
UC Irvine
UC Irvine Previously Published Works

Title
Accuracy of Continuous Noninvasive Hemoglobin Monitoring

Permalink
https://escholarship.org/uc/item/44z478nq

Journal
Anesthesia & Analgesia, 119(2)

ISSN
0003-2999

Authors
Kim, Sang-Hyun
Lilot, Marc
Murphy, Linda Suk-Ling
et al.

Publication Date
2014-08-01

DOI
10.1213/ane.0000000000000272

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, available at 
https://creativecommons.org/licenses/by-nc-nd/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/44z478nq
https://escholarship.org/uc/item/44z478nq#author
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/


332	 www.anesthesia-analgesia.org	 August 2014 • Volume 119 • Number 2

Rationale
Accurate perioperative measurement of hemoglobin (Hb) 
concentration is of major importance because it can impact 
decision making related to blood transfusion, which is a 
major public health issue.1 Standard Hb measurements are 
invasive, time-consuming, and painful for patients because 
they require direct blood sampling. New technologies, 
however, enable Hb to be measured noninvasively and con-
tinuously from a finger probe, and devices based on these 
technologies are increasingly used in clinical care.2 Currently, 
2 systems are available for the measurement of Hb: mul-
tiwavelength co-oximetry (Radical-7™ and Pronto-7™; 

Masimo Corp., Irvine, CA) and occlusion spectroscopy 
(NBM-200™, OrSense, Nes Ziona, Israel). The accuracy and 
precision of these devices have been assessed against cen-
tral laboratory Hb measurements in clinical settings ranging 
from critical patients in operating rooms, critical care units, 
and emergency departments to healthy volunteers in blood 
donation settings.3–10 However, the results of these studies, 
which are commonly presented with mean difference and 
95% limits of agreement (LOA) using Bland–Altman analy-
sis, have been controversial and inconsistent.11,12

Objective
We conducted a systematic review and meta-analysis of studies 
comparing noninvasive Hb measurements with invasive cen-
tral laboratory measurements in adult and pediatric patients 
in critical care settings (operating rooms, intensive care, and 
emergency departments), as well as in healthy subjects in 
volunteer settings. The principal measures were the accuracy 
(mean difference), precision (standard deviation [SD] of mean 
difference), and 95% LOA of noninvasive Hb measurements 
compared to invasive central laboratory measurements.

METHODS
This systematic review and meta-analysis was conducted 
and constructed following the guidelines set forth in 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) (Appendix 1, Supplemental 
Digital Content 1, http://links.lww.com/AA/A905).13

Eligibility Criteria
The following characteristics were defined in advance as 
eligibility criteria for the studies to be included in our sys-
tematic review and meta-analysis:
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1.  Published studies comparing Hb measured using com-
mercially available noninvasive Hb monitoring systems 
to that measured by central laboratory Hb measurements 
in adult and child populations excluding neonates.

2.  Studies presenting mean difference or SD of the mean 
difference (or 95% LOA) between noninvasive Hb moni-
toring systems and central laboratory Hb measurements.

Information Sources and Search
We conducted a comprehensive search of the medical lit-
erature assessing the accuracy of noninvasive Hb monitoring 
against central laboratory Hb measurements via PubMed, Web 
of Science, and the Cochrane Library. To establish the search 
strategy, we first identified the main key (SpHb, oximeter, co-
oximeter, co-oximetry, spectrophotometric, spectrophotom-
etry, occlusion spectroscopy, rad-57, rad-87, radical-7, Masimo, 
NBM-200, OrSense, measurement, monitor, determination, con-
tinuous, beat-to-beat, real-time, Hb, and noninvasive). We then 
performed the literature search and applied the search strat-
egy in each of the selected databases with no language restric-
tions for studies published from 2005 to August 2013 (Masimo 
Corp. released the commercial version of SpHb in 2005 and 
OrSense in 2009). The full electronic PubMed search strategy 
is presented in Appendix 2, Supplemental Digital Content 2, 
http://links.lww.com/AA/A906. In addition to the database 
search, we contacted the manufacturers of clinically available 
monitors, Masimo Corp. and OrSense, for other studies and we 
hand-searched references in the studies included in the full-text 
retrieval for studies that had not initially been identified.

Study Selection
Two investigators (SHK and ML) initially screened poten-
tially eligible studies first by title and abstract, eliminating 

obviously unrelated work. The remaining studies were then 
retrieved in full text. They assessed eligibility according to 
inclusion criteria. If the eligibility of the study remained 
unclear, a third investigator (MC) made the final decision.

Data Collection Process
SHK and ML performed data extraction independently. A 
specifically designed data extraction sheet was used to per-
form data extraction from the individual studies. All data 
were then transferred separately to a standard Excel spread-
sheet. SHK and ML reviewed each other’s extractions for 
inconsistencies and if needed returned to the original work 
to validate the correct data.

The minimum published data required to perform meta-
analysis were mean difference and SD. We extracted mean 
difference and SD of mean differences between noninva-
sive and the central laboratory Hb measurements from a 
single study. If a study presented only mean difference and 
95% LOA, SD was calculated as (upper LOA − mean dif-
ference)/1.96. If a Bland–Altman plot was presented but 
if mean difference and SD were not reported or if only the 
mean difference without SD or 95% LOA were reported, we 
contacted the authors of the study to obtain mean difference 
and SD. If we could not receive data from authors, SD was 
calculated when 95% confidence interval (CI) of mean dif-
ference was reported as follows:

SD  = √ ×n SE

SE = length of 95% CI/(2  1.96)×

where n = number of paired measurement, SE = standard 
error.

Figure 1. Flow diagram of the search process.
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Table 1.   Summary of Individual Studies

Source Setting (population characteristics)
Age mean (SD)  

(range), median [range]a Male (%)

Test device  
(software version, sensor 

version)
Laboratory  

hemoglobin analyzer

Sample  
size /no. paired  
measurements

Subgroup  
(sample size/no. of 

paired measurements)

Hb range mean (SD)  
(range), median [range]a

Bias SDTest device
Laboratory  

hemoglobin analyzer
Skelton et al.21 OR, elective cesarean section 34 (4.9) 0 Radical-7 (7.6.0.1, Rev E) Advia 2120 137/274 Preoperative (137/137) 12.5 (1.5) 11.9 (1.5) 0.62 1.49

Postoperative 
(137/137)

12.1 (1.5) 10.5 (1.2) 1.56 1.54

Sjöstrand et al.22 ED Young group 30 (25 to 34), 
geriatric group 84 (78 to 88)

NR Radical-7 (7.6.0.1, Rev E) Sysmex XE-5000 30/242 NR NR −0.47 1.00

Young group (14/NR) NR NR NR NR
Geriatric group (16/NR) NR NR NR NR
SIQ<50% omitted 

(NR/193)
NR NR −0.24 1.06

Anemic HB values 
<11.7 g/dL (NR/82)

NR NR 0.14 0.72

Shah et al.23 OPD 36 (3 to 86) 39 Pronto-7 (2.19, Rev E) LH 500 440/440 NR 8.6 to 17.4 −0.14 1.10
Smokers (57/57) NR NR 0.03 1.10
Nonsmokers (383/383) NR NR −0.17 1.20
Comorbidities 

