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Foreword

In their daily practice, anesthesiologists are faced with a tremendous amount of data 
during the clinical management of their patients. This textbook, Data Interpretation 
in Anesthesia: A Clinical Guide, focuses on the interpretation of data commonly 
available to an anesthesiologist.

The book is divided into five parts, including monitoring, laboratory testing, 
imaging, physiologic studies, and conceptual images. It consists of 83 chapters 
starting with a presentation of a data point, followed by relevant questions and 
answers with discussion. Pertinent references are provided in each chapter.

Another textbook in this format is not currently available for the discipline of 
anesthesiology. There are a variety of reviews that are vignette driven, or are discus-
sions of general topics, but none that focus concisely on the individual data points 
that an anesthesiologist must quickly and astutely interpret for patient care. This 
format allows the consultant to efficiently reference areas of review.

The editor of this much needed book, Tilak D. Raj, MD, is a cardiothoracic and vas-
cular anesthesia fellowship-trained, board-certified anesthesiologist (both in the UK and 
the USA), who has been involved in clinical practice and academic medicine for 20 years.

Contributors include an excellent selection of anesthesiologists, cardiologists, 
and an interventional neurologist.

Anesthesiology as a specialty is seeing amazing advancements in patient care. 
More and more advanced clinical algorithms emerge every day to help anesthesiolo-
gists understand data points, interpret results, and make decisions. This book will be 
very useful for all anesthesiologists, anesthesia residents, and practitioners involved 
in Maintenance of Certification in Anesthesiology (MOCA). It is not a book that 
just sits on a shelf collecting dust. It is a must read. I hope you enjoy it!

Carin A. Hagberg, MD
Division Head, Division of Anesthesiology,  

Critical Care & Pain Medicine,
Helen Shaffer Fly Distinguished Professor  

of Anesthesiology UT MD Anderson Cancer Center
1400 Holcombe Blvd, Faculty Center, Unit 409, Houston, TX 77030, USA



ix

Preface

It is a pleasure to finally bring to fruition an idea I have had for a couple of years. As 
anesthesiologists, we come across a vast amount of clinical and investigative data 
during the perioperative care of our patients. This book should serve as a reference, 
providing information about the data we encounter in our daily practice. The current 
edition has 83 chapters and the list covers most of the data that we encounter. There 
is a basic layout for the chapters which start with a data point followed by discus-
sion in a question and answer format. I chose this format to stimulate analytic 
thought and facilitate learning.

The chapters in the book are grouped into five parts. The “Conceptual Images” 
part has topics which are not strictly data but more topics of exam interest. They 
share the same format and provide additional knowledge in those areas.

This text should help residents and anesthesiologists striving to become board- 
certified anesthesiologists in practice working toward Maintenance of Certification 
in Anesthesiology (MOCA).

The project could not have been completed without the expert and valuable con-
tribution by authors from different specialties both from America and England, to 
whom I am extremely grateful. Editing and contributing to this book has provided a 
great learning experience for me, not just in medicine and anesthesiology but also 
in life and human nature.

Physicians should be passionate lifelong learners to provide good patient care, 
and physicians in academic settings should do the same not just for patient care but 
also to teach and act as good role models for students and residents. I shall close 
with the apt and inspiring quote by John Cotton Dana.

“Who dares to teach must never cease to learn.”

Edmond, OK Tilak D. Raj 



xi

Acknowledgments

I would like to thank my colleagues in helping me with compiling the list of chap-
ters and parts; Dwight Reynolds, MD, for the wonderful X-rays we used in Chap. 
46 (CXR—CIED); Scott Tatum, R.N., B.S.I.T., for providing some ECGs used in 
the “ECG Quiz” chapter; and the “expert” Dan Mason from Haemonetics for his 
invaluable help in two chapters on TEG.

I am also greatly indebted to Carin Hagberg, MD, for kindly agreeing to provide 
a foreword for this book; my precious artist Gail Gwin, who provided the drawings 
for many chapters which she tirelessly worked on, outside of her busy work sched-
ule; to Vijay Raj for his help with some images and graphs; to all the residents who 
provided valuable feedback; and last but not the least my wife Catherine who kept 
me focused and on track and to my children Vijay, Anushka, Kieran, and Roshan—
“it can be done and you can do it!”

http://dx.doi.org/10.1007/978-3-319-55862-2_46


xiii

Contents

Part I Monitoring

 1  CVP  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3
Teodora Nicolescu

 2  Pulmonary Artery Catheters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7
Teodora Nicolescu

 3  ECG  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13
Teodora Nicolescu

 4  A-Line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19
Teodora Nicolescu and Tilak D. Raj

 5  Intracranial Pressure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25
Jacqueline J. Smith

 6  Capnography I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35
Raghuvender Ganta and Tilak D. Raj

 7  Capnography II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39
Raghuvender Ganta

 8  Pulse Oximetry  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43
Alberto J. de Armendi and Ranganathan Govindaraj

