic p ressure in a  sequence of 

four an n u a l m easurem ents. No evidence w as found th a t  tren d s  o r variab ility  ab o u t th e  

observed tren d  gave add itional predictive pow er when added  to  a  m odel including m ean 

level. T his confirm s th e  findings of H ofm an e t al (1980) for tren d s and v ariab ility  over 

a  longer period. T hus it would be reasonable to  conclude th a t  cu rren t underly ing  level 

o f diasto lic pressure is th e  im p o rtan t d e te rm in an t o f risk in m iddle-aged m en a t  least in 

th e  m edium  te rm  (say, for predictions for up to  ab o u t 10 years).

U nderlying level canno t be m easured d irectly . In ch ap te r 3, a  m odel for v a riab ility  was 

established describing an n u a l m easurem ents as being norm ally  d is trib u ted  abou t 

underly ing level w ith  s ta n d a rd  deviation which increases w ith  level. T his m odel m ight 

be expected  to  apply  also to  m easurem ents closer to g e th er in tim e, even when 

sep a ra ted  by as little  as a  week as then  serial correlation  is negligible (W ilson and 

Hebei, 1988). T h e  size o f th e  w ith in-person variab ility  is o f a  sim ilar o rder to  th a t  

betw een-person, and  so th e  consequent lack o f precision in pred ic ting  indiv idual risk
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needs to  be recognized: a  risk assessm ent based on one m easurem ent is su b stan tia lly

less precise th a n  one based on, say , four m easurem ents a t sep a ra te  visits because the  

la t te r  is a  m ore accu ra te  m easure o f underly ing level. N ote th a t  th is  canno t be 

achieved by repeated  m easurem ents a t  a  single visit since th e  w ith in-v isit variance is 

m uch sm aller th an  th e  betw een-visit variance (A rm itage , Fox e t al, 1966). In add ition , 

th e  com ponent o f variance a ttr ib u ta b le  to  rounding  practices is only a  sm all com ponent 

o f th e  w ith in-person variance so th a t  im provem ents in m easuring  p ractice, though  

w orthw hile , will only have a  sm all im pact on precision o f estim ation .

A ny application  of a  risk score using inform ation  from  several visits needs to  reflect th e  

problem  of regression dilu tion: th e  risk g rad ien t associated  w ith  a  single m easurem ent 

is sm aller th an  th e  risk g rad ien t associated  w ith  th e  m ean o f tw o (or m ore) 

m easurem ents. T his is illu s tra ted  well by tab le  4.8: a  lO m m Hg difference in single

diasto lic pressure m easurem ents is associated  w ith  a  40% increase in risk, w hereas a  

lO m m Hg difference in th e  m ean of m easurem ents from  four visits is associated  w ith a 

m uch larger, 69%, increase in risk. T hus applying a  risk score derived on a  sam ple 

using single pressure m easurem ents to  a  screening situ a tio n  w here m ultip le 

m easurem ents are  available will lead to  an  underestim ation  o f an ind iv idual’s tru e  risk 

and  hence to  an over-em phasis on o th e r risk factors.

A n approach  which avoids th is  problem  and  also ind icates th e  precision o f th e  risk 

assessm ent is ob ta ined  by using th e  observed pressures to  derive a  probab ility  

d is trib u tio n  for th e  underly ing level using Bayes T heorem , and  th en  to  use a  risk score 

defined in te rm s of underly ing level ra th e r th an  observed level. O b ta in in g  th e  risk 

g rad ien t w ith  underly ing level can be achieved by de term in ing  th e  re la tionsh ip  w ith
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m easured  values (done naively using th e  likelihood equations for th e  p roportional 

h azard s  m odel even though  th is  m odel is only valid for th e  underly ing risk fac to r and  

n o t for th e  observed fac to r levels), and  th en  applying an ad ju s tm en t for regression 

d ilu tion  arising  from  th e  w ith in-person variab ility  ab o u t underly ing  level. F o r log- 

linear p ro p o rtio n a l hazards m odels, th e  size o f th e  ad ju s tm en t needed to  give an 

u nb iassed  e s tim a to r in larger sam ples w as investigated  in ch ap te r 4. W hen w ith in- and 