(183/183)
NR NR −0.02 1.20

Healthy (257/257) NR NR −0.23 1.10
Light pigmentation 

(369/369)
NR NR −0.23 1.10

Med dark pigmentation 
(71/71)

NR NR 0.34 1.20

Knutson et al.25 ED NR NR Radical-7 handheld unit 
(7.7720, Rev D)

Beckman coulter 
analyzer

127/127 NR NR −0.50 2.19

Kim et al.8 BD NR 58 NBM-200 LH500 506/506 14.1 (1.4)  
(10.3 to 17.2)

14 0.08 1.11

Isosu et al.27 OR, laparotomy, thoracotomy, 
thoracolaparotomy, laparoscopic 
surgery

59.2 (14.1) 50 Radical-7 (7.4.0.9, Rev C) RapidLab® 860 20/92 Before in vivo 
adjustment (NR/92)

NR 5.3 to 13.4 0.20 1.50

After in vivo adjustment 
(NR/71)

NR NR −0.70 1.10

PI < 1.4 (NR/31) NR NR −0.70 1.40
PI > 1.4 (before in vivo 

adjustment) (NR/61)
NR NR 0.60 1.40

PI > 1.4 (after in vivo 
adjustment) (NR/44)

NR NR −0.50 0.90

Giraud et al.28 OR, major surgery with expected 
significant blood loss

63 [55 to 75]* 57 Radical-7 (7.6.0.1, Rev E) Sysmex™ XT-2100i 53/219 NR 6.8 to 16.3 1.00 1.20

Dewhirst et al.29 OR, congenital heart disease repair 13.1 (12.9) (0.25 to 50) NR Radical-7 (7.6.2.1, Rev E) AVOXimeter 45/50 NR NR −0.10 1.50
Coquin et al.5 ICU, gastrointestinal tract bleeding 64 (15) 80 NBM-200MP LH 780 34/133 Thumb 10.3 (2.0) 9.9 (1.8) 0.40 2.00

With epinephrine 
(10/36)

10.4 (2.1) 10.1 (1.5) 0.30 2.40

Without epinephrine 
(24/99)

10.3 (2.0) 9.9 (1.9) 0.40 1.80

Bruells et al.30 OPD, patients with continuous-flow 
left ventricular assist device 
implantation

62.9 (10.1) 62 Pronto-7 Central laboratory 
facility

21/21 12.08 (1.73)  
(8.8 to 15.1)

11.94 (1.71)  
(7.5 to 14)

0.14 1.40

Bergek et al.31 Study volunteers, volume kinetic 
analysis of infusion fluids

22 (18 to 28) 100 Radical-7 (7.6.0.1, A single-
use adhesive sensor of 
type R2–25a)

Cell-Dyn Sapphire 
hematology cell 
counter

10/956 NR NR −0.07 1.17

Ringer’s only (10/250) NR 13.46 (0.64) −0.50 1.08
Starch only (10/310) NR 13.30 (0.78) 0.07 0.69
Starch first, then 

Ringers (10/396)
NR 12.81 (0.65) 0.31 1.00

Belardinelli et al.32 BD NR 67 NBM-200 Beckman Coulter AcT-5 
diff

445/445 14.54 (1.13) 14.25 (1.14) 0.29 0.98

NR 64 Pronto-7 Beckman Coulter AcT-5 
diff

463/463 13.87 (1.00) 14.40 (1.07) −0.53 1.04

Al-Khabori et al.33 Inpatient ward, sickle cell disease 26 (8.80) (14 to 75) 46 Pronto-7 Beckman Coulter AcT-5 
diff

98 10.1 (2.0)  
(5.3 to 14.5)

9.2 (1.5) (5.3 to 13) 0.90 1.70

Vos et al.34 OR, liver surgery Radical-7 (7.6.0.1, Rev E) ABL 800 30/543 11.5 (1.6)  
(7.3 to 15.3)

11.7 (1.6)  
(7.4 to 15.3)

−0.17 1.00

Crystalloid (steady-state phase) 56 (19 to 76) 27 15/335 Crystalloid (steady-state 
phase) (15/335)

NR NR −0.27 1.06

(Continued )
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Colloid (dynamic phase) 61 (47 to 72) 67 15/208 Colloid (dynamic phase) 
(15/208)

NR NR −0.02 1.07

Baseline NR NR −0.55 1.13
Start of the dynamic 

phase
NR NR −0.47 1.44

End of the dynamic 
phase

NR NR 0.18 0.89

Hb<10 g/dL (12/68) NR NR 0.41 0.47
Hb>10 g/dL (30/475) NR NR 0.26 1.12

Raikhel36 OPD 46 (19) 30 Pronto (7.8.0.1, Rev G) LH 500 152/152 NR 9.8 to 16.8 −0.50 1.00
Park et al.38 OR, neurosurgery 6.4 (3.0) (0.25 to 12) 63 Radical-7 (7.6.1.1, Rev E) ABL820 40/119 NR NR 0.90 1.35

After volume resuscitation 
(NR/47)

NR NR 1.18 1.28

After administration of 
colloid (NR/32)

NR NR 1.22 1.33

After administration of 
RBCs (NR/15)

NR NR 1.09 1.17

tHb < 9 (NR/NR) NR NR 1.24 1.19
9 ≤ tHb < 11 (NR/NR) NR NR 1.17 1.35
11 ≤ tHb (NR/NR) NR NR −0.03 1.02

Hadar et al.7 OPD, pregnant women 31.3 (21 to 45) 0 NBM-200 LH 750 63/126 6.9 to 13.9 7.7 to 14 0.10 0.86
Gayat et al.40 ED 57 (43 to 75) 52 Pronto-7 (2.1.9) ADVIAH 2120 272/272 Pronto-7 NR 13.2 (11.9 to 14.3) 0.56 1.21

58 (41 to 74) 53 NBM-200MP ADVIAH 2120 297/297 NBM-200MP NR 13.2 (12.1 to 14.2) 0.21 1.64
Coquin et al.42 ICU, gastrointestinal bleeding 67 (20 to 91) 64 Radical-7 (7.6.0.1, R1 25 and 

R2-25)
LH 780 33/105 8.9 (3.6 to 14.0) 9.9 (6.8 to 16.2) −1.00 1.90

With NE (NR/14) 9.5 (2.0) 10.9 (1.9) −1.40 1.50
Without NE (NR/92) 8.9 (2.0) 9.9 (1.9) −0.90 1.90

Colquhoun et al.43 OR, spine surgery NR NR Radical-7 (7.6.2.1, Rev E) RapidPoint 405 20/88 NR NR −1.27 1.93
Butwick et al.4 OR, elective cesarean section 32 (5) 0 Radical-7 (7.6.0.4, Rev E) Coulter LH 750 or LH 

780 OR CELL-
DYN Sapphirew or 
CELL-DYN 1800 
hematology analysers

50/150 Baseline (50/50) NR NR 1.22 1.08

Immediately post-CS 
(50/50)