 9  Cooximetry  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47
John B. Carter

 10  Cerebral Oximetry  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  51
Jacqueline J. Smith

 11  EEG  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57
Mehmet S. Ozcan

http://dx.doi.org/10.1007/978-3-319-55862-2_1
http://dx.doi.org/10.1007/978-3-319-55862-2_1
http://dx.doi.org/10.1007/978-3-319-55862-2_2
http://dx.doi.org/10.1007/978-3-319-55862-2_2
http://dx.doi.org/10.1007/978-3-319-55862-2_3
http://dx.doi.org/10.1007/978-3-319-55862-2_3
http://dx.doi.org/10.1007/978-3-319-55862-2_4
http://dx.doi.org/10.1007/978-3-319-55862-2_4
http://dx.doi.org/10.1007/978-3-319-55862-2_5
http://dx.doi.org/10.1007/978-3-319-55862-2_5
http://dx.doi.org/10.1007/978-3-319-55862-2_6
http://dx.doi.org/10.1007/978-3-319-55862-2_6
http://dx.doi.org/10.1007/978-3-319-55862-2_7
http://dx.doi.org/10.1007/978-3-319-55862-2_7
http://dx.doi.org/10.1007/978-3-319-55862-2_8
http://dx.doi.org/10.1007/978-3-319-55862-2_8
http://dx.doi.org/10.1007/978-3-319-55862-2_9
http://dx.doi.org/10.1007/978-3-319-55862-2_9
http://dx.doi.org/10.1007/978-3-319-55862-2_10
http://dx.doi.org/10.1007/978-3-319-55862-2_10
http://dx.doi.org/10.1007/978-3-319-55862-2_11
http://dx.doi.org/10.1007/978-3-319-55862-2_11


xiv

 12  SSEP’s and More. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  61
Mehmet S. Ozcan

 13  Bispectral Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67
Mehmet S. Ozcan

 14  Fetal Heart Rate Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73
Casey Windrix

 15  ECG (12 Lead) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77
Talla A. Rousan

 16  Minimally Invasive Cardiac Output Monitor  . . . . . . . . . . . . . . . . . . . .  83
Marcos E. Gomes

 17  ECG I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89
Edward Kosik

 18  ECG II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  95
Edward Kosik

 19  ECG III  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  101
Tanmay Shah

 20  ECG IV  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  105
Ranganathan Govindaraj and Talla A. Rousan

 21  ECG V  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  111
Madhumani Rupasinghe

 22  ECG Exercise. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  115
Tilak D. Raj and Aneesh Venkat Pakala

 23  Intra-aortic Balloon Pump (IABP) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  125
Mohammad A. Helwani and John David Srinivasan

 24  Peripheral Nerve Stimulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  131
Gulshan Doulatram

Part II Laboratory Testing

 25  Complete Blood Count (CBC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  139
John David Srinivasan and Mohammed A. Helwani

 26  Basic Metabolic Panel I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  143
Tilak D. Raj

 27  Basic Metabolic Panel II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  147
Raghuvender Ganta

 28  Liver Function Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  151
Robert C.M. Stephens

Contents

http://dx.doi.org/10.1007/978-3-319-55862-2_12
http://dx.doi.org/10.1007/978-3-319-55862-2_12
http://dx.doi.org/10.1007/978-3-319-55862-2_13
http://dx.doi.org/10.1007/978-3-319-55862-2_13
http://dx.doi.org/10.1007/978-3-319-55862-2_14
http://dx.doi.org/10.1007/978-3-319-55862-2_14
http://dx.doi.org/10.1007/978-3-319-55862-2_15
http://dx.doi.org/10.1007/978-3-319-55862-2_15
http://dx.doi.org/10.1007/978-3-319-55862-2_16
http://dx.doi.org/10.1007/978-3-319-55862-2_16
http://dx.doi.org/10.1007/978-3-319-55862-2_17
http://dx.doi.org/10.1007/978-3-319-55862-2_17
http://dx.doi.org/10.1007/978-3-319-55862-2_18
http://dx.doi.org/10.1007/978-3-319-55862-2_18
http://dx.doi.org/10.1007/978-3-319-55862-2_19
http://dx.doi.org/10.1007/978-3-319-55862-2_19
http://dx.doi.org/10.1007/978-3-319-55862-2_20
http://dx.doi.org/10.1007/978-3-319-55862-2_20
http://dx.doi.org/10.1007/978-3-319-55862-2_21
http://dx.doi.org/10.1007/978-3-319-55862-2_21
http://dx.doi.org/10.1007/978-3-319-55862-2_22
http://dx.doi.org/10.1007/978-3-319-55862-2_22
http://dx.doi.org/10.1007/978-3-319-55862-2_23
http://dx.doi.org/10.1007/978-3-319-55862-2_23
http://dx.doi.org/10.1007/978-3-319-55862-2_24
http://dx.doi.org/10.1007/978-3-319-55862-2_24
http://dx.doi.org/10.1007/978-3-319-55862-2_25
http://dx.doi.org/10.1007/978-3-319-55862-2_25
http://dx.doi.org/10.1007/978-3-319-55862-2_26
http://dx.doi.org/10.1007/978-3-319-55862-2_26
http://dx.doi.org/10.1007/978-3-319-55862-2_27
http://dx.doi.org/10.1007/978-3-319-55862-2_27
http://dx.doi.org/10.1007/978-3-319-55862-2_28
http://dx.doi.org/10.1007/978-3-319-55862-2_28


