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Overview	  



Uncertainty:	  inevitable?	  
-‐	  and	  evalua6on	  beneficial?	  

•  It	  is	  well	  established	  that	  any	  analyHcal	  measurement	  
result	  is	  only	  an	  esHmate	  of	  the	  true	  value	  of	  the	  
analyte	  concentraHon.	  

•  Measurement	  results,	  therefore,	  inevitably	  contain	  
uncertainty.	  	  

•  Knowing	  the	  REALISTIC	  value	  of	  this	  uncertainty	  gives	  
vital	  benefits	  to	  users	  who	  interpret	  the	  measurements	  
e.g.	  
–  to	  test	  a	  scienHfic	  hypotheses	  (e.g.	  H1:	  contaminaHon	  has	  declined)	  
–  to	  make	  a	  management	  decisions	  (probabilisHcally)	  

•  '"N"$*-9(7$0'J/B0',$$



Uncertainty	  of	  measurement	  (U)	  

RAn	  esHmate	  a]ached	  to	  a	  test	  result	  which	  characterises	  the	  range	  of	  values	  	  
within	  which	  the	  true	  value	  is	  asserted	  to	  lie’	  (ISO	  3534-‐1:	  3.25,	  1993*)	  	  
•  '"N"$AS$T$23U$(7$='*;/0'='7.$(1$HV3$=N@WN$X)$B7$;(B+$

–  :*7N'$(1$AS$T$HV3Y23U$TZ[F$=N@WN$
$$$$$$$$$$$$$$$$.($$$$$$$$$HV3P23U$TH42$=N@WN$

•  We	  can	  never	  know	  the	  true	  value	  M-(/+,$)'$Z[3$=N@WNO$
•  Effect	  on	  comparison	  with	  threshold	  value	  of	  450	  mg/kg	  

B"'"$$\'*;/0',$C*+/'$HV3$=N@WN$B;$)'+(K$.&'$.&0';&(+,$C*+/'$
$ $%0/'$C*+/'$Z[3$=N@WN$B;$*)(C'$.&'$.&0';&(+,$C*+/'$

$$$$$$$\'*;/0',$C*+/'$NBC';$‘1*+;'$7'N*9C'’$-+*;;B]-*9(7$
•  All	  we	  need	  to	  know	  is	  how	  far	  from	  the	  truth	  we	  might	  be	  	  

–  '"N"$KB.&$4V@23$-&*7-'$B1$)'B7N$0BN&.$T$V^U$-(7],'7-'$
•  How	  can	  we	  esHmate	  uncertainty	  of	  measurements	  –	  including	  that	  from	  

sampling?	  I,';-0B)',$)'+(K$

•  :'-'7.$,']7B9(7$(1$A$=(0'$-08_9-`$$
‘Parameter,	  associated	  with	  the	  result	  of	  a	  measurement,	  that	  characterizes	  the	  dispersion	  of	  the	  values	  that	  
could	  reasonably	  be	  a]ributed	  to	  the	  measurand’	  (>A\aGb>\a4335$233FO$
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Aims	  for	  U	  in	  Analy6cal	  Chemistry	  	  

•  AnalyHcal	  chemists	  generally	  aim	  to:-‐	  
–  reduce	  U	  of	  measurements,	  by	  	  
–  improving	  the	  precision,	  and	  reducing	  bias	  in	  analyHcal	  methods	  

•  This	  aim	  has	  two	  problems:	  it	  assumes:-‐	  
–  no	  other	  significant	  sources	  of	  U	  	  
–  a	  minimum	  level	  of	  uncertainty	  is	  always	  desirable	  

-‐  even	  when	  cost	  of	  pursuit	  may	  be	  disproporHonate	  to	  benefits	  produced	  	  
-‐  0'CB'K$.&';'$*;;/=_9(7;$



Where	  does	  the	  measurement	  process	  start?