NR NR 0.14 1.23

24-h post-CS (50/50) NR NR 1.36 0.97
Applegate et al.44 OR, abdominal or pelvic surgery 57.8 (15) (23 to 85) 72 Radical-7 (NR, Rev E) Radiometer ABL800 91/360 NR 6.0 to 16.0 0.50 1.44

Arterial Hb <9 (36/87) NR NR 1.31 1.25
Arterial Hb 9 to 12 

(74/199)
NR NR 0.49 1.36

Arterial Hb >12 (34/74) NR NR −0.43 1.31
Arterial Hb <8 (22/27) NR NR 1.50 0.90

Ruppel et al.46 Pulmonary function laboratory, 
referred patients for pulmonary 
function tests

56 (11) 100 RAD-57 RapidPoint 405 139/139 12.1 (2.4) 13.4 (2.1) −1.26 2.15

Nguyen et al.47 ICU, cardiovascular ICU patients 75 (6) 50 Radical-7 (7.3.0.1, NR) XE-2100 41/103 First week, Radical-7 V 
7.3.0.1 (14/42)

9.7 (1.6) 10.9 (1.1) −1.30 1.87a

66 (10) 78 Radical-7 (7.3.1.1, NR) XE-2100 Second week, Radical-7 
V 7.3.1.1 (27/61)

8.7 (2.3) 10.5 (1.6) −1.70 2.30a

Miller et al.48 OR 40 to 80 Radical-7 (NR, Rev E) Beckman Coulter 20/78 NR NR 0.26 1.79
SpHb >12 g/dL  

(NR/NR)
NR NR −1.64 1.49

Lamhaut et al.9 OR, major urologic surgery 58 (13) 71 Radical-7 (7409, Rev C) SP 1000i® 44/85 10.7 (2.1) 10.8 (2.0) −0.02 1.39
Gayat et al.49 ED 50 [35 to 71]* 46 Radical-7 (7.4.09, Rev B) ADVIA 2120 276/276 4.7 to 18 4.8 to 21 −1.80 2.60
Frasca et al.6 Surgical ICU 56 (20) 77 Radical-7 (7.6.0.1, Rev E) Sysmex XT-2000i 62/471 10.0 (1.0) (6.3 to 

14.9)
10.0 (1.1) (6.6 to 

14.9)
0.00 0.50

PI < 0.5 (NR/41) NR NR 0.40 0.70
NE > 0.2 (NR/79) NR NR −0.10 0.70

Causey et al.50 OR/ICU 64 (18) (18 to 92) 100 Radical-7 (NR, 7.5.0.3) NR 70/260 NR NR −0.15 1.45a

OR (25/101) 11.54 (1.67) 11.83 (1.64) −0.29 1.05
Bleeding group (NR/50) 11.05 11.52 −0.47 0.91a

Transfusion group 
(NR/21)

11.11 11.13 −0.10 0.46a

Table 1.  (Continued )

Source Setting (population characteristics)
Age mean (SD)  

(range), median [range]a Male (%)

Test device  
(software version, sensor 

version)
Laboratory  

hemoglobin analyzer

Sample  
size /no. paired  
measurements

Subgroup  
(sample size/no. of 

paired measurements)

Hb range mean (SD)  
(range), median [range]a

Bias SDTest device
Laboratory  

hemoglobin analyzer

(Continued )
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Colloid (dynamic phase) 61 (47 to 72) 67 15/208 Colloid (dynamic phase) 
(15/208)

NR NR −0.02 1.07

Baseline NR NR −0.55 1.13
Start of the dynamic 

phase
NR NR −0.47 1.44

End of the dynamic 
phase

NR NR 0.18 0.89

Hb<10 g/dL (12/68) NR NR 0.41 0.47
Hb>10 g/dL (30/475) NR NR 0.26 1.12

Raikhel36 OPD 46 (19) 30 Pronto (7.8.0.1, Rev G) LH 500 152/152 NR 9.8 to 16.8 −0.50 1.00
Park et al.38 OR, neurosurgery 6.4 (3.0) (0.25 to 12) 63 Radical-7 (7.6.1.1, Rev E) ABL820 40/119 NR NR 0.90 1.35

After volume resuscitation 
(NR/47)

NR NR 1.18 1.28

After administration of 
colloid (NR/32)

NR NR 1.22 1.33

After administration of 
RBCs (NR/15)

NR NR 1.09 1.17

tHb < 9 (NR/NR) NR NR 1.24 1.19
9 ≤ tHb < 11 (NR/NR) NR NR 1.17 1.35
11 ≤ tHb (NR/NR) NR NR −0.03 1.02

Hadar et al.7 OPD, pregnant women 31.3 (21 to 45) 0 NBM-200 LH 750 63/126 6.9 to 13.9 7.7 to 14 0.10 0.86
Gayat et al.40 ED 57 (43 to 75) 52 Pronto-7 (2.1.9) ADVIAH 2120 272/272 Pronto-7 NR 13.2 (11.9 to 14.3) 0.56 1.21

58 (41 to 74) 53 NBM-200MP ADVIAH 2120 297/297 NBM-200MP NR 13.2 (12.1 to 14.2) 0.21 1.64
Coquin et al.42 ICU, gastrointestinal bleeding 67 (20 to 91) 64 Radical-7 (7.6.0.1, R1 25 and 

R2-25)
LH 780 33/105 8.9 (3.6 to 14.0) 9.9 (6.8 to 16.2) −1.00 1.90

With NE (NR/14) 9.5 (2.0) 10.9 (1.9) −1.40 1.50
Without NE (NR/92) 8.9 (2.0) 9.9 (1.9) −0.90 1.90

Colquhoun et al.43 OR, spine surgery NR NR Radical-7 (7.6.2.1, Rev E) RapidPoint 405 20/88 NR NR −1.27 1.93
Butwick et al.4 OR, elective cesarean section 32 (5) 0 Radical-7 (7.6.0.4, Rev E) Coulter LH 750 or LH 

780 OR CELL-
DYN Sapphirew or 
CELL-DYN 1800 
hematology analysers

50/150 Baseline (50/50) NR NR 1.22 1.08

Immediately post-CS 
(50/50)

NR NR 0.14 1.23

24-h post-CS (50/50) NR NR 1.36 0.97
Applegate et al.44 OR, abdominal or pelvic surgery 57.8 (15) (23 to 85) 72 Radical-7 (NR, Rev E) Radiometer ABL800 91/360 NR 6.0 to 16.0 0.50 1.44

Arterial Hb <9 (36/87) NR NR 1.31 1.25
Arterial Hb 9 to 12 

(74/199)
NR NR 0.49 1.36

Arterial Hb >12 (34/74) NR NR −0.43 1.31
Arterial Hb <8 (22/27) NR NR 1.50 0.90

Ruppel et al.46 Pulmonary function laboratory, 
referred patients for pulmonary 
function tests

56 (11) 100 RAD-57 RapidPoint 405 139/139 12.1 (2.4) 13.4 (2.1) −1.26 2.15

Nguyen et al.47 ICU, cardiovascular ICU patients 75 (6) 50 Radical-7 (7.3.0.1, NR) XE-2100 41/103 First week, Radical-7 V 
7.3.0.1 (14/42)