xv

 29  Coagulation Profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  155
Abigail Whiteman

 30  Thromboelastogram I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  161
Tilak D. Raj

 31  Thromboelastogram II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  167
Tilak D. Raj

 32  Urine Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  175
John David Srinivasan

 33  Drug Testing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  181
Alberto J. de Armendi and Gulshan Doulatram

 34  Chest Pain Profiles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  187
John David Srinivasan

 35  BNP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  191
Teodora Nicolescu and Tilak D. Raj

 36  Blood Gas I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  195
Tanmay Shah

 37  Blood Gas II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  199
Daniel A. Biggs

 38  Blood Gas III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  203
Pramod Chetty

 39  Blood Gas IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  209
Ranganathan Govindaraj

 40  CBC/Chemistries I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  213
Daniel A. Biggs

 41  CBC/Chemistries II  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  217
Tanmay Shah

 42  Blood Gas: Fetal  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  221
Tanmay Shah

Part III Imaging

 43  Ultrasound: Abnormal Placenta  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  227
Madhumani Rupasinghe

 44  CXR I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  231
Raghuvender Ganta

 45  CXR II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  235
Marcos E. Gomes

Contents

http://dx.doi.org/10.1007/978-3-319-55862-2_29
http://dx.doi.org/10.1007/978-3-319-55862-2_29
http://dx.doi.org/10.1007/978-3-319-55862-2_30
http://dx.doi.org/10.1007/978-3-319-55862-2_30
http://dx.doi.org/10.1007/978-3-319-55862-2_31
http://dx.doi.org/10.1007/978-3-319-55862-2_31
http://dx.doi.org/10.1007/978-3-319-55862-2_32
http://dx.doi.org/10.1007/978-3-319-55862-2_32
http://dx.doi.org/10.1007/978-3-319-55862-2_33
http://dx.doi.org/10.1007/978-3-319-55862-2_33
http://dx.doi.org/10.1007/978-3-319-55862-2_34
http://dx.doi.org/10.1007/978-3-319-55862-2_34
http://dx.doi.org/10.1007/978-3-319-55862-2_35
http://dx.doi.org/10.1007/978-3-319-55862-2_35
http://dx.doi.org/10.1007/978-3-319-55862-2_36
http://dx.doi.org/10.1007/978-3-319-55862-2_36
http://dx.doi.org/10.1007/978-3-319-55862-2_37
http://dx.doi.org/10.1007/978-3-319-55862-2_37
http://dx.doi.org/10.1007/978-3-319-55862-2_38
http://dx.doi.org/10.1007/978-3-319-55862-2_38
http://dx.doi.org/10.1007/978-3-319-55862-2_39
http://dx.doi.org/10.1007/978-3-319-55862-2_39
http://dx.doi.org/10.1007/978-3-319-55862-2_40
http://dx.doi.org/10.1007/978-3-319-55862-2_40
http://dx.doi.org/10.1007/978-3-319-55862-2_41
http://dx.doi.org/10.1007/978-3-319-55862-2_41
http://dx.doi.org/10.1007/978-3-319-55862-2_42
http://dx.doi.org/10.1007/978-3-319-55862-2_42
http://dx.doi.org/10.1007/978-3-319-55862-2_43
http://dx.doi.org/10.1007/978-3-319-55862-2_43
http://dx.doi.org/10.1007/978-3-319-55862-2_44
http://dx.doi.org/10.1007/978-3-319-55862-2_44
http://dx.doi.org/10.1007/978-3-319-55862-2_45
http://dx.doi.org/10.1007/978-3-319-55862-2_45