Sampling	  as	  part	  of	  the	  Measurement	  Process	  
 

Sampling 

Physical sample 
preparation 



Who	  is	  responsible	  for	  primary	  sampling?	  
P$&(K$B;$J/*+B.8$(1$;*=_+B7N$'7;/0',c$

• 



Sources	  of	  uncertainty:	  
heterogeneity	  and	  ambiguity	  	  	  

•  All	  sampling	  targets	  are	  heterogeneous	  to	  some	  extent,	  	  
•  All	  measurement	  procedures	  have	  some	  level	  of	  ambiguity	  	  

–  e.g.	  exactly	  where	  to	  take	  a	  sample	  	  

•  Heterogeneity	  and	  ambiguity	  combine	  and	  interact	  to	  contribute	  U	  in	  
final	  measurement	  result.	  	  
–  e.g.	  analogy	  with	  green	  grains,	  then	  with	  le]uce,	  soil,	  bu]er	  

•  Visual	  analogy	  of	  the	  effects	  of	  B7$;B./$heterogeneity	  	  
–  white	  grains	  contaminated	  with	  green	  grains	  	  
–  what	  is	  the	  concentraHon	  of	  green	  grains?	  	  

•  expressed	  as	  %	  of	  all	  grains	  
•  	  what	  is	  the	  uncertainty	  of	  single	  measurements?	  

Pb heterogeneity by X-ray 
Micro-Probe =  51% 













Es6ma6ng	  uncertainty(random	  component)	  	  $
Standard	  uncertainty	  (u	  =	  s='*;)	  =	  4.56%	  of	  grains	  

Expanded	  uncertainty	  (U,	  2s	  for	  95%	  conf)	  =	  9.1%	  of	  grains	  

RelaHve	  expanded	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  91%	  of	  measurement	  
	  
U	  first	  measurement	  =	  15	  +/-‐	  9.1	  %	  of	  grains	  
	  
	  
	  
	  
	  
U	  =	  range	  within	  which	  the	  true	  value	  (10)	  lies	  =	  5.9	  to	  24.1%	  
-‐	  b*7$)'$';9=*.',$10(=$e/;.$2$();'0C*9(7;$M10(=$'*-&$(1$F$.*0N'.;O$
	  
	  Only	  includes	  random	  component	  	  
–	  not	  yet	  systema6c	  component,	  e.g.	  from	  sampling	  bias	  	  
–	  e.g.	  grains	  not	  randomly	  distributed,	  so	  sample	  under-‐represents	  green	  
grains	  (e.g.	  lower	  down	  in	  container)	  
	  

	  

c	  –	  U	  	  =	  5.9%	  

•	  	  c	  =	  15%	  of	  grains	  

	  c	  +	  U	  	  =	  24.1%	  

Ð	  	  True	  value	  =	  10%	  



Methods	  to	  es6mate	  uncertainty	  
from	  sampling	  (&	  analysis)	  	  

•  Various	  methods	  developed	  to	  esHmate	  measurement	  uncertainty	  
arising	  from	  sampling	  

•  Some	  empirical,	  some	  based	  on	  modeling,	  details	  in:-‐	  
•  Ramsey	  M.H.,	  and	  Ellison	  S.	  L.	  R.,(eds.)	  (2007)	  Eurachem/

EUROLAB/	  CITAC/Nordtest/	  AMC	  Guide:	  \'*;/0'='7.$/7-'0.*B7.8$
*0B;B7N$10(=$;*=_+B7N`$*$N/B,'$.($='.&(,;$*7,$*__0(*-&';$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
d/0*-&'=	  ISBN	  978	  0	  948926	  26	  6.	  
h]p://www.eurachem.org/index.php/publicaHons/guides/musamp
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The	  Duplicate	  Method	  
•  Define	  your	  sampling	  target	  and	  

sampling	  protocol	  

•  Use	  a	  balanced	  design	  	  

• 	  Take	  a	  sample	  at	  the	  nominal	  sampling	  target.	  
• 	  Take	  a	  second	  sample	  displaced	  from	  original	  (in	  
space	  or	  Hme)	  to	  reflect	  ambiguity	  in	  sampling	  
protocol	  (&	  reflect	  analyte’s	  B7$;B./$heterogeneity)	  
• 	  Carry	  out	  duplicate	  analyses	  on	  both	  the	  sample	  
duplicates	  	  
• Take	  duplicate	  samples	  from	  10%	  (≤	  8)	  of	  targets	  	  
• 	  EsHmate	  uncertainty	  components	  using	  ANOVA	  
(Analysis	  of	  Variance)	  –	  usually	  Robust	  