9.7 (1.6) 10.9 (1.1) −1.30 1.87a

66 (10) 78 Radical-7 (7.3.1.1, NR) XE-2100 Second week, Radical-7 
V 7.3.1.1 (27/61)

8.7 (2.3) 10.5 (1.6) −1.70 2.30a

Miller et al.48 OR 40 to 80 Radical-7 (NR, Rev E) Beckman Coulter 20/78 NR NR 0.26 1.79
SpHb >12 g/dL  

(NR/NR)
NR NR −1.64 1.49

Lamhaut et al.9 OR, major urologic surgery 58 (13) 71 Radical-7 (7409, Rev C) SP 1000i® 44/85 10.7 (2.1) 10.8 (2.0) −0.02 1.39
Gayat et al.49 ED 50 [35 to 71]* 46 Radical-7 (7.4.09, Rev B) ADVIA 2120 276/276 4.7 to 18 4.8 to 21 −1.80 2.60
Frasca et al.6 Surgical ICU 56 (20) 77 Radical-7 (7.6.0.1, Rev E) Sysmex XT-2000i 62/471 10.0 (1.0) (6.3 to 

14.9)
10.0 (1.1) (6.6 to 

14.9)
0.00 0.50

PI < 0.5 (NR/41) NR NR 0.40 0.70
NE > 0.2 (NR/79) NR NR −0.10 0.70

Causey et al.50 OR/ICU 64 (18) (18 to 92) 100 Radical-7 (NR, 7.5.0.3) NR 70/260 NR NR −0.15 1.45a

OR (25/101) 11.54 (1.67) 11.83 (1.64) −0.29 1.05
Bleeding group (NR/50) 11.05 11.52 −0.47 0.91a

Transfusion group 
(NR/21)

11.11 11.13 −0.10 0.46a

Table 1.  (Continued )
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ICU (n = 45/159) 9.65 (2.17) NR −0.05 1.56a

Reusable sensor (the 
rainbow dc-3 SC-360) 
(NR/47)

8.61 (2.31) NR −0.70 2.02

Original single use (the 
Rainbow R 1 25) 
(NR/92)

9.6 (1.65) NR 0.24 1.28

Upgraded single use (the 
upgraded rainbow 1 25) 
(NR/20)

12.21 (1.96) NR 0.25 1.34

Berkow et al.3 OR, complex spine surgery 52 Radical-7 (7601, Rev E) ABL800 29/186 6.9 to 13.4 6.9 to 13.9 −0.30 1.00
Low SIQ (NR/56) NR NR −0.90 1.00
Exclusion of low SIQ 

(NR/130)
NR NR −0.10 1.00

Macknet et al.52 Volunteer study, hemodilution 24 (2) (20 to 27) 55 Radical-7 (7211, R1 25 and 
R1 25L)

ABL820 20/335 NR 12.7 (1.02) −0.15 0.92

Hahn et al.53 Volunteer study, volume kinetic 
analysis of infusion fluids

22 (19 to 37) NR Radical (7.4.0.9, handheld 
R.7.7.1.0, D-station 
R5.1.2.7)

Cell-Dyn Sapphire 10/680 13.425 (0.998) 13.839 (0.911) −0.41 1.11

Group 1: euhydrated 
volunteers, received 
5 mL/kg of Ringer´s 
acetate over 15 min. 
(10/167)

12.981 (0.690) 13.321 (0.748) −0.34 1.01

Group 2: dehydrated 
volunteers, received 
5 mL/kg of Ringer´s 
acetate over 15 min. 
(10/187)

14.105 (0.907) 14.417 (0.689) −0.31 1.08

Group 3: euhydrated 
volunteers, received 
10 mL/kg of Ringer´s 
acetate over 15 min. 
(10/168)

12.739 (0.831) 13.368 (0.862 −0.62 1.27

Group 4: dehydrated 
volunteers, received 
10 mL/kg of Ringer´s 
acetate over 15 min. 
(10/158)

13.843 (0.803) 14.22 (0.758) −0.37 1.03

Italics indicate data and information from author. Bold numbers indicate data included in meta-analysis.
Noninvasive Hb monitoring devices: Radical-7, Pronto-7, and Rad-57 (Masimo Corporation, Irvine, CA); NBM-200 and NBM-200MP (OrSense, Nes Ziona, Israel). 
Laboratory Hb analyzer: ADVIAH 2120 (Siemens Medical Solutions Diagnostics, Zurich, Switzerland); ADVIA 2120 (ADVIA, Siemens Healthcare Diagnostics, 
Eschborn, Germany); Advia 2120 (Siemens Medical Solutions and Diagnostics, Dublin, Republic Of Ireland); ABL800 (Radiometer GmbH, Copenhagen, 
Denmark); ABL820 (Radiometer, Copenhagen, Denmark); ABL800 CO-Oximeter (Radiometer America, Westlake, OH); AVOXimeter (ICTMed; Optimedical, Edison, 
New Jersey); Beckman Coulter AcT-5 diff (Beckman Coulter Inc., Brea, CA); Beckman Coulter LH 750 counter (Beckman Coulter Inc., Brea, CA); Coulter LH 750 
or LH 780 hematology analysers (Beckman Coulter, Inc., Brea, CA); CELL-DYN Sapphirew or CELL-DYN 1800 haematology analysers (Abbott Laboratories, Abbott 
Park, IL); Cell-Dyn Sapphire (Abbott Diagnostics, Abbott Park, IL); LH500 (Beckman Coulter, Brea, CA); LH500 automated hematology analyzer (Beckman Coulter, 
Inc., Brea, CA); LH 780-automate (Beckman Coulter, Brea, CA); RapidPoint 405 (Siemens Healthcare Diagnostics, Deerfield, IL); RapidLab® 860 (Siemens, 
Munich, Germany); SP 1000i® (Sysmex Corp., Kobe, Japan); Sysmex XE-5000 automated hematology analyzer (Roche Diagnostics, Paris, France); Sysmex 
XT-2000i automated hematology analyzer (Roche Diagnostics, Paris, France); Sysmex™ XT-2100i automated haematology analyser (Roche™ Diagnostics, Paris, 
France); XE-2100 (Roche, Neuilly sur Seine, France).
Bias = mean difference between noninvasive Hb monitoring and laboratory Hb analyzer; BD = blood donor; CS = cesarean section; ED = emergency department; 
Hb = hemoglobin; ICU = intensive care unit; NE = norepinephrine; NR = not reported; OPD = outpatient department; OR = operating room; PI = perfusion index; 
SD = standard deviation; SIQ = a signal quality indicator; SpHb = spectrophotometric hemoglobin; tHb = total hemoglobin concentration.
aEstimated by standard error of bias and number of paired measurement.
*Interquartile range.
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We standardized mean difference in the current meta-
analysis to mean noninvasive measurement minus invasive 
Hb measurement and transformed source data as needed 
for reporting in this form.