xvi

 46  CXR III  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  237
German Barbosa-Hernandez

 47  CXR/CT IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  247
Marcos E. Gomes

 48  CT I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  253
Pramod Chetty

 49  CT II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  259
Ankur Garg

 50  CT/MRI III  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  265
Ankur Garg

 51  MRI Spine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  273
Gulshan Doulatram

 52  TEE I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  279
Kofi B. Vandyck

 53  TEE II  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  285
Kofi B. Vandyck

 54  Echo: Doppler I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  291
Kofi B. Vandyck

 55  Echo: Doppler II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  299
Talla A. Rousan

 56  Echo: Doppler III  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  303
Nicole T. Tran

 57  Echo IV  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  311
German Barbosa-Hernandez

 58  Ultrasound I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  317
German Barbosa-Hernandez

 59  Ultrasound II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  321
German Barbosa-Hernandez

 60  Lung Ultrasound . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  327
Marcos E. Gomes

 61  Abdominal X-Ray . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  331
Abhinava S. Madamangalam

 62  Angio I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  335
Aneesh Venkat Pakala

 63  Angio II  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  341
Aneesh Venkat Pakala

Contents

http://dx.doi.org/10.1007/978-3-319-55862-2_46
http://dx.doi.org/10.1007/978-3-319-55862-2_46
http://dx.doi.org/10.1007/978-3-319-55862-2_47
http://dx.doi.org/10.1007/978-3-319-55862-2_47
http://dx.doi.org/10.1007/978-3-319-55862-2_48
http://dx.doi.org/10.1007/978-3-319-55862-2_48
http://dx.doi.org/10.1007/978-3-319-55862-2_49
http://dx.doi.org/10.1007/978-3-319-55862-2_49
http://dx.doi.org/10.1007/978-3-319-55862-2_50
http://dx.doi.org/10.1007/978-3-319-55862-2_50
http://dx.doi.org/10.1007/978-3-319-55862-2_51
http://dx.doi.org/10.1007/978-3-319-55862-2_51
http://dx.doi.org/10.1007/978-3-319-55862-2_52
http://dx.doi.org/10.1007/978-3-319-55862-2_52
http://dx.doi.org/10.1007/978-3-319-55862-2_53
http://dx.doi.org/10.1007/978-3-319-55862-2_53
http://dx.doi.org/10.1007/978-3-319-55862-2_54
http://dx.doi.org/10.1007/978-3-319-55862-2_54
http://dx.doi.org/10.1007/978-3-319-55862-2_55
http://dx.doi.org/10.1007/978-3-319-55862-2_55
http://dx.doi.org/10.1007/978-3-319-55862-2_56
http://dx.doi.org/10.1007/978-3-319-55862-2_56
http://dx.doi.org/10.1007/978-3-319-55862-2_57
http://dx.doi.org/10.1007/978-3-319-55862-2_57
http://dx.doi.org/10.1007/978-3-319-55862-2_58
http://dx.doi.org/10.1007/978-3-319-55862-2_58
http://dx.doi.org/10.1007/978-3-319-55862-2_59
http://dx.doi.org/10.1007/978-3-319-55862-2_59
http://dx.doi.org/10.1007/978-3-319-55862-2_60
http://dx.doi.org/10.1007/978-3-319-55862-2_60
http://dx.doi.org/10.1007/978-3-319-55862-2_61
http://dx.doi.org/10.1007/978-3-319-55862-2_61
http://dx.doi.org/10.1007/978-3-319-55862-2_62
http://dx.doi.org/10.1007/978-3-319-55862-2_62
http://dx.doi.org/10.1007/978-3-319-55862-2_63
http://dx.doi.org/10.1007/978-3-319-55862-2_63


xvii

 64  Angio III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  345
Aneesh Venkat Pakala

 65  CXR: Pediatric I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  351
Frederic J. Sage and Frederick van Damme

 66 CXR: Pediatric II  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  357
Frederick van Damme and Frederic J. Sage