betw een-sub jec t varia tio n  are b o th  norm ally  d is trib u ted  w ith  variances cr  ̂ and  

respectively , and  if th e re  is a  high degree of censorship in th e  cohort being stud ied , 

th en  a d ju s tm e n t by a  fac to r o f +  is ap p ro p ria te  (as used in sim ple linear

regression). P ren tice  (1982) also suggested th is app rox im ation  w hen th e  m o rta lity  ra te  

is low ( th a t  is, close to  0). T his will be so in m any epidem iological stud ies o f chronic 

diseases in th e  general popu lation , as found in th is  s tudy . W hen th is is n o t th e  case, 

th e  a d ju s tm e n t needed m ay be su b stan tia lly  larger: its size increases as th e  underly ing 

risk g rad ien t increases and  as th e  level o f censorship decreases. However, an  im p o rtan t 

resu lt estab lished  analy tica lly  in ch ap te r 4 shows th a t  th e  size o f th e  ad ju s tm en t 

needed does n o t depend on th e  underly ing hazard  function . T his is a  p articu la rly  

useful resu lt as one of th e  dom in an t advan tages o f these m odels is th a t  th e  hazard  

function  does n o t need to  be specified in o rder to  derive estim ates o f re la tive  risk.

O n a  p rac tica l fro n t, w ider recognition o f th e  effect o f regression d ilu tion on estim ates 

com ing from  epidem iological stud ies is needed. In p a rticu la r, com parison o f effects 

found in d ifferent studies can be confounded by differential effects o f regression d ilu tion 

a t tr ib u ta b le  to  varied  w ithin- and  betw een-person variances across stud ies. T h u s it 

w ould be useful for studies to  o b ta in  repeat m easurem ents on risk fac to rs  th a t  vary  

w ith  tim e  on p a r t o r all o f th e ir  cohort so th a t  re la tionships betw een underly ing  levels
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and risk can be assessed.

In m oving to  m ultip le risk fac to rs, th e  effect o f variab ility  in one o r m ore fac to rs  on th e  

e s tim ates  for risk associations has not been considered. In th e  co n tex t of 

ca rd iovascu lar risk, th is is a  p ertin en t question as b o th  cholesterol and  systolic pressure 

co n trib u te  to  im proved risk assessm ent and bo th  vary  w ith in-ind iv iduals over tim e. 

A rm stro n g  e t al (1989) consider th is  issue for logistic regression m odels. T he 

ad ju s tm en t ob ta ined  depends on th e  w ith in-person covariance m atrix  for th e  set o f risk 

facto rs considered. G iven th e  sim ilarity  o f resu lts ob ta ined  from  logistic regression and 

p ro p o rtio n a l hazards m odels w hen th e  m o rta lity  ra te  is low, th en  sim ilar resu lts  m ight 

be expected  for th e  ad ju s tm en t needed when using th e  la t te r  m odel in th is  se tting . 

T h u s th e  ad ju s tm en t for diasto lic pressure m ight no t be expected  to  depend m uch on 

th e  variab ility  o f cholesterol w ith in-individuals (because th e ir  correlation  is low) b u t 

th e  ad ju s tm en ts  for diasto lic and  systolic pressures, when fitted  in th e  sam e m odel, 

would have a  m u tu a l dependence because o f th e ir m ore m arked  correlation . In settings 

w here th e  degree o f censorship is no t high, fu r th e r w ork would be desirable to  assess 

th e  dependence in p roportional hazards m odels o f th e  m agn itude  o f th e  fac to rs for 

ad ju stin g  for regression d ilu tion in th e  presence of co rrelated  covariates.

6.2 W hen is tre a tm e n t effective?

As has been m entioned , when considering th e  individual p a tien t, th e  effect o f tre a tm e n t 

in te rm s o f reducing abso lu te  risk needs to  be known. However, th is  is determ ined  by 

th e  levels of a  set o f risk facto rs w hereas clinical tria ls  ten d  to  describe tre a tm e n t 

effects in te rm s o f relative risk reductions (though  adverse effects a re  m ore often

202



quantified  in abso lu te  te rm s).

A shift o f em phasis to  show tr ia l resu lts also in te rm s o f abso lu te  risk would be useful. 