We also extracted demographic data (age, gender 
distribution, height, weight, or body mass index) and 
other study characteristics: country where the study was 
performed, source of funding (industry versus nonin-
dustry), study setting (operating room, intensive care 
unit, emergency department, blood donation, outpatient 
clinic or inpatient ward, or study volunteers), name and 
software version of noninvasive Hb monitoring devices 
and sensor, name of central laboratory Hb analyzer, sam-
pling site of blood, numbers of patients enrolled and 
included in the analysis, and total number of paired 
measurements.

Risk of Bias in Individual Studies
Because there are no specific guidelines for the quality 
assessment of individual studies in a meta-analysis for 

method comparison studies, we modified existing guide-
lines to create an appropriate quality assessment tool. 
First, we implemented items suggested by the Guidelines 
for Reporting Reliability and Agreement Studies14 and 
the main quality criteria for method comparison stud-
ies previously suggested.11 These were incorporated in 
the Quality Assessment of Diagnostic Accuracy Studies 
guidelines (QUADAS-2).15 We also modified signaling 
questions and 4 domains for the assessment of risk of bias 
(patient selection, index test, reference standard, as well 
as flow and timing) and 3 domains for the assessment of 
concerns related to applicability (patient selection, index 
test, and reference standard) from QUADAS-2 guidelines 
to fit our needs. This process is detailed in Appendix 
3, Supplemental Digital Content 3, http://links.lww.
com/AA/A907. Using the modified QUADAS-2 form, 
2 reviewers (SHK, ML) performed independent quality 
assessments on each study included in the meta-analysis. 
Risk for each of the bias domains and each of the appli-
cability domains is classified as low, high, or unclear. 

http://links.lww.com/AA/A907
http://links.lww.com/AA/A907
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Disagreement between reviewers was resolved by discus-
sion with a third investigator (MC).

Summary Measures
Principal summary measures of the current meta-analysis 
were mean difference (defined as noninvasive−invasive 

measurement), SD, and 95% LOA (calculated by mean dif-
ference ±1.96 SD of mean differences).

Synthesis of Results
We used random-effects models to summarize overall mean 
difference and SD as previously reported.16,17 We calculated I2 

ICU (n = 45/159) 9.65 (2.17) NR −0.05 1.56a

Reusable sensor (the 
rainbow dc-3 SC-360) 
(NR/47)

8.61 (2.31) NR −0.70 2.02

Original single use (the 
Rainbow R 1 25) 
(NR/92)

9.6 (1.65) NR 0.24 1.28

Upgraded single use (the 
upgraded rainbow 1 25) 
(NR/20)

12.21 (1.96) NR 0.25 1.34

Berkow et al.3 OR, complex spine surgery 52 Radical-7 (7601, Rev E) ABL800 29/186 6.9 to 13.4 6.9 to 13.9 −0.30 1.00
Low SIQ (NR/56) NR NR −0.90 1.00
Exclusion of low SIQ 

(NR/130)
NR NR −0.10 1.00

Macknet et al.52 Volunteer study, hemodilution 24 (2) (20 to 27) 55 Radical-7 (7211, R1 25 and 
R1 25L)

ABL820 20/335 NR 12.7 (1.02) −0.15 0.92

Hahn et al.53 Volunteer study, volume kinetic 
analysis of infusion fluids

22 (19 to 37) NR Radical (7.4.0.9, handheld 
R.7.7.1.0, D-station 
R5.1.2.7)

Cell-Dyn Sapphire 10/680 13.425 (0.998) 13.839 (0.911) −0.41 1.11

Group 1: euhydrated 
volunteers, received 
5 mL/kg of Ringer´s 
acetate over 15 min. 
(10/167)

12.981 (0.690) 13.321 (0.748) −0.34 1.01

Group 2: dehydrated 
volunteers, received 
5 mL/kg of Ringer´s 
acetate over 15 min. 
(10/187)

14.105 (0.907) 14.417 (0.689) −0.31 1.08

Group 3: euhydrated 
volunteers, received 
10 mL/kg of Ringer´s 
acetate over 15 min. 
(10/168)

12.739 (0.831) 13.368 (0.862 −0.62 1.27

Group 4: dehydrated 
volunteers, received 
10 mL/kg of Ringer´s 
acetate over 15 min. 
(10/158)

13.843 (0.803) 14.22 (0.758) −0.37 1.03

Italics indicate data and information from author. Bold numbers indicate data included in meta-analysis.
Noninvasive Hb monitoring devices: Radical-7, Pronto-7, and Rad-57 (Masimo Corporation, Irvine, CA); NBM-200 and NBM-200MP (OrSense, Nes Ziona, Israel). 
Laboratory Hb analyzer: ADVIAH 2120 (Siemens Medical Solutions Diagnostics, Zurich, Switzerland); ADVIA 2120 (ADVIA, Siemens Healthcare Diagnostics, 
Eschborn, Germany); Advia 2120 (Siemens Medical Solutions and Diagnostics, Dublin, Republic Of Ireland); ABL800 (Radiometer GmbH, Copenhagen, 
Denmark); ABL820 (Radiometer, Copenhagen, Denmark); ABL800 CO-Oximeter (Radiometer America, Westlake, OH); AVOXimeter (ICTMed; Optimedical, Edison, 
New Jersey); Beckman Coulter AcT-5 diff (Beckman Coulter Inc., Brea, CA); Beckman Coulter LH 750 counter (Beckman Coulter Inc., Brea, CA); Coulter LH 750 
or LH 780 hematology analysers (Beckman Coulter, Inc., Brea, CA); CELL-DYN Sapphirew or CELL-DYN 1800 haematology analysers (Abbott Laboratories, Abbott 
Park, IL); Cell-Dyn Sapphire (Abbott Diagnostics, Abbott Park, IL); LH500 (Beckman Coulter, Brea, CA); LH500 automated hematology analyzer (Beckman Coulter, 
Inc., Brea, CA); LH 780-automate (Beckman Coulter, Brea, CA); RapidPoint 405 (Siemens Healthcare Diagnostics, Deerfield, IL); RapidLab® 860 (Siemens, 
Munich, Germany); SP 1000i® (Sysmex Corp., Kobe, Japan); Sysmex XE-5000 automated hematology analyzer (Roche Diagnostics, Paris, France); Sysmex 
XT-2000i automated hematology analyzer (Roche Diagnostics, Paris, France); Sysmex™ XT-2100i automated haematology analyser (Roche™ Diagnostics, Paris, 
France); XE-2100 (Roche, Neuilly sur Seine, France).
Bias = mean difference between noninvasive Hb monitoring and laboratory Hb analyzer; BD = blood donor; CS = cesarean section; ED = emergency department; 
Hb = hemoglobin; ICU = intensive care unit; NE = norepinephrine; NR = not reported; OPD = outpatient department; OR = operating room; PI = perfusion index; 
SD = standard deviation; SIQ = a signal quality indicator; SpHb = spectrophotometric hemoglobin; tHb = total hemoglobin concentration.
aEstimated by standard error of bias and number of paired measurement.
*Interquartile range.
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to describe heterogeneity of mean differences and SDs across 
studies. The I2 describes the percentage of variation across stud-
ies that is due to heterogeneity rather than chance in which val-
ues of 25%, 50%, and 75% are considered low, moderate, and 
high, respectively.18 If there were substantial heterogeneity (I2 
> 50%), we performed sensitivity analysis and meta-regression 
according to plausible clinical scenarios. Forest plots are pre-
sented with individual and random-effects pooled estimates 
of mean difference and 95% LOA to visualize the data.