 67  ECHO: 3D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  367
Nicole T. Tran

Part IV Physiologic Studies

 68  Pulmonary Function Testing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  377
John B. Carter

 69  Stress Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  383
Aneesh Venkat Pakala

 70  Flow Volume Loops . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  389
Edward Kosik

 71  Cath Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  395
Talla A. Rousan

 72  CIED: Interrogation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  401
Ranganathan Govindaraj

 73  Pressure–Volume Curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  407
Marcos E. Gomes

Part V Conceptual Images

 74  Dissociation Curve  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  415
Raghuvender Ganta and Tilak D. Raj

 75  Frank-Starling Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  421
Deepinder Mann

 76  West’s Zones  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  427
Abhinava S. Madamangalam and Tilak D. Raj

 77  Spirometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  431
Daniel A. Biggs

 78  Autoregulation Curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  435
Abhinava S. Madamangalam

 79  Anesthesia Circuits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  439
Alberto J. de Armendi

Contents

http://dx.doi.org/10.1007/978-3-319-55862-2_64
http://dx.doi.org/10.1007/978-3-319-55862-2_64
http://dx.doi.org/10.1007/978-3-319-55862-2_65
http://dx.doi.org/10.1007/978-3-319-55862-2_65
http://dx.doi.org/10.1007/978-3-319-55862-2_66
http://dx.doi.org/10.1007/978-3-319-55862-2_66
http://dx.doi.org/10.1007/978-3-319-55862-2_67
http://dx.doi.org/10.1007/978-3-319-55862-2_67
http://dx.doi.org/10.1007/978-3-319-55862-2_68
http://dx.doi.org/10.1007/978-3-319-55862-2_68
http://dx.doi.org/10.1007/978-3-319-55862-2_69
http://dx.doi.org/10.1007/978-3-319-55862-2_69
http://dx.doi.org/10.1007/978-3-319-55862-2_70
http://dx.doi.org/10.1007/978-3-319-55862-2_70
http://dx.doi.org/10.1007/978-3-319-55862-2_71
http://dx.doi.org/10.1007/978-3-319-55862-2_71
http://dx.doi.org/10.1007/978-3-319-55862-2_72
http://dx.doi.org/10.1007/978-3-319-55862-2_72
http://dx.doi.org/10.1007/978-3-319-55862-2_73
http://dx.doi.org/10.1007/978-3-319-55862-2_73
http://dx.doi.org/10.1007/978-3-319-55862-2_74
http://dx.doi.org/10.1007/978-3-319-55862-2_74
http://dx.doi.org/10.1007/978-3-319-55862-2_75
http://dx.doi.org/10.1007/978-3-319-55862-2_75
http://dx.doi.org/10.1007/978-3-319-55862-2_76
http://dx.doi.org/10.1007/978-3-319-55862-2_76
http://dx.doi.org/10.1007/978-3-319-55862-2_77
http://dx.doi.org/10.1007/978-3-319-55862-2_77
http://dx.doi.org/10.1007/978-3-319-55862-2_78
http://dx.doi.org/10.1007/978-3-319-55862-2_78
http://dx.doi.org/10.1007/978-3-319-55862-2_79
http://dx.doi.org/10.1007/978-3-319-55862-2_79


xviii

 80  Flowmeters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  443
John B. Carter

 81  Cardiac Bypass Machines  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  447
Ranganathan Govindaraj

 82  Line Isolation Monitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  451
Abhinava S. Madamangalam and Tilak D. Raj

 83  Machine: Schematic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  455
Ranganathan Govindaraj

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  461

Contents

http://dx.doi.org/10.1007/978-3-319-55862-2_80
http://dx.doi.org/10.1007/978-3-319-55862-2_80
http://dx.doi.org/10.1007/978-3-319-55862-2_81
http://dx.doi.org/10.1007/978-3-319-55862-2_81
http://dx.doi.org/10.1007/978-3-319-55862-2_82
http://dx.doi.org/10.1007/978-3-319-55862-2_82
http://dx.doi.org/10.1007/978-3-319-55862-2_83
http://dx.doi.org/10.1007/978-3-319-55862-2_83
http://dx.doi.org/10.1007/978-3-319-55862-2_83


xix

List of Contributors

Alberto  J.  de Armendi, MD, PhD, MBA Department of Anesthesiology, The 
Children’s Hospital, University of Oklahoma Health Sciences Center, Oklahoma 
City, OK, USA

German Barbosa-Hernandez, MD Department of Anesthesia, Oklahoma University 
Health and Science Center, Oklahoma City, OK, USA

Daniel A. Biggs, MD, MSc Department of Anesthesiology, Oklahoma University 
Medical Center, Oklahoma City, OK, USA

John B. Carter, MD Department of Anesthesiology, Oklahoma University Medical 
Center, Oklahoma City, OK, USA

Pramod Chetty, MD Department of Anesthesiology, OU Health Sciences Center, 
Oklahoma City, OK, USA

Frederick  van Damme, MB, ChB (Stell), FRCA Department of Anaesthesia, 
East Surrey Hospital, Redhill, UK

Gulshan  Doulatram, MD Department of Anesthesiology, University of Texas 
Medical Branch, Galveston, TX, USA

Raghuvender Ganta, MD, FRCA Department of Anesthesiology, VA Hospital, 
OUMC, Oklahoma City, OK, USA

Ankur Garg, MD Orlando Neurosurgery, Orlando, FL, USA

Marcos E. Gomes, MD Department of Anesthesiology, University of Oklahoma 
Health Sciences Center, Oklahoma City, OK, USA

Ranganathan Govindaraj, MD, FRCA Associate Professor for Anesthesia and 
Pain, Department of Anesthesiology, UTMB, Galveston, TX, USA

Director for Ultrasound Guided Regional Anesthesia, Galveston, TX, USA

Mohammad A. Helwani, MD, MSPH Assistant Professor, Divisions of Critical 
Care and Cardiothoracic Anesthesiology, Washington University, St. Louis, School 
of Medicine, MO, USA



xx

Edward Kosik, DO Department of Anesthesiology, University of Oklahoma Health 
Sciences Center, Oklahoma City, OK, USA

Abhinava S. Madamangalam,  MBBS, MD Department of Anesthesiology and 
Perioperative Medicine, Augusta University Medical Center, Augusta, GA, USA

Deepinder Mann, DO Department of Anesthesiology, University of Texas Medical 
Branch, Galveston, TX, USA

Teodora  Nicolescu, MD Department of Anesthesiology, Oklahoma University 
Health Sciences Center, Oklahoma City, OK, USA