	  

Sampling Target

Analysis 1 Analysis 2 Analysis 1 Analysis 2

Sample 1 Sample 2

Sampling Target

Analysis 1 Analysis 2 Analysis 1 Analysis 2

Sample 1 Sample 2

Sampling Target

Analysis 1 Analysis 2 Analysis 1 Analysis 2

Sample 1 Sample 2

S1A1	  	  	  	  	  	  	  	  S1A2	  	  	  	  	  	  	  	  	  S2A1	  	  	  	  	  	  	  S2A2	  



Case	  Study	  using	  duplicate	  method	  
Nitrate	  Concentra6on	  in	  LeUuce	  

•  Nitrate	  a	  potenHal	  risk	  to	  human	  health	  
•  EU	  threshold	  4500	  mg/kg	  for	  batch	  concentraHon	  
•  Current	  sampling	  protocol	  specifies	  taking	  10	  heads	  to	  

make	  a	  single	  composite	  sample	  from	  each	  batch	  MB7$
‘f’$(0$‘;.*0’$,';BN7O$d/0(_'*7$gB0'-9C'$hV@h33@ddb"$iG$!$23h5$4^"F"4VhV5$_2["$$

•  Usual	  ambiguity	  in	  the	  protocol	  	  
–  '"N"$K&'0'$.($;.*0.$*7,$(0B'7.*9(7$

•  What	  is	  the	  uncertainty	  in	  measurements?	  
• 



	  	  

EsHmaHng	  U	  with	  Duplicate	  Method	  
using	  Balanced	  Design	  

 Target 

Sample 1 

Analysis 1 Analysis 2 

Sample 2 

Analysis 1 Analysis 2 

At 10% of Sampling targets in whole survey n ≥ 8  

- aim to represents these targets in general 





ANOVA	  output	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
for	  Uncertainty	  es6ma6on	  



Uncertainty	  es6mate	  for	  LeUuce	  
•  Using	  Analysis	  of	  Variance	  (ANOVA)	  	  

•  on	  duplicate	  measurements	  
•  Robust	  staHsHcs	  to	  accommodate	  outlying	  values	  

•  Gives	  repeatability	  precision	  s='*;	  =	  u	  =	  361	  mg/kg	  	  
•  Expanded	  U’	  =	  16%	  	  
•  U	  from	  analyHcal	  bias	  (from	  CRM/	  or	  spike)	  	  

•  can	  be	  added	  –	  not	  staHsHcally	  significant	  in	  this	  case	  

•  Does	  not	  include	  U	  from	  any	  sampling	  bias	  	  
–  Can	  be	  included	  using	  values	  from	  Sampling	  Proficiency	  Test	  

(SPT)	  –	  with	  >8	  organisaHons	  



U	  es6mates	  for	  range	  of	  foods/analytes	  







	  	  

Including	  Sampling	  Bias	  in	  Es6mate	  of	  Uncertainty	  
	  using	  Sampling	  Proficiency	  TesHng	  

Sampling	  Proficiency	  Test.	  Ramsey	  '.$
*+",	  Analyst,	  2011,	  136,	  1313-‐1321	  

U%	  on	  concentra6on	  from	  SPT	  on	  
moisture	  in	  20t	  fresh	  buUer:-‐	  	  

≈	  Duplicate	  Method	  U%	  =	  0.39	  %	  	  

SPT	  Includes	  bias	  between-‐samplers	  (n=9)	  	  
U%	  =	  0.87%	  -‐	  larger	  x	  2.2	  

Two	  samplers	  had	  poten6ally	  non-‐
proficient	  z-‐scores	  (z	  >	  3)	  

Samplers;	  I	  (z	  =	  -‐3.2)	  &	  G	  (z	  =	  +3.5)	  

If	  only	  proficient	  samplers,	  U%	  =	  0.69%	  

-‐	  U	  s6ll	  larger	  x	  1.8	  

one laboratory under repeatability conditions.15 The former

approach could be called more precisely a ‘measurement profi-

ciency test’ (MPT), as each participant undertakes the whole of

the measurement process. The latter approach eliminates the

effect of any analytical bias between the participants, helping the

performance score to reflect only the participant’s sampling

performance. However, the centralised analysis in the latter

approach will also tend to reduce the estimate of the total

measurement uncertainty to an unrealistic level, unless it is

dominated by the sampling component, or the analytical

component is added independently.