Risk of Bias Across Studies
To assess for publication bias, we created funnel plots for 
mean difference of Hb against standard error for each study. 
These funnel plots were assessed visually for symmetry. In 
the absence of bias, these plots would resemble a symmetrical 
inverted funnel. To formally test for asymmetry, we applied 
Egger regression tests on secondary funnel plots using a sig-
nificance level of 0.1 because of the small sample size.19

Additional Analysis
Sensitivity Analysis and Subgroup Analysis
We conducted sensitivity and subgroup analyses to explore 
the causes of heterogeneity. Sensitivity analysis was performed 
by removing studies in which SD was calculated from SE and 
on the studies classified as low risk both in the risk of bias 
domains and applicability concerns domains. We performed 
subgroup analysis for studies with multiple measurements 
per subject versus single measurement per subject. Other sub-
group analyses included funding source (department versus 
industry), country of study, type of device, sampling site for 
the central laboratory Hb measurement, study setting (operat-
ing room, intensive care unit, emergency department, blood 
donation, outpatient clinic or inpatient ward, and study vol-
unteers), and devices (Radical-7, Pronto-7, and NBM-200).

Meta-Regression
We conducted a meta-regression analysis on publica-
tion year, country, setting, funding, sample size, device, 
reference, sampling site, and total number of paired 
measurement.

All the calculations and tests were conducted using 
Microsoft Excel 2010 (Microsoft Corporation, Redmond, 
WA) and R.20 I2 of mean difference and SD of mean differ-
ence were calculated using the following equation:

I Q
Q

2 100= −( ) ×df %

where Q is test statistic Q used by DerSimonian and 
Laird,17 and df is the degrees of freedom. We were able 
to calculate I2 for both mean difference and SD because 
the calculation of I2 only requires the point estimates 
from individual studies (see Study Limitations). Data 
are presented as mean ± SD or mean difference ± SDs 
(95% LOA).

RESULTS
Study Selection
Four hundred sixty-three articles were retrieved from 
the database searches and manufacturers after removing 

duplicates. Two investigators excluded 416 studies by title 
and abstract screening. The remaining 47 studies were 
retrieved as full-text articles and were assessed for eligibil-
ity.3–9,21–60 Fifteen articles24,26,35,37,39,41,45,51,54–60 were excluded 
after full-text review for failure to meet the inclusion cri-
teria or insufficient data, despite efforts to contact authors 
for data (Appendix 4, Supplemental Digital Content 
4, http://links.lww.com/AA/A908). Finally, 32 stud-
ies3–9,21–23,25,27–34,36,38,40,42–44,46–50,52,53 were included in the meta-
analysis (Fig. 1).

Study Characteristics
A total of 4425 subjects were included in this meta-anal-
ysis. Characteristics of individual studies are presented 
in Table 1. Median sample size of the studies was 44 and 
ranged from 10 to 569. Across the 25 studies that reported 
age or gender, the mean age was 45 years and 48% were 
men. Of the 32 studies included in the meta-analysis, 17 
studies3–6,9,21,27–29,34,38,42–44,47,48,50 were conducted in the periop-
erative and critical care settings (12 studies performed in the 
operating room,3,4,9,21,27–29,34,38,43,44,48 4 studies in the intensive 
care unit,5,6,42,47 and 1 study in both the operating room and 
the intensive care unit).50 Four studies were conducted in 
the emergency department,22,25,40,49 2 studies were conducted 
in blood donors,8,32 6 studies were conducted in outpatient 
clinic or inpatient wards,7,23,30,33,36,46 and 3 studies were con-
ducted in volunteers during specific experiments (volume 
kinetics analysis31,53 and hemodilution).52 Twelve studies 
were conducted in the United States,3,4,23,25,29,36,43,44,46,48,50,52 
8 studies were conducted in France,5,6,9,28,40,42,47,49 7 studies 
were conducted in Europe (excluding France),21,22,30–32,34,53 3 
studies were conducted in Asia,8,27,38 and 2 studies were con-
ducted in the Middle East.7,33 Twenty-two studies assessed 
the accuracy of Radical-7,3,4,6,9,21,22,25,27–29,31,34,38,42–44,47–50,52,53 4 
studies assessed the accuracy of Pronto-7,23,30,33,36 2 stud-
ies assessed the accuracy of NBM-200,7,8 1 study assessed 
the accuracy of NBM-200MP,5 2 studies assessed both 
Pronto-7 and NBM-200,32 1 study assessed both Pronto-7 
and NBM-200MP,40 and finally 1 study assessed the RAD-
57.46 Nineteen studies measured central laboratory Hb 
from venous blood,4,5,7–9,21–23,25,30–34,36,40,42,49,53 12 from arterial 
blood,6,27–29,38,43,44,46–48,50,52 and 1 study measured central labo-
ratory from both venous and arterial blood.3

Risk of Bias Within Studies
Results of quality assessment using the modified 
QUADAS-2 are presented in Appendix 5, Supplemental 
Digital Content 5, http://links.lww.com/AA/A909. The 
risk of bias was assessed as low in 16 studies for patient 
selection, in 28 studies for index test, in 29 studies for ref-
erence standard domain, and in 14 studies for the flow 
and timing domains. Concerns regarding 3 QUADAS-2 
applicability domains were assessed as low risk in 32 stud-
ies for patient selection, in 28 studies for index test, and 
in 29 studies for reference standard domain. Interestingly, 
only 6 studies were rated as low risk both in risk of bias 
and applicability concerns according to our quality assess-
ment tool incorporating recent recommendation and 
standards.5,9,28,36,42,44

http://links.lww.com/AA/A908
http://links.lww.com/AA/A909
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Synthesis of Results
Overall Meta-Analysis
Individual, subtotal, and pooled random-effects mean dif-
ference and 95% LOA for the 32 included articles are shown 
in Figure 2. SD was calculated using the formula for conver-
sion from 95% CI in 2 studies.47,50 The pooled mean differ-
ence and SD were 0.10 ± 1.37 g/dL (−2.59 to 2.80 g/dL). We 

found high level of heterogeneity for both mean difference 
(I2 = 95.9%) and SD (I2 = 95.0%).

Risk of Bias Across Studies
Funnel plot constructed for mean difference for Hb against SE 
appeared symmetrical, and Egger regression test for asym-
metry showed nonsignificant P values (P = 0.861; Fig. 3).