Ideally , for tria ls  of an ti-hypertensive  tre a tm e n ts , th is  m ight show th e  abso lu te  risk 

reduction  in a  tw o-w ay classification: by baseline underly ing  diasto lic p ressure and  by 

abso lu te  risk o f m o rta lity  (or m orb id ity ) w ith in  a  defined period from  baseline. This 

w ould th en  enable th e  balance o f risk reduction  an d  side effects to  be assessed m ore 

readily . O f course, th is  tab le  m ight be sum m arized m ore readily  in te rm s of a  m odel 

for rela tive risk particu la rly  if th e  effect o f tre a tm e n t is independen t, on th is scale, 

e ith e r o f levels o f diastolic pressure or o f levels o f o th e r risk fac to rs, or if any 

dependence can be conveniently  sum m arized. Such a  m odel would th en  be useful in 

deriving abso lu te  risks if, for instance , th ey  are ca lcu lated  w ith in  co m p u ter softw are 

developed for general practice screening. On a  p rac tica l fro n t, how ever, few tria ls  will 

have sufficient pow er to  determ ine such a  dependence of tre a tm e n t effect on baseline 

risk fac to r levels and so it would be a  useful issue to  pu rsue m ore fully in overview s.

T h e  o th e r im p o rtan t consideration for clinical tria ls  is th e  need to  re la te  risk reduction 

to  underly ing level and  no t to  observed level so th a t  p redictions o f th e  expected risk 

can be m ade for any  individual. T w o m ethods o f achieving th is a re  possible. T h e  first 

is to  m easure pressure, in each subject en tered  in to  th e  tr ia l, repeated ly  over several 

weeks (a fte r random ization  b u t before tre a tm e n t) , so th a t  th e  m ean pressure ob ta ined  

is a  precise es tim ate  of underly ing level. T his has th e  ad v an tag e  of allow ing th e  effect 

o f tre a tm e n t to  be assessed in subgroups defined by underly ing level b u t also has th e  

d isad v an tag e  o f involving considerable screening effort. T he  a lte rn a tiv e  app roach  is to  

derive th e  d is trib u tio n  of underly ing pressures from  th e  observed pressures using a
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m odel th a t  re la tes observed and  underlying pressures. Such a  m odel should be specific 

to  th e  popu lation  sam pled for th e  tria l bu t th is  w ould require repeat m easu rem en ts on 

a  large cohort in order to  es tim ate  its  p a ram eters . A good approx im ation  m ight be 

o b ta in ed  by conditioning on results describing w ith in-person  variab ility  ob ta in ed  in 

o th e r s tud ies, such as ob ta ined  here in ch ap te r 3, w here th e  m easurem ent e rro r caused 

by rounding  is sim ilar. T hen  th e  p aram eters  for th e  d is trib u tio n  o f underly ing levels in 

th e  population  sam pled can be estim ated  by likelihood m ethods using d a ta  from  all 

sub jects who are screened once for en try  in to  th e  tria l. T his would require no 

add itiona l screening effort th a n  th a t  usually un d ertak en  for a  tria l tho u g h  it does not 

give a  precise determ ina tion  o f individual underly ing levels, only o f average levels in th e  

cohort en tered  in to  th e  tria l.

6.3 Screening rules

E ach o f th e  approaches to  screening considered in ch ap te r 5 has focussed on identifying 

individuals w ith high com ponents o f risk a ttr ib u ta b le  to  elevated  diasto lic pressure. A t 

any  o f a  sequence of screening visits, th e  decision processes used give critical levels of 

m ean observed diastolic pressure up to  th a t  visit (o r equivalen tly , expected  risk of 

card iovascu lar m o rta lity  a ttr ib u ta b le  to  elevated  diasto lic pressure) th a t  lead to  

screening being stopped  e ither w ith  or w ith o u t th e  recom m endation  to  consider 

in te rv en tio n . T his dependence on a  single risk fac to r is no t desirable w hen th e re  are 

m ultip le  risk factors as th e  decision should be based on to ta l abso lu te  risk. In 

p a rticu la r, th e  “screening for t re a tm e n t” rule w hich developed w ork by R osner and 

Polk (1983) presum es th a t  th e re  is a  level o f underly ing diasto lic pressure above which 

in te rv en tio n  is ind icated  and below which it is no t. T his is no t th e  case w hen abso lu te
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risk a t  th a t  critical level m ay be large o r sm all depending on th e  levels o f o th e r risk 

fac to rs . D espite  th is , th e  concept o f requiring  convincing evidence th a t  a  sub ject has 

elevated  p ressure  before considering in terven tion  can be usefully carried  over to  

decisions based on abso lu te  risk. It would also be re levan t if it were estab lished  th a t  

in te rv en tio n  w as no t a t  all effective below a  p a rticu la r level o f diastolic pressure.