Specific experimental design of SPT on moisture in butter

The determination of moisture in butter is an important

parameter considered by the UK Rural Payments Agency for the

acceptability of butter, either for the intervention scheme26 or as

‘butter for manufacture’.27 A study of previously frozen butter28

showed that the measurement uncertainty from sampling was

low for moisture (Usamp ¼ 2.5% relative or 0.39% m/m), due

primarily to low levels of heterogeneity in the spatial distribution

of the moisture in the butter. However, the closeness of the

measured concentration (15.76% m/m in this case) to the legal

limit (16% m/m) makes the sampling an important source of

uncertainty. This is because it contributes 96% of the measure-

ment uncertainty, and can therefore lead to misclassification of

the butter against the legal limit.

The sampling target selected for this SPT was broadly defined

as a batch of 20.1 t of fresh butter made in a creamery in SW

England. The experimental design used is essentially the general

one described in Fig. 1, with 9 participant samplers (identified by

letters A–I), and full details are reported elsewhere.25 The butter

is packaged in the normal way, in around 804 cardboard boxes

each containing a 25 kg block wrapped in a blue polythene sheet,

and stored in a cold room chilled to 0–5 "C, on separate pallets to

allow access to all boxes. This SPT design generally meets all of

the selection criteria (Table 1), but with two partial exceptions.

The 100 g samples were taken with a metal ‘trier’, that was a half-

round tube around 30 cm long, with a 2 cm internal diameter and

a handle at one end. The trier was inserted into the selected 25 kg

block of butter at an angle of around 45" (variable between

samplers 0–90" observed), twisted and then removed. The top

and bottom portions of the resultant core (#20 cm, but variable)

were rejected and the rest of the core transferred into a plastic pot

(volume around 500 mL). Two cores were taken from each 25 kg

block, to give a sample mass of around 100 g in each pot. Each

sampler sampled six blocks, randomly selected from the whole

batch, that generated a sample mass of around 600 g. This

composite sample represented the 20.1 t of product, giving

a sample ratio of 0.003% m/m (600 g/20 100 000 g). Criterion 1



Benefits	  of	  Knowing	  Uncertainty	  $

Benefit	  #1:-‐Improving	  reliability	  of	  decisions	  
–  '"N"$1(0$_(.'79*++8$-(7.*=B7*.',$+'k/-'$
–  Risk	  assessment:-‐	  

•  Hazard	  >	  threshold?,	  	  
•  Exposure	  >Tolerable	  Daily	  Intake?	  

–  Saves	  money	  on	  consequences	  of	  :-‐	  
•  unnecessary	  destrucHon	  of	  batch$T$1*+;'$_(;B9C'$
•  undetected	  contaminaHon	  (e.g.	  liHgaHon)	  T$1*+;'$7'N



Know	  the	  U	  →	  make	  more	  reliable	  decisions	  
C
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• 
• 

•

•

Threshold  

(e.g. 4500 mg/kg) 

‘false 
positive’ 

‘false 
negative’ 

Ð 
Ð

True	  value	  

• 
UnderesHmate	  of	  U	  P$-*7$
-*/;'$/70'+B*)+'$,'-B;B(7;$

Ð



	  	  
Effect	  of	  U	  on	  interpreta6on	  

Threshold (T)

C

C-U

C+U





Benefit	  #2	  Judging	  fitness-‐for-‐purpose	  in	  
valida6on	  

•  Equivalent	  as	  asking	  ‘How	  much	  U	  is	  acceptable?’	  
•  One	  opHon	  -‐use	  the	  opHmised	  uncertainty	  (OU)	  method*	  
•  Balance	  the	  cost	  of	  measurement	  	  

-‐



Acceptable	  level	  of	  Uncertainty?	  