Mehmet S. Ozcan, MD, FCCP Department of Anesthesiology, The University of 
Oklahoma Health Sciences Center, Oklahoma City, OK, USA

Aneesh Venkat Pakala, MD Section of Cardiovascular Disease, Department of 
Medicine, University of Oklahoma College of Medicine, Oklahoma City, OK, USA

Tilak D. Raj, MD, MRCP, FRCA Department of Anesthesiology, Alliance Health 
Midwest, Midwest City, OK, USA

Talla  A.  Rousan, MD, FACC Department of Medicine, The University of 
Oklahoma Health Sciences Center and the Veteran Affairs Medical Center, 
Oklahoma City, OK, USA

Madhumani  Rupasinghe, MBBS, FRCA Department of Anesthesiology, 
University of Texas Health Science Center at Houston, Houston, TX, USA

Frederic J. Sage, MD, FRCA, FFICM John Hammond Department of Anaesthesia, 
East Surrey Hospital, Redhill, UK

Tanmay Shah, MD, MBBS Department of Anesthesiology, University of Oklahoma 
Health Sciences Center, Oklahoma City, OK, USA

Jacqueline J. Smith, MD Department of Anesthesiology, University of Oklahoma 
Health Sciences Center, Oklahoma City, OK, USA

John David Srinivasan, MD Assistant Professor, Department of Anesthesiology 
and Critical Care, Saint Louis University, School of Medicine, MO, USA

Robert  C.M.  Stephens, BA, MBBS, FRCA, MD, FFICM Department of 
Anaesthesia, University College London Hospitals, London, UK

Nicole  T.  Tran, MD Department of Cardiology, University of Oklahom Health 
Sciences Center, Oklahoma City, OK, USA

Kofi  B.  Vandyck, MD Department of Anesthesiology, University of Oklahoma 
Health Sciences Center, Oklahoma City, OK, USA

Abigail  Whiteman, MA (Cantab), MB BChir., FRCA, PGCert. Med. Ed.  
Department of Anaesthesia and Perioperative Medicine, University College London 
Hospitals, London, UK

Casey Windrix, MD Department of Anesthesiology, OUHSC, Edmond, Oklahoma, 
USA

List of Contributors



Part I
Monitoring



3© Springer International Publishing AG 2017 
T.D. Raj (ed.), Data Interpretation in Anesthesia, 
DOI 10.1007/978-3-319-55862-2_1

Chapter 1
CVP

Teodora Nicolescu

The below pressure waveform is obtained from an IV in the neck of a patient being 
monitored.
 1. Identify the components labeled 1–5. Explain what they signify.
 2. What information can be deduced from the central venous pressure measurements?
 3. What determines the central venous pressure?
 4. What factors influence the reading of central venous pressure?
 5. What are the indications and contraindications of central venous catheter insertion?
 6. Give some examples of CVP waveforms in pathological states.

T. Nicolescu, MD 
Department of Anesthesiology, Oklahoma University Health Sciences Center,  
750 NE 13th Street, Suite 200, Oklahoma City, OK, USA
e-mail: teodora-nicolescu@ouhsc.edu
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Answers

 1. 1, a wave; 2, c wave; 3, v wave; 4, x descent; and 5, y descent.

The a wave of the central venous pressure represents the atrial contraction. 
The right atrial pressure is at the highest value. It is mirrored by the PR interval 
on the ECG tracing. Notably, the a waves are absent in atrial fibrillation and are 
exaggerated in junctional rhythms and heart blocks (cannon waves). It is also 
enlarged in tricuspid and pulmonary stenosis as well as pulmonary 
hypertension.

The c wave is due to the bulging of the tricuspid valve into the right atrium 
during early ventricular contraction (ventricular systole), while the v wave is 
due to the rise in the atrial pressure that occurs before the opening of the tricus-
pid valve. The v waves are prominent in tricuspid regurgitation.

There are also two descents noted in the central venous pressure waveform.
The x descent is due to the atrial relaxation or possibly by the tricuspid 

annular downward displacement during systole [1].
The y descent represents the tricuspid valve displacement during diastole, as 

atria start emptying [2].

 2. Central venous pressure measures right atrial pressure, which is a major determi-
nant of right ventricular end-diastolic volume. It is used to assess (right) ventricu-
lar volume, filling, and therefore fluid status. It does however have limitations, 
mostly related to ventricular compliance which can be affected by a variety of 

a
c

v

x y

Fig. 1.2 Normal CVP

Fig. 1.1 Central venous 

pressure waveform 
1

2

3

4 5

T. Nicolescu
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factors (e.g., impaired relaxation, ischemia, and pharmacologic manipula-
tion). Of note, even in healthy patients, there is a wide variability in cardiac 
compliance. Although a very low CVP measurement may indicate volume deple-
tion, a high value may be due to volume overload or poor ventricular compliance. 
Isolated central venous pressure measurements are not useful; instead, the trend 
of measurements over a given time and the response to a fluid challenge may 
provide useful information on the intravascular fluid status of a patient.