Figure 2. Forest plot depicting bias and 95% limits of agreement of studies comparing noninvasive hemoglobin monitoring with laboratory 
hemoglobin analyzer. Boxes represent the bias, and bars represent the 95% limits of agreement. Heterogeneity was assessed by I2 for bias of 
included studies. Skelton*, preoperative; Skelton**, postoperative; Belardinelli*, NBM-200; Belardinelli**, Pronto-7; Gayat*, Pronto-7; Gayat**, 
NBM-200MP; Butwick*, Baseline; Butwick**, Immediately post-CS; Butwick***, 24-hours post-CS; Nguyen*, Version 7.3.0.1; Nguyen**, Version 
7.3.1.1.; Causey*, OR; Causey**, ICU. Pronto-7, Pronto-7TM (Masimo Corporation, Irvine, CA); NBM-200, NBM-200TM (OrSense, Nes Ziona, 
Israel); NBM-200MP, NBM-200MPTM (OrSense, Nes Ziona). BD  =  blood donation; CS  =  cesarean section; ED  =  emergency department; 
ICU = intensive care unit; OPD = outpatient department; OR = operation room.
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Additional Analysis
Sensitivity Analysis and Subgroup Analysis
Pooled mean difference and SD in the sensitivity analysis after 
removing data from studies in which SDs were calculated from 
SE was not different from the overall meta-analysis. Sensitivity 
analysis conducted on the 6 studies classified as low risk both 
in the risk of bias domains and applicability concerns domains 
did not reduce heterogeneity across studies. The pooled mean 
difference and SD of these studies was 0.08 ± 1.46 g/dL (−2.79 
to 2.94 g/dL). Subgroup analysis by number of paired mea-
surements per patient, funding source, country of study, and 
sampling site of blood did not reduce heterogeneity com-
pared with main analysis (Appendix 6, Supplemental Digital 
Content 6, http://links.lww.com/AA/A910).

Subgroup Analysis by Study Settings
Critical Care Setting (Perioperative, Intensive Care Unit, 
and Emergency Department)
The pooled mean difference and SD was 0.39 ± 1.32 g/dL 
(−2.21 to 2.98 g/dL) in the perioperative setting, −0.51 ± 1.59 
g/dL (−3.63 to 2.62 g/dL) in the intensive care unit setting, 
and −0.39 ± 1.73 g/dL (−3.78 to 2.99 g/dL) in the emergency 
department setting. Heterogeneity was still high after sensi-
tivity analysis according to study settings confined to criti-
cal care setting.

Outpatient Clinic or Inpatient Ward, Blood Donation 
Volunteers, and Study Volunteers
The pooled mean difference and SD was −0.14 ± 1.35 g/dL  
(−2.78 to 2.50 g/dL) for outpatient clinic and inpatient 
ward settings. In blood donation volunteers, mean differ-
ence and SD was −0.05 ± 1.04 g/dL (−2.10 to 1.99 g/dL). 
There was high heterogeneity across studies conducted 

in the outpatient and blood donation volunteers. The 
pooled mean difference and SD was −0.19 ± 1.01 g/dL 
(−2.16 to 1.78 g/dL) in studies using other volunteers; 
there was no heterogeneity in this subgroup (Appendix 6, 
Supplemental Digital Content 6, http://links.lww.com/
AA/A910).

Subgroup Analysis by Device
Pooled mean difference and SD were similar among 3 
devices. Heterogeneity for mean difference across studies 
was still substantial (Table 2).

Meta-Regression
There was significant residual heterogeneity after meta-
regression analysis according to plausible explanatory 
scenarios. The publication year was associated with mean 
difference with P < 0.05 with meta-regression test, but there 
was still heterogeneity after accounting for the effect of this 
factor (Appendix 6, Supplemental Digital Content 6, http://
links.lww.com/AA/A910).

DISCUSSION
Summary of Evidence
This meta-analysis of 32 studies including 4425 subjects and 
assessing accuracy and precision of noninvasive Hb mea-
surement compared to central laboratory Hb measurements 
showed that the overall random-effects pooled mean dif-
ference and SD was 0.10 ± 1.37 g/dL (−2.59 to 2.80 g/dL). 
We found significant between-study heterogeneity for both 
mean differences and SD. In the perioperative and critical 
care setting, these were 0.39 ± 1.32 g/dL (−2.21 to 2.98 g/dL) 
and −0.51 ± 1.59 g/dL (−3.63 to 2.62 g/dL), respectively. 
Heterogeneity was still high even after sensitivity analysis 
including only studies in critical care settings. Among 32 
studies meeting inclusion criteria in the current meta-anal-
ysis, only 6 were rated as low risk in both risk of bias and 
applicability concerns based on our quality assessment tool, 
which incorporated recent recommendations and standards 
for method comparison studies.

The goal of this meta-analysis was to assess the agreement 
between noninvasive Hb measurements and central labo-
ratory Hb measurements. This topic has raised significant 
interest in the anesthesiology, critical care, and emergency 
settings during the past 5 years because of the impact such 
technologies may have on patient management and blood 
transfusion practices.12 Several small, single-center stud-
ies have been conducted on the topic, and our goal was to 
inform clinicians using this technology at the bedside about 
the accuracy and the precision of these devices. From our 
results, health care providers should still be cautious when 
making clinical decision about blood transfusion based 

Table 2.   Subgroup Analysis by Device

Sample size No. studies
Pooled random-effects estimates I2 (%)

Bias SD 95% LOA Bias SD

Radical-73,4,6,9,21,22,25,27–29,31,34,38,42–44,47–50,52,53 1495 22 −0.02 1.42 −2.81 to 2.76 95.4 95.4
Pronto-723,30,32,33,36,40 1446 6a 0.05 1.23 −2.35 to 2.46 97.6 86.6
NBM-200 and NBM-200MP5,7,8,32,40 1345 5b 0.18 1.15 −2.08 to 2.45 63.3 96.0
aBelardinelli et al.32 separately assessed NBM-200 and Pronto-7.
bGayat et al.40 separately assessed Pronto-7 and NBM-200MP.

Figure 3. Funnel plot for studies reporting bias of hemoglobin mea-
surement. Visual inspection and Egger test for bias do not show sig-
nificant publication bias. Standard error was calculated as standard 
deviation of bias divided by square root of the sample size. Studies 
reporting bias were plotted on the x-axis, and standard errors are 
plotted on the y-axis. No significant asymmetry was found by Egger 
regression test (P = 0.861).
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on these technologies. For example, if Hb measured using 
a central laboratory analyzer was 10 g/dL, Hb measured 
using one of the noninvasive Hb measurement devices 
tested in this meta-analysis could range anywhere between 
7.4 and 12.8 g/dL. In the operating room setting (where 13 
of the 32 studies included in our meta-analysis were con-
ducted), if Hb measured using a central laboratory analyzer 
was 10 g/dL, Hb measured using one of the noninvasive 
Hb measurement device could range anywhere between 7.8 
and 13.0 g/dL. Practically speaking, based on the overall 
accuracy and precision of the current meta-analysis, we rec-
ommend measuring Hb invasively if the noninvasive Hb 
level is <8.69 g/dL. This implies that at least 2.5% of the 
laboratory Hb level will be <6.0 g/dL, which is the trans-
fusion trigger in the current guidelines. Inversely, one can 
expect that 97.5% of the laboratory Hb level will lie above 
10.0 g/dL when the noninvasive Hb level is higher than 
12.69 g/dL. The decision to measure invasive Hb between 
these levels depends on the clinical situation.