Judging	  FFP	  for	  range	  of	  foods	  
•  Applied	  Duplicate	  Method	  to	  sampling	  10	  different	  foods/analytes,	  range	  of	  costs,	  

heterogeneity,	  situaHons	  
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Benefit	  #3	  of	  Knowing	  Uncertainty	  $

Ra6onal	  basis	  for	  alloca6on	  of	  finance,	  	  
to:-‐	  

1.	  Measurement	  as	  a	  whole,	  and	  
2.	  ApporHonment	  between	  sampling	  and	  analysis	  
Allows	  achievement	  of	  opHmal	  uncertainty	  	  



How	  can	  U	  be	  changed	  to	  achieve	  FFP?	  	  

•  Graph	  for	  le]uce	  shows	  that	  U	  is	  too	  high	  I$7'',$.($0',/-'$B.$
•  Need	  to	  know	  source	  of	  U	  	  

–  from	  sampling	  or	  from	  chemical	  analysis?	  	  
– 



Benefits	  #4	  of	  Knowing	  Uncertainty	  $

Provides	  tool	  for	  monitoring	  Quality	  of	  Sampling	  
-‐  Be]er	  than	  assuming:-‐	  

-‐  ‘correct’	  sampling	  protocol	  was	  ‘correctly’	  implemented	  
-‐  resulHng	  in	  a	  ‘representaHve’	  sample	  

-‐  Gives	  quanHtaHve	  esHmate	  of	  sampling	  quality	  
-‐  Bring	  sampling	  within	  similar	  QC/QA	  to	  analysis	  
-‐  Other	  tools	  to	  improving	  quality:-‐	  	  

-‐  Validate	  sampling	  protocol	  (with	  CTS)	  
-‐  Train	  and	  cerHfy	  samplers	  (with	  SPT)	  



How	  best	  to	  express	  large	  Uncertainty	  

•  When	  U’	  is	  very	  large	  (>30%?),	  we	  need	  be]er	  ways	  of	  
expressing	  it	  
–  If	  U	  range	  goes	  <	  0,	  can’t	  be	  the	  ‘true	  value’	  

•  New	  ways	  of	  expressing	  B7$;B./$heterogeneity1	  use	  
 R-‐-‐y.s
s -‐z T chh Hm.L ceh m.L cteh m.L crh m.L coh Hm.Sm.L  Hm.L c	  h m.L cnh z T c	  useh s 	  



	  	  

U	  in	  6	  Ex	  situ	  cont.	  land	  inves6ga6ons	  
Site# Source of 

Pollution 
End use Prime 

contaminant 
Sampling 
method 

U’% %Prop 
Samp 

Prop
Anal 

1 Mine Sn/Cu  Housing Arsenic Trial Pit 65 94 6 

2 Gasworks 
waste 

Public 
access 

Lead Trial Pit 
 

51 93 7 

3 Infill after 
WWII 
Bombing 

Private 
gardens 

Lead 





U	  from	  sampling	  other	  media	  	  

•  Duplicate	  method	  applicable	  to	  many	  different	  media	  &	  analytes	  	  
•  Levels	  of	  U’	  vary	  greatly	  from	  <4%	  to	  >72%	  
• 





Scope	  and	  role	  of	  analy6cal	  chemistry	  

•  SituaHon	  presents	  a	  golden	  opportunity	  for	  measurement	  
scienHst	  to	  broaden	  their	  role.	  	  

•  Sampling	  personnel	  are	  usually	  poorly	  trained	  to	  tackle	  these	  
measurement	  issues,	  but	  	  

•  AnalyHcal	  chemists	  could	  usefully	  extent	  their	  exisHng	  experHse	  
to	  consider	  the	  whole	  measurement	  process.	  	  

•  Also	  applies	  to	  B7$;B./$*7,$on-‐site$measurements	  	  
•  Broaden	  analyHcal	  science	  to	  include	  design	  of	  primary	  sampling	  



Conclusions	  
1.  Sampling	  is	  part	  of	  the	  measurement	  process	  	  
2. 
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