T h e  “popu la tion  ap p ro ach ” to  screening focussed on identify ing a  g roup  w ith in  th e  

popu lation  o f a  given size w ith  th e  g rea te s t expected  even t ra te  a ttr ib u ta b le  to  elevated 

d iasto lic pressure, sub ject to  a  co n stra in t on screening costs defined as th e  average 

num b er o f rep ea t m easurem ents allowed per person. If  th e  p rim ary  “d isbenefits” are  

no t side-effects to  individual p a tien ts  b u t are , for exam ple, financial costs to  th e  hea lth  

service (as for professional guidance on behavioural in te rv en tio n s), th en  individual 

m isclassification is less im p o rtan t. In th is  case, if th e  correlation  betw een diastolic 

pressure an d  o th e r risk factors is sm all and  in terven ing  on diasto lic pressure has little  

im p act on o th e r fac to rs , then  considering ju s t  diasto lic p ressure in defining a  screening 

rule is ap p ro p ria te  using th e  m ethods p u t forw ard.

T h e  philosophy o f th e  approach  also ex tends easily to  scores inco rporating  m ultip le  risk 

facto rs, though  th e  concept of screening costs becom es m ore com plex. F o r screening 

for risk o f ca rd iovascu lar disease, rep ea t screening is essentially  concerned w ith  blood 

pressure and  cholesterol m easurem ents and  so re la tive costs of o b ta in ing  th ese  need to  

be considered. Fullest flexibility w ould th en  be o b ta ined  by choosing, for each 

ind ividual, th a t  com bination  o f blood pressure a n d /o r  cholesterol m easu rem en ts which 

would m ost aid risk classification in th e  population .
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T his is a  very  dynam ic problem  and so sim plification would be useful. T h is  can be 

achieved by ignoring th e  cost o f th e  first screening visit (w here in fo rm ation  on all risk 

facto rs would be collected) because all individuals a tte n d  th en , and  th en  considering 

each successive visit as form ing a  screening package. T his would consist o f diastolic 

and  systolic m easurem ents, to g e th er w ith  a  cholesterol m easurem ent e ith e r on a  clinic 

m achine giving an in s ta n t resu lt o r th e  result ob ta ined  from  a  sam ple tak en  a t a  

previous v isit b u t sen t to  a  lab o ra to ry  for assessm ent. In th is  w ay, costs do no t vary  

from  visit to  visit (a fte r th e  firs t)  and  so th e  m ethod  o f analysis p resen ted  in section 

5.5 follows th ro u g h  stra ig h tfo rw ard ly . It also provides m axim al in fo rm ation  for 

com paring th e  benefits of in terven tion  on e ither blood pressure o r cholesterol o r bo th . 

H owever, it does presum e th a t  a  single elevated risk fac to r is no t im p o rtan t w hen th e  

abso lu te  risk is sufficiently low. Also, it m ay be possible to  have an  elevated  abso lu te  

risk b u t w ithou t any  one risk fac to r being m arkedly  raised or having  a  level a t  which 

th e  benefits o f tre a tm e n t have no t been well established in clinical tria ls . Such issues 

m ay m ake th e  application  of op tim al screening rules in th e ir p u rest sense difficult bu t 

th e  m ethods will still be useful in fo rm ulating  guidelines (as d istinc t from  rules) for 

screening. In p articu la r such guidelines could be used in th e  “screening for risk” 

approach  w here a  d istrib u tio n  o f belief is ob ta ined  for an  ind iv idual’s ab so lu te  risk 

which can also be re la ted  to  scales showing th e  associated  u n ce rta in ty  in es tim atin g  th e  

underly ing level of each risk facto r.