Considering the importance of blood transfusion in the 
perioperative period and the commonly accepted transfu-
sion triggers, the lack of accuracy and precision in the current 
generation of these devices may negatively affect clinicians’ 
decisions about their patients. It should be noted, however, 
that other point-of-care Hb measurement devices have simi-
larly large error ranges, but this has not prevented their rou-
tine use in clinical care.23 For example, the HemoCue portable 
hemoglobinometer (HemoCue; HemoCue AB, Ängelholm, 
Sweden) when tested against central laboratory standards 
has been shown to have a mean difference and SD of −0.1 
± 1.6 g/dL, and other studies have shown similarly wide 
LOA.8,10,61,62 In a direct head-to-head clinical trial, the LOA 
of the HemoCue device were found to be narrower than the 
Radical-7, but a portion of patients had >1.0 g/dL and even 
a 1.5 g/dL error compared to central laboratory testing for 
both devices.21 This underlines the challenges our commu-
nity has faced with in the past to evaluate new monitoring 
systems and define what makes a new monitor acceptable 
or not. As recently discussed by Riou,11 method comparison 
studies lack clear standards. This is reflected by the overall 
low quality of the studies included in our meta-analysis. We 
believe that clear standards for conducting method compari-
son studies would help our community to better evaluate 
new monitors while at the same time promoting innovation.

Moreover, clinical decisions are often based on serial Hb 
measurements, and the ultimate goal of these technologies 
would be to both decrease unnecessary transfusions and 
simultaneously prompt earlier intervention when truly 
needed.63 Because of this, some authors have suggested 
alternative methods for the evaluation of these noninvasive 
and continuous Hb measurement systems (error grid for 
instance).12 In our review, we focused only on the agreement 
between these new technologies and invasive central labo-
ratory measurements because recommendations for blood 
transfusion are principally based on specific cutoff points.1 
Thus, it is of major importance to be able to correctly classify 
patients as being above or below these thresholds, and this 
starts first with the evaluation of the agreement between a 
new technology and a “gold standard.”64,65

One of the findings from this meta-analysis is that 6 of 
the 32 studies included were rated as low risk both in risk of 

bias and applicability concerns according to the criteria we 
used in our revised QUADAS-2 assessment sheet (Appendix 
5, Supplemental Digital Content 5, http://links.lww.com/
AA/A909). This confirms what had already been suggested 
by other authors on the overall quality of conduct and report 
of method comparison studies.11 In the revised quality assess-
ment sheet used in our study, we integrated recommenda-
tions from recent guidelines14 and opinion leaders, including 
suggestions from a recently published editorial on the topic11 
describing the main quality criteria for the report of method 
comparison studies. Only 6 studies5,9,28,36,42,44 (19 %) included 
in this meta-analysis met all the criteria from our revised 
QUADAS-2. The inconsistency and the relatively poor qual-
ity of studies conducted on the topic suggest that guidelines 
and recommendations regarding how these studies should 
be conducted and reported would be beneficial to our com-
munity. Recommendations similar to those published for ran-
domized control trials (Consolidated Standards of Reporting 
Trials)66 or diagnostic accuracy studies (Standards for 
Reporting of Diagnostic Accuracy)67 would be very useful.11

We found significant heterogeneity among studies 
included in our meta-analysis but were not able to identify 
causes even after performing a series of subgroup analyses, 
sensitivity analyses, and meta-regressions. Multiple fac-
tors may be responsible, and each factor may contribute to 
a small proportion of the total. Interestingly, several previ-
ously published meta-analyses of method comparison stud-
ies (arterial blood pressure measurements68 and temperature 
measurements)69,70 found similar heterogeneity and were 
similarly not able to identify causes, despite extensive sta-
tistical analysis. In the present meta-analysis, use of different 
devices, different populations, different central laboratory 
analyzers, subtle differences in arterial blood versus venous 
blood, as well as the quality of the studies included in the 
meta-analysis may have contributed to the overall variation. 
The precision of industry-supported studies was 0.24 ± 1.02.

Study Limitations
First, our meta-analysis does not assess the potential clinical 
utility of these noninvasive Hb measurement devices. While 
we understand that the potential impact of a new monitoring 
technology on clinical decision making, patient outcome, and/
or patient safety encompasses far more than the simple assess-
ment of accuracy and precision of these systems, we believe 
that Hb is such an important variable for patient management 
that strong recommendations about the way the accuracy and 
precision of these systems should be evaluated and reported 
should be published before any outcome study is conducted. 
In the future, we suggest that studies assessing the effective-
ness of this technology using pragmatic approaches and com-
parative effectiveness research methodologies will help better 
understand the role of these devices in our daily practice.

Second, we studied a mixture of different devices for 
noninvasive and invasive Hb measurements in this meta-
analysis. We included studies focusing on the evaluation of 
3 different technologies (Radical-7, Pronto-7, NBM-200, and 
NBM-200MP), and we included studies evaluating the accu-
racy and precision of these devices against different central 
laboratory analyzers, using different blood origins (arterial 
and venous). Unfortunately, this is the way these studies have 
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been conducted, which is part of the rationale for clear guide-
lines and standardization of method comparison studies.

Third, we did not present 95% CIs of mean difference 
and SD. We could not calculate the 95% CIs of the pooled 
SD because we did not have information regarding the accu-
racy of SD from individual studies. We have not found any 
publications that provide statistical methods to quantify the 
uncertainty of SD in meta-analysis. Consequently, we pre-
sented the results of the current meta-analysis with mean 
difference and 95% LOA as proposed previously.16,69,70 In 
addition, regarding the SD of the mean difference between 2 
methods within a single study, some studies performed only 
1 measurement per subject, whereas other studies performed 
multiple measurements per subject. If the current meta-anal-
ysis had complete data from all studies available, we would 
have had a multilevel (hierarchical) model and could have 
calculated the accuracy of SD. Without complete data from 
all the studies, given the information reported in at least 
some of those studies that had multiple measurements in 
each subject, we could not perform a multilevel hierarchical 
model. We performed subgroup analysis to account for the 
issue of multiple measurements. As demonstrated in sub-
group analysis, the results are similar between studies with 
single and multiple measurements. Therefore, we assume 
that this issue does not confound the result substantially.

Finally, our research strategy was limited to PubMed, 
Web of Science, Cochrane Library, and to articles provided 
by manufacturers, and only included studies published 
in peer-reviewed journals. We limited the search to peer-
reviewed publications to avoid low-quality manuscripts and 
because the impact of the inclusion of “gray literature” in 
meta-analyses is still unclear, especially for meta-analysis of 
method comparison studies. However, it is possible that dif-
ferent search strategies could result in different conclusions.

CONCLUSIONS
Our meta-analysis showed that the overall random-effects 
pooled mean difference and SD of noninvasive Hb measure-
ments compared to invasive central laboratory measure-
ments was 0.10 ± 1.37 g/dL (−2.59 to 2.80 g/dL). Although 
the mean difference between noninvasive Hb and central 
laboratory measurements were small, the wide LOA mean 
clinicians should be cautious when making clinical deci-
sions based on these devices. E
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