It is also important to keep in mind that filling pressure estimation is unreli-
able in predicting fluid responsiveness, particularly in septic patients. CVP mea-
surement should be considered in the context of other parameters of a patient’s 
volume status like heart rate, blood pressure, and urine output. In healthy hearts, 
right and left ventricular performances are parallel,  therefore left ventricular fill-
ing can be approximated by the central venous pressure.

 3. Determinants of the central venous pressure are as follows:
 (a) Right ventricular function
 (b) Venous return that in turn is determined by total blood volume, venous tone, 

cardiac output, right ventricular contractility, and intrathoracic pressure [3].
It has to be understood that the central venous pressure can be overesti-

mated, mainly due to fluctuations with respiration of the mean central venous 
pressure. Proper placement of the catheter just outside of the right atrium may 
insure more accurate readings. The pressure at the base of the c wave repre-
sents the right atrial pressure at the start of the right ventricular systole, mak-
ing it the best estimate of right ventricular preload. Central venous 
measurements should be taken at end exhalation (lowest negative intrathoracic 
pressure) [5].

 4. Several factors will influence the accuracy of the central venous pressure 
reading:
 (a) Changes in intrathoracic pressure (PEEP, ascites).
 (b) Cardiac rhythms disturbances.
 (c) Tricuspid valve disease.
 (d) Myocardial compliance changes (pericardial disease, tamponade). In tam-

ponade there is equalization of diastolic pressures (in the absence of left 
ventricular dysfunction).

 RAP LAP= = =RVEDP LVEDP  

Of note, the limited ventricular filling abolishes the y descent. In return the x 
descent (atrial relaxation) is accentuated or normal [4].

 5. Indications:
 (a) Fluid management (particularly hypovolemia and shock)
 (b) Infusion of vasoactive drugs
 (c) Hyperalimentation
 (d) Insertion of pacemaker wires
 (e) In surgeries with air embolism potential
 (f) Difficult IV access

1 CVP
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Contraindications:

 (a) Right atrial tumor extension (renal cell carcinoma)
 (b) Endocarditis (fungating valve vegetations)
 (c) Relative presence of ipsilateral carotid endarterectomy

 6. Waveform analysis

References

 1. Johnson B. Decrease in central venous pressure by lower body negative pressor or blood loss 
elicits similar responses. J Appl Physiol (1985). 2014;117(2):131–41.
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Large a waves Pulmonary hypertension, tricuspid, and pulmonic stenosis
Cannon a waves Irregular—complete heart block

Regular—AV dissociation
Large v waves Tricuspid regurgitation
Exaggerated x descent Pericardial tamponade, constrictive pericarditis
Sharp y descent Severe tricuspid regurgitation, constrictive pericarditis

a
c

x

Steep x descent & Absent y descent

Fig. 1.4 Abnormal 
CVP—steep x descent 
(pericardial tamponade)

x y

Raised CVP with abrupt x and y descent

Fig. 1.3 Abnormal 
CVP—steep x and y 
descent (constrictive 
pericarditis)

T. Nicolescu
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Chapter 2
Pulmonary Artery Catheters

Teodora Nicolescu

T. Nicolescu, MD
Department of Anesthesiology, Oklahoma University Health Sciences Center,  
750 NE 13th Street, Suite 200, Oklahoma City, OK, USA
e-mail: teodora-nicolescu@ouhsc.edu

Fig. 2.1 Pulmonary artery catheter normal waveform 

30

0

30

0

Questions

 1. The above sequence of waveforms was encountered during a line placement in a 
patient. Describe what you see.

 2. What information does the PA catheter provide?
 3. How does ventilation management affect the accuracy of data from a PA 

catheter?
 4. When is the pulmonary artery occlusion pressure (PAOP), also referred to as 

pulmonary capillary wedge pressure (PCWP), different from the left ventricular 
end-diastolic pressure (LVEDP)?

 5. What do large v waves on the PA catheter tracing mean?
 6. How can you accurately interpret mixed venous oxygen saturation?
 7. What are the indications, complications, and evidence for PAC use?

mailto:teodora-nicolescu@ouhsc.edu
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Answers

 1. When inserted, the PA catheter is first advanced through the sheath and at 
approximately 15–20 cm, the balloon is inflated. Along this path the catheter will 
pass through the (1) right atrium, (2) the right ventricle, and (3) the pulmo-
nary artery, at which point, with slight advancement into a small arterial branch, 
it can obtain (4) the pulmonary artery occlusion pressure.

The right atrial pressures (values 0–5 mmHg) will be similar to a central 
venous tracing that varies with respiration.

A sudden systolic pressure increase (values 15–30  mmHg) confirms 
entrance into the right ventricle.