6.4 M onitoring th e  effects of in terven tion

A lthough th is  issue has not been specifically addressed in th is  s tu d y , it does have some 

relevance to  th e  in form ation  collected during  screening and  so deserves b rief discussion
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in th e  co n tex t of resu lts from  th is  s tudy . Once in terven tion  is com m enced th ere  is an 

eth ica l ob ligation  to  assess its perform ance: if th e re  is a  possibility o f tre a tm e n t side- 

effects o r an  in te rven tion  is costly , th en  it is in ap p ro p ria te  to  m ain ta in  a  p a tien t on a  

tre a tm e n t which is no t giving th e  desired effect.

In ch ap te r 3, tren d s  in underly ing diastolic pressure w ere found to  be sufficiently sm all 

in m ag n itu d e  so th a t  any  tre a tm e n t effect should show as a  reduction  in underlying 

d iasto lic p ressure w ith in  a  reasonable tim e of its com m encem ent. H owever, th e  large 

w ith in -person  variab ility  (a  s tan d a rd  deviation o f th e  o rder o f lOm m H g a t diastolic 

pressure levels likely to  be tre a te d )  m eans th a t  su b s tan tia l tren d s  m ay be observed 

even if tre a tm e n t has no effect. T hus, in m onitoring  a  t re a tm e n t’s effect, it is 

im p o rtan t to  estab lish  a  reference level prior to  th e  s ta r t  o f tre a tm e n t w ith which la te r 

m easu rem en ts can be com pared.

G iven th e  desirab ility  o f m ultip le p re -trea tm en t m easurem ents, screening rules m ight 

be fo rm ulated  th a t  recognize th is . Effectively, th is  leads to  one-sided rules w here the  

decision a fte r any  screening visit concerns only th e  possibility  o f stopp ing  w ith  th e  

conclusion th a t  risk is sufficiently low not to  w a rran t in te rv en tio n . F o r o th e r subjects 

screening would continue un til som e pre-defined m axim um  num ber o f visits by which 

tim e good precision in risk assessm ent would be ob ta ined  to  decide th e  appropria teness 

of com m encing in terven tion  a t  all. A lthough in th e  popu lation  co n tex t, th is  will 

increase screening costs, th e  im pact will be relatively  sm all because th e  in terven tion  

group  size generally  considered is likely to  be sm all com pared w ith  th e  population  size.
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6.6 Conclusion

T his s tu d y  has developed a  s ta tis tica l fram ew ork for screening rules when a  risk facto r 

varies in tim e ab o u t som e underly ing o r “usual” level. E ssentially  th e  rules a re  applied 

sequentia lly  se ttin g  o u t crite ria , as each repeat m easurem ent o f th e  risk fac to r is 

com pleted , as to  w hether ad eq u a te  precision has been achieved to  m ake a 

recom m endation  to  s ta r t  in terven tion  because risk is high o r to  sto p  screening because 

risk is adequate ly  low. T heir developm ent requires s ta tis tica l m odels b o th  for risk 

fac to r variab ility  and  for th e  re la tionsh ip  betw een underly ing level an d  risk. T h e  la tte r  

can be derived from  th e  re la tionsh ip  betw een observed level and  risk by ad ju s tin g  for 

regression dilu tion . F rom  consideration of these rules, guidelines for use in p rac tice  can 

be developed which would give bo th  good risk classification for ind ividual p a tien ts  in 

reaching  decisions b u t which also display desirable charac te ristic s  in a  public health  

co n tex t in te rm s o f identify ing a  high risk group for in te rven tion  sub ject to  co n stra in ts  

on screening costs. T hese would represen t an  advance on th e  guidelines cu rren tly  

em ployed, for exam ple for diasto lic pressure, which have little  s ta tis tica l basis. T he 

extension of th e  screening m odels to  m u ltifacto rial risk scores is b o th  desirab le  and 

conceptually  sim ple. T o  achieve th is som e fu rth e r w ork is ind icated  p articu la rly , on 

th e  s ta tis tic a l f ro n t, in th e  handling o f regression d ilu tion for co rre la ted  risk fac to rs in 

survival m odels and , in clinical tria ls , in re la ting  tre a tm e n t effects to  underly ing  risk 

fac to r levels.
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