Advancement into the pulmonary artery will result in a sudden increase in 
diastolic pressures (values 8–15 mmHg) confirming entrance into the pulmo-
nary artery.

The pulmonary capillary wedge pressure (values 8–12 mmHg) will rapidly 
fall once the balloon is inflated and reveal a left atrial pressure waveform with a, 
c, and v waves, just like a central venous tracing except the waves appear later.

 2. The PA catheter provides a more precise left ventricular diastolic pressure 
estimation.

Fig. 2.2 Waveforms encountered during PAC advancement
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The right ventricular pressures do not correlate with pulmonary artery pressures 
distal to the occlusion point. However, this is not true for the relationship PAOP, 
LAP, and LVEDP which correlate.

Theoretically at least, at end diastole no pressure gradient should occur, making end 
diastole the best time for pressures correlation.

The values obtained from the PA catheter are as follows [2]:

 (a) Cardiac output (CO)—the only value measured (all the rest are calculated 
values).

The cardiac output measurements are obtained by the thermodilution method, the 
basic principle being that the difference in temperature between the cold injec-
tate and body temperature is inversely proportional to the pulmonary blood flow 
(cardiac output).

Accuracy of measurements is directly dependent on the speed of injection and pre-
cise quantification of injectate volume and temperature.

Once the average value of three measurements is obtained, calculations can provide 
the rest of the data derived from the PA catheter.

 (b) Cardiac index(CO/BSA) where CO represents cardiac output and BSA is body 
surface area

 (c) Systemic and pulmonary vascular resistance:

SVR
MAP CVP

CO
systemic vascular resistance( ) =

-( )´80

Normal: 900–1600 dynes.sec.cm−5

where MAP represents mean arterial pressure, CVP central venous pressure, and 
CO cardiac output.

PVR
MPA LAP

pulmonary vascular resistance
PAOP

Pulmo
( ) =

{ }( )´– 80

nnary flow CO( )

where MPA represents mean pulmonary artery pressures, LAP left atrial pressure 
(PAOP—pulmonary artery occlusion pressure), and CO cardiac output.

Normal: 20–130 dynes.sec.cm−5

 (d) Stroke volume and index:

Stroke volume =
´CO

HR

1000

Stroke index
Stroke volume

=
BSA

 3. PA catheter data may be unreliable due to intrathoracic pressure variations. 
Balloon inflation will not occlude capillaries unless it is placed in West lung zone 
III (arterial pressure exceeds venous, which exceeds alveolar pressure), where 

2 Pulmonary Artery Catheters
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the capillaries can remain open. Placement in zone I or II can obstruct blood flow 
rendering the readings inaccurate, reflecting alveolar rather the pulmonary occlu-
sion pressures.

Thus, it is important to remember that intravascular volume depletion or 
PEEP, for example, may convert a lung zone III to a zone II (alveolar pressure 
exceeds arterial pressure), thereby affecting the readings. This may also occur 
during any ventilation management in which there is insufficient expiratory time 
(air trapping or inverse ratio ventilation).

Pressures are evaluated at end expiration to minimize the effect of pleural 
pressures on intracardiac pressures.

 4. There are conditions when PAOP overestimates or underestimates the LVEDP.

Overestimation:

 (a) Tachycardia (shortened diastolic filling time). At rates greater than 115/min, 
the pulmonary artery end-diastolic pressure (PAEDP) is greater than the 
PAOP.

 (b) Increase in pulmonary vascular resistance (sepsis, pulmonary disease, 
obstruction to venous drainage).

 (c) Mitral stenosis, atrial myxoma.
 (d) Increased intrathoracic pressures (mediastinal tumors).
 (e) Conditions associated with large PA v waves (large v waves may obscure 

catheter wedging with pulmonary artery rupture being a real danger). The 
normal PA waveform has an arterial waveform with an upward slope, a 
downward slope, and a dicrotic notch associated with the pulmonic valve 
closure. While the peak systolic wave on the PA tracing corresponds to the 
electrographic T wave, by contrast, the large v waves occur after the electro-
cardiographic T wave. Large v waves on the PAC are seen in mitral regurgi-
tation, VSD, and CHF.

Underestimation:

 (a) Aortic regurgitation.
 (b) Non-compliant left ventricle—transmyocardial filling pressure and LVEDP 

have a curvilinear relationship, therefore changes in left ventricular end- 
diastolic volume (LVEDV) will result in changes in the LVEDP based on the 
location on the curve. Of note, ventricular compliance is affected by vasoac-
tive drugs, and beta-blockers.

 (c) Pulmonary embolism.
 (d) Right bundle branch block (delay in right ventricular systole).
 (e) Pulmonary edema.

 5. Large v waves are seen in (1) myocardial ischemia, (2) mitral regurgitation, (3) 
decreased atrial compliance, (4) or increased SVR. The diastolic PAOP offers the 
best approximation for the LVEDP when large v waves are present.

T. Nicolescu
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